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In the process of coal seam mining, there are often hard thick key layers in the overlying strata. Due to the high strength and good
integrity of the hard thick key layer, after the hard thick key layer is broken, the overlying strata will collapse and lose stability in a
large area, which is very easy to induce dynamic disasters such as rock burst, mine earthquake, coal wall caving, and roof slab
caving. Aiming at the hard and thick key layer overlying the working face, the dynamic response of the mine under the strong
mine earthquake induced by the breaking of the main key layer of high-level magmatic rock is numerically simulated and
analyzed by using FLAC2D numerical simulation software, and the variation laws of the stress field, displacement field, and
velocity field of the coal seam roadway under different boundary conditions and different focal heights are studied. The
research shows that the roof of solid coal roadway is prone to vibration in a small range, and the displacement increases and
decreases with the disturbance. The displacement of the floor and two sides of the solid coal roadway and the top floor and
two sides of the roadway along the goaf continues to increase in the initial stage of the disturbance, and the displacement will
remain stable with the continuation of the disturbance. The displacement of both sides and roof and floor of gob roadway can
reach stability in the later stage of disturbance, and with the increase of the number of adjacent goaf, the longer it takes for the
displacement of surrounding rock to reach stability. When the focal height is lower than 90m, the variation of surrounding
rock response increases sharply with the decrease of focal height. When a strong earthquake occurs in the low rock stratum,
the impact damage of roadway surrounding rock is almost inevitable. The influence degree of strong earthquake on the
stability of roadway surrounding rock is arranged as follows: gob-side roadway (mined out on one side)> solid coal roadway
(mined out on both sides)> solid coal roadway (mined out on one side). The evolution process also shows that the working
face boundary conditions have an important influence on the energy propagation of mine earthquake. With the increase of the
number of adjacent goafs, the faster the energy attenuation rate of mine earthquake propagation is. The research results have
important reference significance for the safe mining of working face under similar geological conditions.

1. Introduction

With the continuous increase of mining depth and in-situ
stress, mine dynamic phenomena or disasters such as mine

earthquake, rock burst, coal and gas outburst, and support
dynamic load are becoming more and more serious [1–6].
Relevant studies show that the range of overburden move-
ment and stress field related to dynamic disasters in deep
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mining has exceeded the range of traditional basic roof in
the longitudinal direction. In particular, when the overbur-
den of the working face has a hard and thick key layer, due
to the good integrity of the hard and thick key layer and
the large first breaking span, under the bearing and shielding
effect of the hard and thick key layer, the abutment pressure
concentration of the working face before the breaking of the
super thick key layer is high and the separation space under
the key layer is large. When the suspension span length of
the hard thick key layer reaches the limit suspension span
length, the key layer will break [7–9]. Due to a large amount
of separation space under the hard thick key layer, the bro-
ken magmatic rock block sinks rapidly, generates intense
instantaneous kinetic energy, releases a large amount of
energy, and produces mine earthquakes. When the energy
is large enough, there are even produce strong earthquakes
[10, 11]. The combined action of mine earthquake and
highly concentrated static load of working face is easy to
cause coal wall caving and roof caving and even induce rock-
burst. Hard and thick key layers are distributed in most
mining areas in China, such as Huaibei coalfield, Yanzhou
coalfield, and Datong coalfield [12–14]. For example, the
400–800m thick conglomerate overlying Huafeng coal mine
has abnormal abutment pressure and rock burst from time
to time. Since 1992, the impact has occurred tens of thou-
sands of times rock burst, and the maximum magnitude is
as high as 2.9. The number of rock burst that caused damage
to the working face reached 108 times, forcing the working
face to stop production for 12 times, resulting in 43 serious
injuries and many deaths, and resulting in countless times
of roadway maintenance, which had an adverse impact on
social and economic benefits. There is 94.27m thick medium
sandstone in the upper 91m of the third coal layer in the
second mining area of Baodian coal mine. The extremely
thick medium sandstone is cut by Machang fault outside
the stopping line of 2310, 2311, and 2312 working faces.
After the 2310, 2311, and 2312 working faces are mined out,
the huge thick medium sandstone cut is suspended in a large
area and is in a dynamic equilibrium state, and the huge thick
medium sandstone is prone to large-area movement. On Sep-
tember 6, 2004, a rock burst accident occurred in no. 1 air inlet
connection lane of 2310 working face of Baodian coal mine,
and the seal was broken, resulting in two deaths and six inju-
ries. According to the analysis, the accident was caused by the
mining earthquake caused by the large-area movement of the
huge thick medium sandstone on the upper part of the goaf.
The shock wave generated by the mining earthquake
destroyed the closed wall, and the impact spread to the thrown
closed bricks, resulting in casualties. The rockburst is serious
under the condition of high-level huge thick conglomerate in
Huafeng coal mine and Qianqiu Coal Mine. The rock burst
and coal and gas outburst in Haizi coal mine and Yangliu Coal
Mine are related to the fracture of high-level magmatic rock
overburden. Through the above dynamic disaster analysis, it
can be seen that when the working face is covered with hard
thick rock stratum, the dynamic disaster caused by the break-
ing of hard thick rock stratum seriously threatens the safe and
efficient production of coal mine. Therefore, people must pay
great attention to the dynamic disaster caused by the breaking

of hard and thick rock strata in the mining process of the
working face.

At present, many well-known scholars have done a lot of
research on the occurrence mechanism of mining dynamic
disasters under hard and thick key layers, the change charac-
teristics of overburden structure, and the characteristics of
stress evolution by using the methods of theoretical analysis,
numerical simulation, and field observation [13, 15–20]. He
[21] and others adopted the key layer theory of rock move-
ment and obtained through analysis that the mine pressure
reaches the maximum when the key layer of overburden is
broken, which is very easy to lead to strong mine earthquake
and rockburst. Jiang [10] and others used the method of theo-
retical analysis to deduce the fracture calculation method of
hard and thick key layers and verified the calculation method
through field dynamic response observation. Hu [22] and
others established a numerical model of mining under similar
geological conditions by using FLAC3D numerical simulation
and simulated and analyzed the causes of dynamic load disas-
ters induced by hard and thick strata. Jiang et al. used
FLAC3D numerical simulation calculation method to study
the movement law, mining stress evolution characteristics,
energy distribution characteristics of overlying strata under
hard thick igneous rocks, and the influence of igneous rock
occurrence horizon and thickness on themovement law, stress
distribution, and energy distribution of overlying strata [23].
Wu et al. took the 103 upper 02 working face of Baodian coal
mine as an engineering example, studied the breaking law of
overlying hard thick sandstone caused by working face mining
according to the field measured microseismic data, and
explained the relationship between microseismic data and
rock movement [24]. Ning et al. carried out microseismic
monitoring on the existing hard and thick rock strata covered
on the working face, studied the relationship between the frac-
ture of hard and thick rock strata and microseismic data by
using the microseismic distribution law, and put forward pre-
vention and control measures [25]. Yang et al. comprehen-
sively used similar material test, theoretical analysis, and
numerical simulation methods to study the deformation and
failure of overlying super thick key layer and the variation
characteristics of working face bearing pressure and analyzed
the mechanism and manifestation mode of working face rock
burst induced by the failure of super thick key layer [26]. To
sum up, the existing research results play an important role
in the prediction and prevention of mining dynamic disasters
under hard and thick strata, but theymostly stay in the stage of
static load, ignoring the dynamic load effect in the process of
coal mining after hard and thick strata are broken.

Based on this, aiming at the occurrence of hard and thick
igneous rocks overlying the working face, this paper uses
FLAC2D numerical simulation software, numerically simu-
late and analyze the dynamic response of the mine under
the strong mine earthquake induced by the breaking of the
main key layer of high-level magmatic rock, and study the
variation laws of the stress field, displacement field, and
velocity field of the coal seam roadway under different
boundary conditions and different focal height. The second
part is the description of numerical model. The third part
studies the influence law of boundary conditions on roadway
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dynamic response. The fourth part is the influence of focal
height on roadway dynamic response. The fifth part verifies
the correctness of the research through the field data mea-
surement. The research results of this paper have important
guiding significance for safe and efficient mining of working
face under similar geological conditions.

2. Model Description

2.1. General Engineering Geology Conditions. Taking the
geological conditions of 10416 working face in Yangliu Coal
Mine as the engineering background, a numerical calcula-
tion model is established. The northeast of the working face
is the solid coal of mining area 106, and the southwest is the
goaf of working face 10414. A 5m section of protective coal
pillar is reserved. The inclined length of the working face is
180m, the average thickness of the coal seam is 3.5m, the

average inclined angle is 4°, and the buried depth is -570–-
610m. There are two layers of magmatic rocks in the upper
part of 10416 working face, which intrude along the roof of
52 coal seam and 72 coal seam, respectively. The average
thickness of the magmatic rock in the roof of coal seam 52
is 31.5m, the average thickness of the magmatic rock in
the roof of coal seam 72 is 43.5m, and the average distance
between the magmatic rock in the roof of coal seam 52 and
the magmatic rock in the roof of coal seam 72 is 116m.
The plane layout of the working face is shown in Figure 1,
and the borehole histogram is shown in Figure 2 [11].

2.2. Establishment of Numerical Model. In this paper, two
numerical calculation models are established. The model
size, rock composition, and mechanical parameters are the
same. When simulating the mining of working face, the
mechanical boundary conditions of working face are different.

Advancing direction10416 Panel

10414 Gob

10416 headentry

10416 tailentry

10414 tailentry

10414 headentry

Terminal line Stage I
Stage II

IX

Figure 1: The plane layout of the working face.

Rock thickness (m) Depth (m) Lithology
12.62
15.43
17.13
14.88
43.60
2.81
1.16
7.62
1.6

1.89
0.82
3.07
9.26
2.23
2.25
6.30

28.57
11.45
10.09
11.60
3.54

Mudstone

Mudstone

Siltstone

Siltstone

Siltstone

Siltstone

Igneous rock

Coal seam #71

Coal seam #72

Coal seam #81

Coal seam #82

Coal seam #10

Sandstone

394.04
409.46
426.59
441.47
485.07
487.88
489.04
496.66
499.38
501.27
502.09
505.15
514.41
516.64
518.89
525.19
553.76
565.76
575.30
589.90
590.90

Figure 2: The borehole histogram.
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The first model is the mining of solid coal face on both sides.
The second model is the working face mining with one side
of solid coal and one side of goaf. According to the research
content of this paper, two identical numerical models are
established, and the model size is 660m ðlengthÞ × 208m ð
heightÞ, roadway size 5m ðwidthÞ × 3m ðhighÞ, the buried
depth of the simulated coal seam is 600m, and the vertically
uniformly distributed load of 10.75MPa is applied on the
top of the model. The composition and mechanical parame-
ters of model rock stratum can be seen in Table 1.

The calculation process of the two numerical models is
divided into 5 steps. Step 1: establish the model and initialize
the stress field. Step 2: excavate two roadways in the working
face (model 1), and excavate one side of the working face
into a goaf (model 2). Step 3: static field balance. Step 4:
the displacement and velocity of static field are cleared. Step
5: apply disturbance load and monitor the mechanical
response of roadway surrounding rock.

2.3. Numerical Simulation Scheme. Four displacement mon-
itoring points A, B, C, and D are arranged at the midpoint of
the roadway top and floor and two sides of the working face
(the side of the working face is called the inner side, and the
side of the roadway far away from the working face is called
the outer side), and 1#, 2#, 3#, and 4# four stress monitoring
points are arranged 2m outside the displacement monitor-
ing points (as shown in Figure 3) to monitor the stress field,
displacement field, and the variation law of velocity field and
acceleration field.

(1) During the mining process of the working face,
strong earthquake events have occurred at the bot-
tom of magmatic rock for many times. In view of
this, apply strong disturbance at the bottom of

magmatic rock in models 1 and 2 (116m away from
the coal seam) and monitor the dynamic response
law of roadway surrounding rock

(2) For models 1 and 2, apply strong disturbances are at
50m, 70m, and 90m above the coal seam to analyze
the dynamic response law of roadway surrounding
rock under different focal heights

The strong earthquake distance M0 above the working
face is 1:0 × 1013 N · m, converted into Richter scale ML =
2:56 and vibration energy E = 4:55 × 106 J, dominant fre-
quency f0 = 50Hz. The dynamic calculation time is set to
1.0 s, and the static boundary setting and Rayleigh damp-
ing are adopted. The model adopts plane strain analysis,
the calculation and analysis criterion adopts Mohr Cou-
lomb strength criterion, and the goaf and working face
roadway are simulated by empty element. The schematic
diagram of the model (taking model 2 as an example) is
shown in Figure 4.

3. Influence of Boundary Conditions on
Dynamic Response of Roadway

3.1. Solid Coal on Both Sides of Working Face

(1) Dynamic response of roadway surrounding rock

Figure 5 reflects the dynamic response characteristics of
roadway surrounding rock under the condition that the focal

Table 1: Mechanical parameters and strata of model.

Lithology Density/kg•m-3 Bulk modulus/GPa Shear modulus/GPa Cohesion/MPa Tensile strength/MPa Friction angle/°

Coal 1350 4.8 3.6 1 0.8 28

Sandstone 2530 26.4 20.7 4.3 3.8 37

Magmatic rock 3000 38.7 29.7 6.2 7.5 42

Fine sandstone 2530 12.3 8.3 3.4 3.2 35

Siltstone 2530 15.2 9.4 2.8 2.4 30

Mudstone 2340 7.1 5.1 1.2 2.4 25

1#

2#

3#4#

A

B

D C

2m

2m

Figure 3: Layout of monitoring points.

P

Overburden 32 m

Magmatic rock 32 m
Seimitic focus

Roof 116 m
Out side 

Goaf

Inner side 
Floor 26 m

Figure 4: Numerical calculation model.
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point is located at the bottom of magmatic rock and solid
coal on both sides of the working face. It can be seen from
Figure 5 that under the influence of strong earthquake, the
horizontal stress, vertical stress, and displacement of
surrounding rock of roadway have changed, but there are
significant differences in change sensitivity.

In terms of stress, the influence of mine earthquake on
stress is mainly reflected in the horizontal stress of roof
and the vertical stress of inner wall. After 0.11 s disturbance,
the vertical stress of the inner wall instantly reaches
19.36MPa, and the inner wall compresses sharply and then
decreases to 8.01MPa. In the process of sharp increase and
decrease of stress, the energy is released rapidly, which is
easy to form dynamic phenomena such as rock burst and
microseism. After 0.38 s of disturbance, the peak value of

vertical stress in the inner wall decreases and fluctuates
between 9.3 and 15.4MPa. The stress change trend of the
outer wall is the same as that of the inner wall. The vertical
stress of the top and bottom plate is at a low level, and the
stress level basically reaches a stable state after 0.15 s distur-
bance. For the horizontal stress, when the disturbance is
0.15 s, the horizontal stress of the top plate reaches the maxi-
mum value of 20.62MPa. After 0.23 s, the horizontal stress
decreases greatly and fluctuates between 4.98 and 13.6MPa.
After 0.36 s, the horizontal stress of the bottom plate and
two sides is basically stable.

In terms of displacement, the deformation of both sides
of the roadway is greater than that of the roof and floor,
and the floor deformation is basically not affected by distur-
bance. For the upper part, the displacement of the upper part

JOB TITLE:

FLAC (version 5.00)

4-Mar-15 23.05
Step 34679

Dynamic time 1.0000E+00

HISTORY PLOT
Y-axis:

10 X acceleration
20 X acceleration
28 Y acceleration
40 Y acceleration

(180, 29)
(185, 29)
(183, 29)
(183, 29)

X-axis:
1 Dynamic time

–0.800

–0.400

–0.600

–0.200

0.000

0.200

0.400

(1003)

1 2 3 4 5 6 7 8 9
(10–01)

(e) Displacement acceleration of roadway roof and floor and two sides

Figure 5: Dynamic response of roadway surrounding rock under the condition of solid coal on both sides.

Figure 6: Temporal and spatial evolution law of vertical stress field of roadway surrounding rock under strong earthquake disturbance.
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increases linearly during the disturbance of 0–0.11 s. After
0.38 s of disturbance, the displacement is basically stable.
Finally, the maximum displacement of the outer side reaches
21.05mm, and the displacement of the inner side reaches
27.28mm. For the roof, the displacement fluctuates in a
small range, which will cause roof vibration.

In terms of deformation speed, there is little difference
between the maximum displacement speed of the two sides
of the roadway and the roof, which are 1.53m/s for the outer
side, 1.54m/s for the inner side, and 1.33m/s for the roof,
respectively, and the maximum displacement speed of the
floor is only 0.19m/s. In terms of deformation acceleration,
the displacement acceleration of the two sides is very differ-
ent, which are 404mm/s2 for the outer side and 887.07mm/
s2 for the inner side. The deformation acceleration of the
roof and floor is small, which are 261m/s2 for the roof and
94m/s2 for the floor.

Generally speaking, under the condition of solid coal on
both sides, the damage degree of the two sides of the road-
way after strong earthquake disturbance is greater than that
of the roof and floor, and the damage degree of the inner
side is greater than that of the outer side.

(2) Spatial evolution characteristics of impact failure of
roadway caused by strong earthquake

In order to more vividly show the impact damage
effect of strong earthquake on roadway surrounding rock,
the movie function of FLAC2D software is used to record
the evolution characteristics of roadway surrounding rock

stress field in detail according to a certain time step, as
shown in Figure 6.

It can be seen from Figure 6 that after the strong earth-
quake disturbance, the stress wave rapidly propagates down-
ward and attenuates in a spherical manner. During the
propagation process, the radiation range of the stress wave
continues to expand. When t = 1500 time steps, it reaches
the direct top of the coal seam, and then the inner wall stress
of the roadway in the working face increases significantly. As
the simulation continues, the roadway will be significantly
deformed. By comparing the vertical stress distribution
characteristics under different time steps, it can be seen that
the stress propagation takes the middle of the working face
as the axis of symmetry and presents a symmetrical distribu-
tion shape, and the stress level of the inner side of the road-
way is higher than that of the outer side.

3.2. One Side Gob Face Working Face

3.2.1. Dynamic Response of Roadway Surrounding Rock.
Figures 7 and 8 reflect the dynamic response characteristics
of roadway surrounding rock under the condition that the
seismic focus is located at the bottom of magmatic rock
and the goaf on one side of the working face. It can be seen
from Figure 7 that the mechanical response law of surround-
ing rock of solid coal roadway in working face under the
condition of one side goaf is similar to that of solid coal
roadway on both sides, with only slight differences in value
and stability time. When the disturbance is 0.15 s, the hori-
zontal stress of the roof reaches the maximum value of
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Figure 7: Dynamic response of surrounding rock in solid coal roadway.
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21.52MPa. After 0.5 s, the variation range of the stress
decreases, and the horizontal stress fluctuates up and down
around 9–16MPa. The horizontal stress state of both sides
and floor is less affected by mine earthquake, and the stress
basically reaches a stable state after 0.4 s disturbance. The
vertical stress of the top and bottom plate is at a low level,
which is basically stable after 0.4 s disturbance. The evolu-
tion law of approach velocity and acceleration is generally
consistent with the solid coal conditions on both sides. The
approach of the two sides basically reaches a stable state after
0.6 s disturbance.

It can be seen from Figures 7 and 8 that under the dual
influence of lateral abutment pressure and disturbance in
goaf, the dynamic response degree of the gob-side roadway
is significantly higher than that of solid coal roadway.

In terms of stress, the vertical stress of the outer side
(23.2MPa) is higher than that of the inner side (12.34MPa),
but the change of the vertical stress of the outer side is rela-
tively gentle compared with that of the inner side. In the pro-
cess of strong earthquake disturbance, the horizontal stress of
the roof of the roadway along the goaf has been in a high stress
state, and the maximum value has reached 55.28MPa. The
probability of shear failure of the roof has been significantly
strengthened. Compared with solid coal roadway, the vertical
stress and horizontal stress of the gob-side roadway have been
fluctuating, which is difficult to achieve stability.

In terms of displacement, the convergence of surround-
ing rock of the gob-side roadway is significantly greater than
that of solid coal roadway, and the convergence of two sides
is more obvious. The stability of the outer upper is poor and
the degree of stress concentration is high, resulting in the

maximum approach of the outer upper reaches 250.53mm.
The displacement of the inner upper also increased signifi-
cantly, reaching 139.58mm. The roof subsidence reached
91.81mm. Therefore, under the influence of strong earth-
quake, the risk of side caving, roof separation, or caving of
roadway along goaf increases significantly. However, the
time required for the displacement of the two sides to reach
stability is the same as that of the solid coal roadway, both of
which are 0.6 s.

In terms of deformation velocity and acceleration, the
deformation velocity and acceleration of the inner side are
greater than those of the outer side, and the maximum
deformation velocity and deformation acceleration of the
inner side reach 2.43m/s and 469.23m/s2, respectively.
However, the time when the velocity of the outer side is
greater than 1m/s is significantly higher than that of the
inner side, so that the final deformation of the external side
is greater than that of the inner side. Compared with the
solid coal roadway, the roof displacement of the gob side
roadway shows a continuous increasing trend, and the roof
does not shock.

According to the dynamic response characteristics of the
gob-side roadway and the solid coal roadway, the deforma-
tion amount and deformation velocity of the gob-side road-
way are greater than those of the solid coal roadway, and the
rock burst is more likely to occur in the gob side roadway
under the disturbance of strong earthquake. Therefore, it is
necessary to predict and judge the breaking and migration
of magmatic rock in time during the mining process of the
working face and strengthen the support strength of the
roadway in the broken area.
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Figure 8: Dynamic response of surrounding rock of the gob-side roadway.
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Figure 9: Temporal and spatial evolution law of vertical stress field of roadway surrounding rock under strong earthquake disturbance.

Table 2: Dynamic response of roadway surrounding rock under different boundary conditions.

Boundary condition
Dynamic response

Peak value of
vertical stress/MPa

Peak value of
horizontal stress/MPa

Deformation of
surrounding rock/mm

Deformation
velocity/m/s

Deformation
acceleration/m/s2

Solid coal face
on both sides

Solid
coal

roadway

Outer
side

14.02 4.62 21.05 1.53 404

Inner
side

19.36 7.42 27.28 1.54 366

Roof 4.89 20.62 10.58 1.33 261

Floor 2.13 6.25 0.67 0.19 94

One side gob
face working
face

Solid
coal

roadway

Outer
side

13.76 4.26 18.16 1.32 386.27

Inner
side

19.18 7.06 24.54 1.47 1107.63

Roof 6.67 21.52 9.63 1.25 236.96

Floor 2.11 6.33 0.61 0.21 191.03

Gob-side
roadway

Outer
side

23.2 8.44 250.53 2.11 369.69

Inner
side

12.34 3.02 139.58 2.43 469.23

Roof 8.87 55.28 91.81 0.91 248.38

Floor 3.14 7.83 0.2 0.17 110.65
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(a) Horizontal variation of roadway floor and roof stress
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(c) Displacement speed of roadway roof and floor and two sides
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Figure 10: Dynamic response of surrounding rock of solid coal roadway when the seismic focus height is 50m.

16 Geofluids



JOB TITLE:

FLAC (version 5.00)

1-Apr-15 11.55
Step 123187

Dynamic time 1.0000E+00

HISTORY PLOT
Y-axis:

47 Ave.SXX
57 Ave. SXX
71 Ave.SXX
73 Ave. SXX

(362, 29)
(371, 29)
(367, 33)
(367, 26)

X-axis:
1 Dynamic time –4.000

–3.000

–1.000

0.000

–2.000

–6.000

–5.000

1 2 3 4 5 6 7 8 9
(10–01)

(1007)

(a) Horizontal variation of roadway floor and roof stress
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Figure 11: Continued.
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(c) Displacement speed of roadway roof and floor and two sides
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Figure 11: Dynamic response of surrounding rock of gob roadway when the seismic focus height is 50m.
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4. Spatial Evolution Characteristics of Impact
Failure of Roadway Caused by
Strong Earthquake

Figure 9 reflects the temporal and spatial evolution charac-
teristics of the stress field of roadway surrounding rock
under strong earthquake disturbance. It can be seen from
Figure 9 that after the source is applied, the stress also dif-
fuses rapidly in a spherical manner, but the attenuation
speed of the stress wave is greater than that of the solid coal
on both sides under the goaf condition on one side, and the
diffusion of the stress wave tends to the goaf side. Under the
combined action of the lateral abutment pressure and distur-
bance in the goaf, and the stability of the surrounding rock
on the goaf side is worse than that of the solid coal, the
deformation of the roadway along the goaf side increases
rapidly, while the solid coal side is relatively slow.

4.1. Comparative Analysis of Dynamic Response of Roadway
Surrounding Rock under Different Boundary Conditions
under Strong Earthquake Disturbance. The dynamic
response characteristics of roadway surrounding rock under
different boundary conditions under the same focal condi-
tions are shown in Table 2. It can be seen from Table 2 that
for the same source disturbance, the dynamic response of
surrounding rock is obviously different under different road-
way boundary conditions, and the failure effect increases
with the increase of the number of adjacent goafs, especially
the horizontal stress of roof and the horizontal displacement
of two sides. For the horizontal stress of the roof, the peak
value of the horizontal stress of the roof under the condi-
tions of goaf on both sides and goaf on one side is 3.39
and 2.68 times of the horizontal stress of the roof under

the conditions of solid coal on both sides, respectively. The
shear instability of the roof support is easy to occur. There-
fore, for the mine with hard or even extremely thick key
layers on the working face, the isolated working face should
be avoided. For the displacement of the side wall, the dis-
placement of the roadway along the goaf is significantly
greater than that of the solid coal roadway. Therefore, for
the roadway along the goaf, the support of the side wall
should be strengthened to prevent the instability of the side
wall. Under strong earthquake disturbance, the damage
effect of solid coal roadway is low, and the risk caused by
strong earthquake is controllable.

5. Influence Law of Seismic Focus Height on
Roadway Dynamic Response

Magmatic rocks with different heights from the coal seam
lead to the change of the seismic focus height of strong
earthquakes. In order to study the influence of the seismic
focus height on the dynamic response of roadway, strong
seismic disturbance was applied at 50m, 70m, and 90m
above the coal seam, respectively.

Taking one side as solid coal and the other side as goaf
working face, the seismic focus height is 50m as an example,
and the dynamic response law of roadway surrounding rock
under strong earthquake disturbance is studied. Figure 10
reflects the dynamic response characteristics of surround-
ing rock of solid coal roadway under the condition that
one side of the working face is mined out when the focal
height is 50m. It can be seen from Figures 7 and 10 that
under the same focal intensity and boundary conditions,
when the focal height is 50m, the seismic damage effect
is stronger than that when the focal height is 116m. Take

Table 3: Dynamic response of surrounding rock of roadway with different seismic focus height under the condition of solid coal on both
sides.

Seismic focus
height

Dynamic response
Peak value of vertical

stress/MPa
Peak value of horizontal

stress/MPa
Deformation of

surrounding rock/mm
Deformation
velocity/m/s

Deformation
acceleration/m/s2

113m

Outer side 14.02 4.62 21.05 1.53 404

Inner side 19.36 7.42 27.28 1.54 887.07

Roof 4.89 20.62 10.58 1.33 261

Floor 2.13 6.25 0.25 0.19 94

90m

Outer side 13.77 4.49 28.67 1.09 346.02

Inner side 20.02 7.52 46.24 1.53 760.31

Roof 8.03 35.95 20.25 0.96 382.94

Floor 2.51 6.78 0.81 0.27 180.49

70m

Outer side 13.37 4.32 29.48 0.966 646.18

Inner side 19.16 7.34 54.91 1.95 783.97

Roof 7.20 25.2 15.28 1.31 339.99

Floor 2.48 6.64 0.96 1.01 213.98

50m

Outer side 14.19 4.88 51.73 2.19 910

Inner side 19.06 7.44 115.17 2.58 2344.1

Roof 6.56 44.77 16.1 1.41 601.85

Floor 3.46 7.82 1.82 0.57 474.55
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the horizontal stress of roadway surrounding rock and
the approach amount of roadway surrounding rock as
an example.

The horizontal stress of roadway roof increases greatly,
with the maximum value of 49.01MPa, which is 2.27 times
higher than that under the condition of seismic focus height
of 116m. As a result, the spalling failure of roof is almost
inevitable, and the mechanical environment of surrounding
rock worsens sharply. The maximum displacement of the
outer slope and the inner slope reaches 47.37mm and
96.42mm, respectively. The displacement of the surround-
ing rock is significantly enhanced, which is easy to cause
support instability and serious slope, and the vibration
amplitude of the roof is also strengthened accordingly.

Figure 11 reflects the dynamic response characteristics of
surrounding rock of gob-side roadway under the condition

of goaf on one side of the working face when the seismic
focus height is 50m. It can be seen from Figure 11 that after
the focal height is reduced, the influence of disturbance on
the roadway along the goaf is also significantly strengthened.
The maximum horizontal stress of roof reaches 63.11MPa,
and the horizontal stress during disturbance is basically
above 33MPa. The movement of roof, floor, and two sides
is also at a high level. The maximum movement of roof is
176mm, the movement of inner side is 256.41mm, and
the movement of outer side is 471.88mm, which is 1.9 times
of the movement of outer side along the roadway when the
seismic focus height is 116m.

To sum up, when the focal height is 50m, the vibration
effect of gob-side roadway is more intense, and the gob-
side roadway becomes the key prevention area of rock burst
during the breaking and migration of hard and thick key

Table 4: Dynamic response of roadway surrounding rock with different focal height under one side goaf condition.

Seismic focus height
Dynamic response

Peak value of
vertical stress/MPa

Peak value of
horizontal stress/MPa

Deformation of
surrounding rock/mm

Deformation
velocity/m/s

Deformation
acceleration/m/s2

116m

Solid coal
roadway

Outer side 13.76 4.26 18.16 1.32 386.27

Inner side 19.18 7.06 24.54 1.47 1107.63

Roof 6.67 21.52 9.63 1.25 236.96

Floor 2.11 6.33 0.61 0.21 191.03

Gob-side
roadway

Outer side 23.2 8.44 250.53 2.11 369.69

Inner side 12.34 3.02 139.58 2.43 469.23

Roof 8.87 55.28 91.81 0.91 248.38

Floor 3.14 7.83 0.2 0.17 110.65

90m

Solid coal
roadway

Outer side 13.64 4.43 33.79 0.94 499.36

Inner side 19.37 7.59 46.61 1.6 1137.5

Roof 10.97 29.08 20.45 1.3 322.88

Floor 2.52 6.8 1.12 0.29 234.14

Gob-side
roadway

Outer side 24.04 9.67 283.65 2.26 464.1

Inner side 12.56 3.84 198.58 2.57 461.93

Roof 8.75 61.35 130.89 1.09 376.37

Floor 3.52 9.04 0.6 0.33 253.52

70m

Solid coal
roadway

Outer side 13.57 4.47 28.5 1.1 602.05

Inner side 19.52 7.58 49.05 2.12 1245.01

Roof 7.41 44.92 14.05 1.45 333.4

Floor 2.25 6.89 0.96 0.25 207.75

Gob-side
roadway

Outer side 24.44 9.41 348.63 2.72 543.54

Inner side 12.19 3.65 187.39 2.11 738.51

Roof 9.6 62.03 148.54 1.32 437.73

Floor 3.64 9.19 0.61 0.22 161.47

50m

Solid coal
roadway

Outer side 14.31 4.97 47.37 2.27 768.42

Inner side 20.06 7.5 96.42 2.63 1466.62

Roof 6.82 49.01 16.37 1.62 573.02

Floor 3.29 7.71 1.55 0.56 401.76

Gob-side
roadway

Outer side 24.84 9.91 471.88 3.29 861.36

Inner side 12.86 4.03 257.16 3.29 1323.45

Roof 9.13 63.11 176.67 1.73 564.41

Floor 4.05 10.28 0.92 0.48 407.03
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layer. The support strength of roof and two sides should be
increased to reduce the risk of impact.

In order to better reflect the influence of seismic focus
height on roadway dynamic response, the variation character-
istics of roadway surrounding rock dynamic response at differ-
ent focal height are counted, as shown in Tables 3 and 4. It can
be seen from Tables 3 and 4 that under the condition of the
same seismic focus intensity, when the focal point is 116m
above the coal seam, the vibration effect of roadway surround-
ing rock is relatively small. As the focal height decreases, the
damage degree of roadway surrounding rock increases and
the stability of surrounding rock becomes worse.

Taking one side gob condition as an example, the influ-
ence of seismic focus height on the stability of roadway
surrounding rock is analyzed. It can be seen from
Table 4 that with the continuous decrease of seismic focus
height, the disturbance effect of strong earthquake on road-
way continues to strengthen, but there is a significant
difference in strengthening rate. When the focal height
decreases from 116m to 90m, the horizontal stress of the
roof, the displacement of the side and roof, the
approaching velocity, and the approaching acceleration
begin to increase, but the increment is small. When the
seismic focus height decreases from 90m to 50m, the
increment increases rapidly in a nearly linear manner.
Taking the horizontal approach of the outer wall of the
roadway along the goaf as an example, when the seismic
focus height is reduced from 116m to 90m, the approach
increases by only 33.12mm, while when the seismic focus
height is reduced from 90m to 50m, the approach
increases by 188.23mm. In addition, with different road-
way boundary conditions, the influence degree of focal
height on roadway is also different. The influence degree
of horizontal stress of solid coal roadway roof is much
greater than that of goaf roadway. Regardless of the bound-
ary conditions, the vertical stress of the roadway slope is
less affected by the focal height.

To sum up, when a strong earthquake occurs in the
lower position, the dynamic response degree of the roadway
is much greater than that in the higher position, and the
influence degree of the goaf side is greater than that of the
solid coal side. In addition, when the seismic focus height
is the same, the influence degree of strong earthquake on
the stability of roadway surrounding rock under different
boundary conditions is also significantly different. Basically,
the influence degree can be arranged as follows: gob-side
roadway (mined out on one side)> solid coal roadway
(mined out on both sides)> solid coal roadway (mined out
on one side). The strong earthquake tends to the goaf side
in the transmission process, resulting in the energy of solid
coal roadway under the goaf condition on one side is lower
than that under the solid condition on both sides, and
resulting in the dynamic response of solid coal roadway
under the goaf condition on one side is weaker than that
under the solid coal condition on both sides. Combined
with the roadway stress level before dynamic load distur-
bance, under the condition of high static load, the stability
of roadway surrounding rock is more obviously affected by
dynamic load. The greater the static load level is, the worse

the stability of surrounding rock is, that is, the higher the
static load level is, the more obvious the coupling effect with
dynamic load is.

6. Conclusion

Using the dynamic calculation function of FLAC2D soft-
ware, this paper analyzes the dynamic response of roadway
surrounding rock under strong earthquake disturbance
when it is covered with hard and thick key layer, studies
the influence of roadway boundary conditions on the
dynamic response of surrounding rock under strong earth-
quake disturbance and the effect of the seismic focus height
on the impact damage degree of roadway, and simulates and
reproduces the dynamic evolution process of roadway
degeneration damage. The main conclusions are as follows:

(1) Under the influence of strong earthquake, the stress
level of gob-side roadway is higher than that of solid
coal roadway, especially the horizontal stress of roof,
which is easy to lead to the instability of roof
support. The stress level of the outer side of the
gob-side roadway is higher than that of the inner
side. The gob coal pillar is in a high stress state,
and the coal pillar is easy to lose stability

(2) Under the influence of strong earthquake, the roof of
solid coal roadway is easy to vibrate in a small range,
and the displacement increases and decreases with the
disturbance. The displacement of the floor and two
sides of the solid coal roadway and the top floor and
two sides of the roadway along the goaf continues to
increase in the initial stage of the disturbance, and the
displacement will remain stable with the continuation
of the disturbance. The displacement of both sides and
roof and floor of gob-side roadway can reach stability
in the later stage of disturbance, and with the increase
of the number of adjacent goaf, the longer it takes for
the displacement of surrounding rock to reach stability

(3) There is a close correlation between the seismic focus
height and the dynamic response of roadway
surrounding rock. The magnitude of stress field, dis-
placement field, velocity field, and acceleration field
of roadway surrounding rock is negatively correlated
with the seismic focus height. When the seismic
focus height is lower than 90m, the variation of sur-
rounding rock response increases sharply with the
decrease of the seismic focus height. When a strong
earthquake occurs in the low rock stratum, the
impact damage of roadway surrounding rock is
almost inevitable

(4) The influence degree of strong earthquake on the stabil-
ity of roadway surrounding rock is arranged as follows:
gob-side roadway (mined out on one side)> solid coal
roadway (mined out on both sides)> solid coal roadway
(mined out on one side). According to the dynamic
response degree of surrounding rock under different
boundary conditions, the greater the static load level
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before strong earthquake disturbance, themore obvious
the coupling effect with dynamic load

(5) The spatial evolution of roadway impact failure
caused by strong earthquake shows that the working
face boundary conditions have an important influ-
ence on the energy propagation of mine earthquake.
When there is solid coal on both sides of the working
face, the energy basically propagates to the two lanes
of the working face in a symmetrical way. When one
side of the working face is mined out, the energy
transfer is biased to the side of the goaf. The evolu-
tion process also shows that with the increase of
the number of adjacent goafs, the faster the attenua-
tion rate of mine earthquake propagation energy
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The prediction and control of roof water disaster has been one of the key problems in the mining process of coal resources. With
the increase of mining depth in the western mining area, the roof caving and communicating to the overlying water-bearing strata
have led to an increasing number of roof water inrush accidents and deterioration of production environment of the working face.
Aiming at the problem of roof water disaster prediction of sandy-argillaceous structural strata in Shanghaimiao mining area in
China, firstly, the mechanical structure model of roof water inrush was built according to the parameters in the advance of the
working face, and the thickness of the sandstone was used as the main controlling geological factor; the formula was derived
for calculating the water-rich intensity Fzh of the overlying strata in the mining area. Secondly, starting from the height of the
“Breakage-arch” development disturbance by combining the mechanical structure model of roof water inrush, the relative
positional relation of the “Breakage-arch” and the water-bearing strata was analyzed, and a new method for judging the risk
coefficient TW of roof water inrush was proposed. Finally, according to the geological drilling histogram and the field
conditions of #111084 working face of the no. 1 mine in Shanghaimiao mine area, the water-rich index and water inrush risk
coefficient of overlying water-bearing strata were obtained by means of discriminant analysis, and the water inrush risk of
#111084 working face was evaluated and predicted quantitatively. The water-rich property evaluation of water-bearing strata
under the condition of low degree of hydrogeological exploration was evaluated accurately and reasonably, and a new
evaluation method of the water disaster during mining was proposed.

1. Introduction

Chinese Jurassic recoverable coal resources account for more
than 67% of the total coal reserves, which are mainly distrib-
uted in Western China. In the early stage, coal resource min-
ing was mainly shallow mining [1, 2]. With the increase of
coal mining depth, there are more and more accidents that
roof caving communicates with the overlying aquifer, result-
ing in roof inrush disaster or deteriorating the production
environment of the working face [3–5]. Facing the increas-
ingly severe situation of roof water inrush disaster, many
scholars have carried out a lot of research and made great

progress in the prediction and treatment of roof water
inrush disaster. Including Academician Wu’s “three maps-
two predictions method” for quantitative evaluation of roof
water inrush conditions [6]. Li et al. and Zhang et al. [7, 8]
established the mathematical model of indirect prediction
of roof water disaster according to the multi-information
composite analysis method of geographic information sys-
tem (GIS). The concept of the water inrush possibility coef-
ficient of the loose aquifer was proposed by Meng et al. and
Gao [9, 10]. Fan et al. [11] comprehensively divided the risk
of water inrush and sand break in the Yushenfu mining area
and evaluated the risk of water inrush and sand break in the
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mining area. Yi et al. [12] predicted the roof water inrush
possibility area of the working face based on the discrimina-
tion results of the position of the main key strata of the over-
burden. Based on the influence of key strata position on the
development height of the water diversion fracture zone, Xu
et al. [13, 14] proposed a new method for predicting the
height of the water diversion zone.

However, the conditions and mechanism of roof water
inrush are complex. It is obviously not comprehensive to
consider only whether the height of the water-conducting
fracture zone induced by coal seam mining touches the roof
aquifer. When the water-conducting fracture zone fails to
reach the aquifer, the mining strata will break under the
influence of secondary disturbance, and the disturbance
range of the water-conducting fracture zone will change
accordingly. Therefore, this paper considers the influencing
factors of water-bearing sandstone thickness. According to
the spatial relationship between overburden failure and
overlying aquifer affected by mining, a discrimination
method of roof water inrush possibility coefficient TW is
proposed, which is verified in a working face in Shanghai-
miao mining area, China.

2. Spatial Structure Model of Roof
Water Inrush

In the process of advancing the working face of coal mining,
the fracture and fragmentation of the overlying strata are in
continuous movement and development, and the relative
positional relationship between the aquifer and the water-
conducting fracture zone is regular; that is, it is determined
by the strata movement. Therefore, the research on water
inrush from coal seam roof should focus on the rock move-
ment and focus on the damage range of overlying rock
movement in the process of stope advancement and the spa-
tial relationship between this range and the aquifer.

The rock stratum above the coal seam can be divided
into two parts: overburden spatial structure and outer part
of overburden spatial structure [15]. The outer part of the
overburden spatial structure is the rock stratum without
obvious movement outside the “Breakage-arch,” which has
little impact on the water permeability of the stope roof.
With the advancement of the working face, the hanging
space of the stope is increasing, the overlying strata are
breaking, and the fracture positions are staggered from bot-
tom to top, forming a “Breakage-arch” that has a direct
impact on the water permeability of the stope roof (as shown
in Figure 1). The moving rock structure in the “Breakage-
arch” is called overburden spatial structure. In general, it
can be considered that the development height of a
“Breakage-arch” is the height of the water diversion fracture
zone [16]. As for the relative position relationship between
the “Breakage-arch” and the aquifer, the “Breakage-arch”
communicates with an aquifer, and water inrush occurs
immediately.

Some scholars believe that the key to the prevention of
water inrush disaster is to clarify the location of water-
bearing rock strata and the scope of the water-rich area
[17, 18]. By adjusting the length of the working face and

the position relationship of the open cut hole relative to
the water-rich area, it is ensured that the fractured rock
strata are interrupted during the advancement of the work-
ing face and do not spread to the water-bearing rock strata.
Even if the fractured rock stratum does not affect the water-
bearing rock stratum, there is a possibility of water inrush in
the roof according to the separation catchment and hydro-
static water inrush [19].

3. Numerical Simulation of Development
Law of “Breakage-Arch”

In the process of advancing the working face, the overburden is
disturbed by mining, and the “Breakage-arch” continues to
develop and expand upward, resulting in a large number of net-
work fractures, which is very easy to induce water inrush in the
stope. In order to study the relationship between the length of
the working face and the development height of “Breakage-
arch,” combined with the field peeping borehole observation
results and exploration borehole data in Shanghaimiao mining
area, a FLAC3D numerical simulationmodel was established (as
shown in Figure 2). Model size is long × wide × height = 500
m × 300m × 300m, the model contains 121875 grid elements
and 146256 nodes, and the excavation dimensions of the simu-
lated working face are 150m, 180m, 210m, and 240m, respec-
tively. The M-C constitutive model is used to describe the
mechanical response of overburden under tension failure and
instability. The vertical stress and horizontal stress applied in
the model are σzz = 20MPa, σyy = 16MPa, and σxx = 16MPa.
Themechanical parameters of coal and various rocks are shown
in Table 1. After the model calculation reaches the initial equi-
librium, the working face is excavated according to the dimen-
sions of 150m, 180m, 210m, and 240m and calculated to the
default equilibrium state of the software to obtain the develop-
ment characteristics of the plastic zone as shown in Figure 3.

The numerical simulation results show that the develop-
ment height of the plastic zone increases with the increase of
the width of the working face. After measurement and com-
parison, the development height of the plastic zone is about
1/2 of the width of the working face.

4. Discriminant Analysis of Roof Water
Inrush Possibility

The water yield of the aquifer is measured by the specific
yield. The greater the specific yield, the stronger the water
yield of the aquifer and vice versa. Therefore, the specific
yield can directly reflect the water abundance of the aquifer.
According to the engineering practice, the degree of hydro-
geological exploration in most coal mining areas in China
is low, the number of pumping (drainage) test is limited,
the data of unit water inflow can be obtained is less, the
water abundance of the aquifer cannot be fully reflected,
and the high-precision evaluation and prediction of water
abundance of the aquifer cannot be realized. Therefore,
based on previous studies, the author puts forward a new
method to distinguish the risk of roof water inrush.
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4.1. Water Rich Index. The lithology of sandy-argillaceous
sedimentary structures can be divided into two categories:
(1) conglomerate rocks, coarse sandstone, and fine sand-

stone are called sandy rocks (or brittle rocks) because of
their coarse particles and high brittleness; (2) siltstone, mud-
stone, sandy mudstone, and carbonaceous mudstone are

Width of working face (L)

Range
of strata
studied

Breakage-arch

Aquifer

Impervious bed

Figure 1: Spatial structure model of water inrush.

Coal

500 m

30
0 

m

30
0 m

Mudstone

Sandy mudstone

Siltstone

Gritstone

Fine sandstone

Medium grained sandstone

Figure 2: Numerical simulation model.

Table 1: Properties of coal and rock mass used in the numerical model.

Rock
character

Poisson’s
ratio

Density
(kg·m-3)

Cohesion
(MPa)

Internal friction
angle (°)

Bulk modulus
(GPa)

Shear modulus
(MPa)

Tensile strength
(MPa)

Mudstone 0.25 2470 1.78 25 2.41 4.13 0.70

Siltstone 0.22 2602 3.10 33 7.21 2.80 0.80

Gritstone 0.32 2700 6.20 34 4.80 2.20 3.00

Fine
sandstone

0.20 2590 3.96 50 6.98 2.80 1.35

Sandy
mudstone

0.27 2490 1.79 26 2.44 4.23 0.75

Coal 0.31 1347 1.21 30 2.13 1.35 0.12

Figure 3: Development law of plastic zone under different working face width.
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called argillaceous rocks (or plastic rocks) because of their
fine particles and strong plasticity. Sandy rocks have large
primary porosity and are prone to produce a large number
of fractures, which are the main water storage space. Because
there are certain differences in mechanical properties among
strata in the stratum, the conditions for forming the separa-
tion layer are met. During the formation of the separation
layer, the fissure water in the sandstone strata will continue
to collect into the separation layer. With the increase of col-
lected water, the separated strata water will exert pore water
pressure and load on its lower rock stratum. This leads to the
fracture and instability of the lower rock stratum and the
formation of water inrush in the working face. However,
there are argillaceous strata with fine particles and strong
plasticity in sandy-argillaceous sedimentary structural strata.
It can withstand a certain tension failure, is not easy to pro-
duce cracks, can curb the expansion of water storage space,
and hinders the collection of pore fissure water to the sepa-
ration strata. Therefore, taking the adjacent argillaceous rock
overlying the key strata as the top boundary and the interval
between the top boundary and the roof of the working face
as the effective research interval, the proportion of the
cumulative thickness of brittle rock within the effective
research interval can reflect the water yield in the overlying
strata.

FZ =
∑Di

Hy
× 100%, ð1Þ

where FZ is the water abundance index (dimensionless) ∑Di
is the cumulative thickness of sandy rock strata within the
effective study interval (m), and Hy is the vertical distance
between the adjacent argillaceous rock above the key strata
and the roof of the working face (m).

4.2. Water Inrush Possibility Coefficient. The risk of water
inrush from the roof is determined by the height of the
“Breakage-arch” and the water content of the roof. The
larger the scope of disturbing and damaging the aquifer
and the stronger the water abundance, the risk of water
inrush is relatively high. In order to quantitatively evaluate
the possibility of water inrush into the stope of indirectly
water-filled aquifer, the water inrush possibility coefficient
is introduced here. The probability of water inrush in stope
is evaluated by measuring the safe distance between the
water-conducting fracture and the upper aquifer. Without
considering other factors, the calculation formula is [20]

Twy =
Hgs −Hfs

Hfs
, ð2Þ

where Twy is the water inrush possibility coefficient of prede-
cessors (dimensionless), Hgs is the thickness of the water-
resisting strata, i.e., the distance between the coal seam roof
and the upper aquifer (m), and Hfs is the theoretical calcula-
tion value of water-resisting coal (rock) pillar (m).

There are differences in physical and mechanical proper-
ties in the strata of sandy-argillaceous sedimentary structures,

which determine that the subsidence process of overburden
must be uncoordinated movement. Therefore, the separation
space was generated, which provided physical space develop-
ment conditions for water inrush dangerous water bodies,
and the main separation strata were developed below the key
strata. During the advancement of the working face, the over-
burden on the main roof was broken, rotated, and sunk. The
main roof continuously evolves dynamically in space, forming
a “Breakage-arch” structure in a two-dimensional plane,
resulting in a large number of water diversion fractures. This
increases the possibility of connecting the aquifer with the
water-conducting fracture zone.

Regardless of the hulking sex of the overburden above the
main roof, the fracture and bending of the overburden from
the main roof to the key strata have similar morphology. In
the calculation of deformation, it can be regarded as a multi-
strata ring with the same center, as shown in Figure 4.

According to the geometric relationship in Figure 4,

OA1j j =HC +Hzj‐KCHzj, ð3Þ

A1Anj j = cos−1θ〠
n

i=1
Di, ð4Þ

Hl = OA1j j + A1Anj j, ð5Þ
where Ai (i ranges from 1 to n) is the maximum settlement
point of the overburden except the direct roof, Di is the
thickness of overburden of strata i (m), θ is the turning angle
of overburden (°), HC is the height of coal mining (m), Hzj is
the thickness of the direct roof (m), KC is the residual crush-
ing expansion (dimensionless), and Hl is the development
height of the lowest point of separation strata (m).

With the development of the separation space, the pore
water and fissure water of adjacent sandy strata are continu-
ously collected in the separation layer (as shown in Figure 5).
The collected water exerts an additional load on the lower
unbroken barrier strata. When the applied load exceeds the
tensile strength of the impervious bed (σt), it is very easy
to induce the instability of barrier strata and finally leads
to water inrush in the working face. Therefore, according
to the spatial relationship between the water of the abscis-
sion layer and the “Breakage-arch,” the ratio of the develop-
ment height of the “Breakage-arch” to the lowest point
height of the catchment separation strata is taken as the dis-
crimination basis. At the same time, the discrimination for-
mula of water inrush possibility is obtained by combining
the position of key strata and the tensile strength of the
impervious bed:

(1) Judging from the geometric relationship:

TW1 =
H
Hl

× 100%, ð6Þ

H = kL: ð7Þ
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(2) Judging from the stress state:

TW2 =
ρg Hg −Hl

� �

σt
× 100%, ð8Þ

where TW is the water inrush possibility coefficient (dimen-
sionless), Hl is the height of the lowest point of separation
(m), H is the development height of “Breakage-arch” (m),
Hg is the height of key strata (m), L is the width of the work-
ing face (m), k is the proportionality coefficient, k = 0:5 ~ 0:7
(dimensionless), σt is the tensile strength of the rock as the
impervious bed (Pa), ρ is the density of water in the separa-
tion strata (kg/m3), and g is the gravitational acceleration
(about 9.8m/s2).

The greater the value of TW , the greater the risk of water
inrush in the working face. When TW approaches 100%, it
indicates that the spatial position of the “Breakage-arch”
and the aquifer is infinitely close (as shown in Figure 6).
The impervious bed was infinitely close to the breaking
instability state, which was very easy to induce water inrush
in the working face.

5. Engineering Verification

5.1. Geological Conditions of the Project. Shanghaimiao no. 1
coal mine is located in etokeqian banner, Inner Mongolia.
The total amount of coal resources is about 14.3 billion tons.
The mining area is a typical geological structure of sandy
argillaceous sedimentary formation, and the geological pro-
file is shown in Figure 7. The Jurassic Yan’an Formation

Width of working face (L)

Breakage-arch

Aquifer

𝜃

x

y

Range
of strata
studied

(a)

(b)

Figure 4: Schematic diagram of final position state of upper strata fracture and subsidence.
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(J2y) is a coal-bearing formation, which is overlaid by Juras-
sic Zhiluo Formation (J2z), Cretaceous Zhidan group (K1zd),
and underlying by Triassic Yanchang Formation (T3y).

5.2. Aquifer and Water Yield. The main aquifers of Shang-
haimiao no. 1 coal mine are the Cretaceous conglomerate

aquifer, Jurassic Yan’an Formation sandstone aquifer, and
Jurassic Zhiluo Formation sandstone aquifer.

(1) The average thickness of the aquifer section of Juras-
sic Zhiluo Formation sandstone was 41.0m, the ele-
vation of water level was +1220~+1252m, the

o x

y

q (x)

Breakage-arch

Impervious bed

Water of the
abscission layer

Key strata

Floor of coal seam

Main roof
and its
overlying
strata

Figure 5: Mechanical model of roof structure when water inrush was about to occur.
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Figure 6: The relationship between the development height of “Breakage-arch” and water-bearing strata.
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permeability coefficient was 0.05~0.35m/d, and the
specific yield was 0.017~0.015 L/(s·m)

(2) The average thickness of the Cretaceous conglomer-
ate aquifer was 64.5m, the elevation of water level
was +1240~+1269m, the permeability coefficient
was 0.049~0.341m/d, and the specific yield was
0.047~0.341 L/(s·m)

(3) The aquifer group of Jurassic Yan’an Formation
sandstone is pore (fissure) water, the permeability
coefficient was 0.0029~0.1970m/d, and the specific
yield was 0.0027~0.0281 L/(s·m)

The maximum mining height of coal seam #8 is 3.8m,
the length of the working face is 220m, and the maximum
thickness of the waterproof safety coal (rock) pillar is 20m.
According to the drilling data (Figure 8 shows some drilling
data) and the calculation formula of water yield index (1),
the contour map of the water-rich index of #111084 working
face is obtained (as shown in Figure 9).

5.3. Water Inrush Possibility of Roof in Working Face. Taking
the geological conditions of #111084 working face as an
example, the water level change of #z1 hydrological observa-
tion wells near the water inrush position of the working face
is measured, as shown in Figure 10.

(1) During the water storage in the separation space: the
water level of Zhiluo Formation decreased by
13.59m after being advanced by 0~110m (data from
July 13 to July 31)

(2) During the formation of the bend zone: the advance
was 110~140m, the overburden subsidence
occurred, and the water level rose by 0.972m (data
from July 31 to August 5)

(3) Water inrush: when advancing to 141m, the water
diversion fissure destroys the separation closed space
above the working face and water inrush occurs. The
maximum water volume is 2000m3/h, and the water
level drops by 29.12m
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Figure 8: Part of borehole column of “Qilizhen sandstone” in Zhiluo Formation.
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According to the observed data on site, #111084 working
face has the conditions for water inrush, and it is necessary
to predict the possibility of water inrush in the unmined
area.

The position of the key strata and the thickness of the
immediate roof were determined according to the geological
borehole histogram. Combined with the water-rich index
and using the discriminant Equations (6) and (8) of the
water inrush possibility coefficient, the water inrush possibil-
ity of the overlying aquifer during mining in the 111084

working face of no. 1 mine in Shanghaimiao mining area
was evaluated. Due to the difference of lithology of immedi-
ate roof, the value range of crushing expansion coefficient
fluctuates between 1.15 and 1.4 [21]. The calculated water
inrush possibility coefficient and coordinates were imported
into surfer 12.0 to obtain the contour map (as shown in
Figure 11) of water inrush possibility coefficient. The con-
tour map was filled with gradient colors based on numerical
intervals. Among them, the red-filled part indicates that
there was a great possibility of “Breakage-arch” contacted
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Figure 11: Contour map of water inrush possibility of #111084 working face.
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the aquifer in this area. The green-filled area indicates that
the possibility of a “Breakage-arch” contacting the aquifer
was very small. Referring to the “three-line” method of
ponding in goaf, the area (35 < TW ≤ 65) was filled with yel-
low, which belongs to the warning range.

Compared with the existing results [20], this paper
mainly modifies the discrimination method of the water-
rich index and the possibility of water inrush in the working
face. When the mining parameters of coal seam were
included, the predicted coefficients were positive, the fluctu-
ation range of coefficients was 10~80+, the accuracy of pre-
diction results is high, and the variable range of coefficients
is large. When having the same geographical coordinates,
Figure 11(a) is the contour map of prediction results drawn
by using the water inrush possibility index method before
correction, and Figure 11(b) is the contour map of predic-
tion results drawn by using discriminant Equation (2) and
Equation (3) in this paper. The comparison shows that the
modified discrimination method proposed in this paper
has good prediction accuracy and improves the practicability
of water inrush possibility prediction zoning.

6. Conclusion

(1) The water abundance in sandy argillaceous sedimen-
tary structural strata is uneven. The proportion of
the thickness of sandy strata in the whole overbur-
den is taken as the main index to evaluate the water
abundance. Combined with the parameters of the
working face and the overburden structure model
of water inrush, the evaluation method of water yield
was established

(2) In view of the evaluation and prediction of water
damage to the roof of the working face under the
condition of sandy argillaceous sedimentary struc-
tural stratum, the damage range of the “Breakage-
arch” to the aquifer and the water yield strength of
the aquifer are comprehensively considered. Com-
bined with the parameters of the working face and
the residual dilatancy coefficient of the direct roof,
the discrimination formula of the possibility coeffi-
cient of water inrush was proposed

(3) According to the new discrimination formula pro-
posed in this paper, the water-rich index of overbur-
den and the possibility coefficient of water inrush are
obtained, and the possibility of water inrush in
#111084 working face was quantitatively evaluated
and predicted. It realized the scientific evaluation of
water abundance and water inrush possibility of
sandy argillaceous sedimentary structural strata
under the condition of low degree of hydrogeological
exploration
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Many deep mining mines in southwestern Shandong Province of China are covered with thick loose layers. When mining near the
loose layers, there is a risk of water and sand inrush, which threatens the personal safety of miners. The prediction of sudden water
and sand inrush is difficult due to the comprehensive influence of many factors, and the influencing factors are fuzzy and random.
To solve this problem, in this paper, a new risk assessment method of water and sand inrush based on comprehensive weight and
cloud model was proposed. Seven factors are selected as indexes: the aquifer thickness, the thickness ratio of sand layer to clay
layer, the thickness of bottom clay layer, the coal seam thickness, the percentage of core recovery, the geological structure, and
the bedrock thickness. The assessment index system is established, and the index is divided into three grades. A comprehensive
weighting method, which combines analytic hierarchy process (AHP), entropy weight method (EWM), and minimum entropy
principle, is used to reasonably assign the weight of index. Based on the cloud generator equation, the membership function is
obtained. The assessment result of the assessment object is obtained by combining the membership degree and the weight of
index. The comprehensive weight-cloud model assessment method is applied to the risk assessment of water and sand inrush
in the 6311-2 working face in the sixth mining area of Baodian Coal Mine. According to the assessment results, the following
conclusions can be drawn: (1) the bedrock thickness and the coal seam thickness are the main factors of water and sand
inrush under loose layer mining; (2) the assessment results obtained by the comprehensive weight-cloud model method are
consistent with the actual situation. The assessment method can provide scientific reference for the safe mining under the thick
loose layer in the deep mines of southwest Shandong.

1. Introduction

Water and sand inrush is a kind of mine geological disaster
that water and sand mixed fluid with high sand content
bursts into underground working face and causes property
damage and casualties [1]. Some coalfields in North China
are covered with thick loose layers, especially in deep mining
mines in southwest Shandong Province. When mining near
the loose layers, the upper water-rich sand layer is prone to
water and sand inrush under the disturbance of mining
activities, which affects the normal production of the mine
and causes casualties [2, 3]. In order to reduce the occur-

rence of water and sand inrush disasters and take timely
and effective measures, it is necessary to put forward a more
accurate assessment method of water and sand inrush disas-
ters under loose layer mining [4, 5].

Experts and scholars studied the problem of water and
sand inrush by various methods [6–13]. Zhong et al. used
software PFC3D and software GID to simulate the whole
process of water and sand inrush in precast ideal fracture
with different opening widths and dip angles in overlying
rock strata. Their analysis shows that the opening widths
and dip angles of fracture change the flow patterns of
water-sand flow inrush and have great impact on the contact
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force of the fracture channel, flow velocity of water, and
the time of mixed water-sand flow [14]. Zhao et al. stud-
ied the overlying stratum fracture development and distri-
bution characteristics of water-sand inrush channel
through the simulation experiment. They divided the
development process of water-inrush channels into three
stages: the stage of gradual development, the stage of pen-
etration linking channel formation, and the stage of water-
sand inrush, and divided the area of the overlying rock
fracture and water-sand inrush into three sections: the
zone of overburden fracture gradual development, the
zone of water-sand intrusion, and the zone of water-
sand-intrusion blocking [15]. Peng et al. made a compre-
hensive analysis on the mechanism of water and sand
inrush disaster from many aspects such as channel, water
source, water storage space, power source, and geological
structure. They found out that the cause of water and sand
inrush disaster under thick overlying bedrock is that the
water flowing fractured zone generated by mining causes
water to enter the separated cavity between rock forma-
tions. The water in the separated cavity penetrates into
the loose geological body and breaks into the working face
instantly along the concentrated channel generated by cut-
ting the working face, resulting in the occurrence of water
and sand inrush disaster [16]. Zhang et al. established the
mechanics model of sand inrush in fractures and analyzed
the limit equilibrium condition of water and sand inrush
in fractures. Through experiments, they quantitatively ana-
lyzed the characteristics of water and sand migration and
correlation changes of physical parameters in different
stages of water and sand inrush and divided the whole
process of water and sand inrush in fractures into four
stages, namely, start-up stage, continuous outburst stage,
silt blockage stage, and outburst equilibrium stage [17].
Ma et al. established a water-sediment flow resistance
model in fractures based on the two-phase flow theory
and verified it through laboratory-scale test [18]. Using
the LBM-DEM coupling simulation method, Pu et al.
studied the problem of the water and sand two-phase
migration in the single-fracture opening channel model.
They compared the changes of section flow rate and sand
inrush rate under different boundary pressures, fracture
opening widths, and sand layer thickness [19].

As mentioned above, researchers have made many
achievements in the mechanism of water and sand inrush.
However, the prediction of sudden water and sand inrush
is difficult due to the comprehensive influence of many fac-
tors, and the influencing factors are fuzzy and random. To
solve this problem, a risk assessment method of water and
sand inrush is proposed based on comprehensive weight
and cloud model in this paper. The membership degree
function transformed from the normal cloud generator
equation is used to calculate the membership degree of the
index. Combine analytic hierarchy process, entropy weight
method, and minimum entropy principle to calculate the
comprehensive weight of the index. Based on the member-
ship degree and the comprehensive weight, the risk of water
and sand inrush of the assessment object is evaluated, hop-
ing it can provide new ideas and methods for the prevention

and control of water and sand inrush disasters. The assess-
ment process is shown in Figure 1.

2. Overview of the Study Area

The sixth mining area of Baodian Coal Mine is selected as
the study area. The range and location of boreholes near
the sixth mining area are shown in Figure 2. Baodian Coal
Mine is located in Yanzhou District, Jining City, Shandong
Province. The sixth mining area is located in the west of
Baodian Coal Mine. The structure is controlled by Yanzhou
syncline, and the axial direction is NEE, inclining to the
northeast. There is a small south lake syncline in the north
of the sixth mining area. The southern development range
was Baochang anticline. Fault strike is mostly northeast.

The sixth mining area is a fully concealed North China
Carboniferous Permian coalfield. The strata from old to
new are Ordovician (O2), Carboniferous (C), Permian (P),
Jurassic (J3), and Quaternary (Q). The following is a detailed
description:

(1) Middle and lower Ordovician (O2, 1): it is the base-
ment of coal measure strata, which is composed of
gray and gray-white limestone

(2) Carboniferous (C): the Taiyuan formation of upper
Carboniferous is composed of dark gray-grayish
black mudstone, bauxite mudstone, siltstone, and
medium-coarse sandstone, with 0-11 layers of lime-
stone. Among them, the thickness of the tenth lower
limestone and the third limestone is large and the
horizon is stable, which is the auxiliary marker layer
of the sixth mining area

(3) Permian (P): Shanxi formation is the main coal-
bearing strata in the sixth mining area. It is thick in
the north but thin in the south. It is composed of
gray-white medium, coarse sandstone, gray siltstone,
mudstone, bauxite mudstone, and coal seam. Among
them, No. 3 coal seam is the main minable coal
seam, which has complete contact with the underly-
ing strata

(4) Jurassic (J3): the upper member is gray-green,
purple-gray medium-fine sandstone. The middle
member is loose red sandstone. The next section is
brownish-red siltstone. It is distributed within a very
small range in the eastern part of the sixth mining
area. It is in angular unconformity contact with
underlying coal measures

(5) Quaternary (Q): thin in the east and thick in the
west, thin in the south, and thick in the north. It is
composed of sandy clay, clay sand, clay layer, and
medium and coarse sand layers

In all strata, the main coal-bearing area is the Carbonif-
erous strata and Permian strata of Shanxi and Taiyuan for-
mation, which belongs to the type of coal-bearing rock
series in North China. The main coal seam is the No. 3 coal
seam, with a thickness of about 7.86~10.02m and an average

2 Geofluids



Te process of risk assessment of
water and sand inrush

Establishing assessment
index system

AHP EWM

Comprehensive
weight

Dividing risk grade interval of
each index

Determining numerical characteristics
of each index belonging to each risk grade

Calculating the membership degree of
each index of assessment object

Calculating the membership degree of assessment
object belonging to each risk grade

Assessment result

Figure 1: The process of using the comprehensive weight-cloud model method to assess the risk of water and sand inrush during mining
under loose layers.
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Figure 2: The scope and borehole location of the sixth mining area of Baodian Coal Mine.
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thickness of about 9.00m. The thickness of the coal seam is
stable, and the buried depth of coal seam is about
200~390m.

The main aquifers affecting the production of the No. 3
coal seam in the sixth mining area from top to bottom are
the gravel aquifer in the Quaternary upper group, the gravel
aquifer in the Quaternary lower group, and the sandstone
aquifer at the roof and floor of the No. 3 coal seam. Among
them, the direct water-filled aquifer of coal seam mining is
the sandstone aquifer at the roof and floor of the No. 3 coal
seam and the gravel aquifer in the Quaternary lower group,
and the indirect water-filled aquifer is the gravel aquifer in
the Quaternary lower group (when the sandstone aquifer
at the roof of the No. 3 coal seam is the direct water-filled
aquifer). Except for the gravel aquifer in the Quaternary
upper group, the remaining aquifers are mainly static
reserves, and the recharge, runoff, and discharge conditions
are poor. With the development of mining activities, the
water level of the sand layer in the Quaternary lower group
decreased slowly year by year, and the water level of the
sandstone at the roof of the No. 3 coal seam decreased
significantly.

3. Assessment Methods

3.1. Analytic Hierarchy Process. American operational
researcher Saaty put forward the famous analytic hierarchy
process (AHP) in the early 1970s. The analytic hierarchy

process is a decision-making method which decomposes
the elements related to decision-making into objective, crite-
rion, plan, and other levels and, on this basis, makes qualita-
tive and quantitative analysis [20].

As a weight determination method, the analytic hierar-
chy process is commonly used in the field of mine water
disasters, such as water abundance assessment and floor
water inrush risk assessment [21–23]. In this paper, the
improved analytic hierarchy process with three scales is used
to calculate the weight.

The traditional AHP needs to check the consistency of
the judgment matrix. In this paper, the improved three-
scale AHP is used for weight calculation, and the traditional
AHP is optimized by using the properties of the optimal
transfer matrix, so that it naturally satisfies the consistency.
It can greatly reduce the number of iterations and make
the subjective factors analytic, thereby reducing the system
error.

Supposing there are N lower-level indexes under a cer-
tain upper-level index, the importance of each index at the
same level is compared according to expert consultation,
and the comparison matrix A = faijgN×N is established
through the following equation:

aij =
−1 index j is more important than ið Þ,
0 index i is as important as index jð Þ,
1 index i is more important than jð Þ,

8>><
>>: ð1Þ

tij =
1
n
〠
N

k=1
aik − ajk
À Á

= 1
n
〠
N

k=1
aik + akj
À Á

, ð2Þ

dij = exp tij
À Á

: ð3Þ
Since matrix A satisfies aij = −aji and aij = aik − ajk, it is

an antisymmetric matrix; then, according to the principle
of optimal transfer matrix, the optimal transfer matrix T of
matrix A should conform to Equation (2).

According to the Equations (2) and (3), the judgment
matrix D = fdijgN×N is obtained.

Due to the properties of the optimal transfer matrix, no
consistency check is required. The equation of the weight

Risk assessment of water and
sand inrush

Charcteristics
of loose layer

Charcteristics
of rock layer

Objective

Criterion

Planx1 x2 x3 x4 x5 x6 x7

Figure 3: Hierarchical structure system of water and sand inrush index for mining under loose layers.

Table 1: Risk grade interval of water and sand inrush risk
assessment index.

Index
Risk grade interval

I II III

x1 (m) 0~15 15~30 >30
x2 (-) 0~1 1~3 >3
x3 (m) >10 5~10 0~5
x4 (m) 0~3.5 3.5~8 >8
x5 (%) 80~100 60~80 0~60
x6 (-) 0~0.4 0.4~0.6 0.6~1.0
x7 (m) >40 20~40 0~20
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wi of the index i is as follows:

wi =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiQN
j=1dij

N
q

∑N
i=1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiQN
j=1dij

N

q� �  i = 1, 2,⋯,Nð Þ: ð4Þ

Finally, according to Equation (4), the weight of the plan
level to the criterion level and the weight of the criterion
level to the objective level are calculated, respectively, and
then, the weight vector W1 = fw1ig1×n of the plan level to
the objective level is obtained, where n is the index number
in the plan level.

3.2. Entropy Weight Method. As a weight calculation
method, entropy weight method (EWM) has been well
applied in the weight calculation of multifactor indexes
[24–27].

Assuming that there are m samples and each sample has
n indexes, the original matrix R = fRijgm×n can be con-
structed, where Rij represents the data of index j of the sam-
ple i.

Then, according to the original matrix R, the normalized
matrix r = frijgm×n is calculated.

For the positive indexes that the greater the better
indexes, the calculation equation is as follows:

rij =
Rij −min R1j,R2j,⋯, Rmj

È É
max R1j,R2j,⋯, Rmj

È É
−min R1j,R2j,⋯, Rmj

È É : ð5Þ

For negative indexes that the smaller the better indexes,
the calculation equation is as follows:

rij =
max R1j,R2j,⋯, Rmj

È É
− Rij

max R1j,R2j,⋯, Rmj

È É
−min R1j,R2j,⋯, Rmj

È É : ð6Þ

Table 2: Index data of boreholes.

Number Borehole ID x1 (m) x2 (-) x3 (m) x4 (m) x5 (%) x6 (-) x7 (m)

1 Qunder-19 12.93 4.92 0.00 9.10 83.69 0.30 39.57

2 6-2 15.05 2.10 0.00 9.01 93.15 0.50 10.13

3 Bao19 4.96 1.65 0.00 8.91 94.33 0.30 144.95

4 2015-1 20.00 3.43 0.00 9.01 92.35 0.70 51.36

5 2003-1 26.65 4.76 0.00 8.38 90.50 0.30 66.4

6 2003-2 16.80 11.42 0.00 8.70 71.79 0.10 14.28

7 2010-5 10.99 1.19 0.00 8.10 88.43 0.50 56.66

8 O2-5 17.37 6.22 3.39 8.02 88.01 0.10 22.68

9 O2-12 13.80 5.75 0.00 9.00 94.50 0.70 3.57

10 L14-5 13.20 2.73 1.50 8.46 87.42 0.50 70.39

11 2007-2 13.35 3.13 1.39 11.82 87.40 0.90 55.38

12 2007-3 19.26 4.13 0.00 9.16 89.19 0.10 39.65

13 D49 13.50 1.43 1.45 8.60 89.55 0.30 42.83

14 D53 6.5 1.48 4.23 8.39 92.63 0.50 111.89

15 2012-3 34.07 10.88 1.25 2.10 84.84 0.10 2.1

16 89-5 14.15 2.36 10.86 8.07 90.37 0.30 73.4

17 2009-1 41.88 5.88 0.00 5.66 86.48 0.50 19.43

18 2010-4 6.98 1.16 0.00 9.00 90.56 0.30 122.73

19 D40 11.87 1.50 12.15 9.19 91.57 0.30 108.29

20 D46 13.68 1.44 4.12 9.14 88.93 0.30 26.7

21 D54 18.78 4.38 0.00 8.73 89.15 0.10 102.24

22 Bao18 8.05 1.14 0.00 8.84 91.51 0.10 115.9

23 8-7 19.35 2.15 2.00 8.73 86.73 0.10 107.4

24 Bao20 3.82 0.51 0.00 5.87 96.35 0.10 163.93

25 S77 24.20 8.36 2.50 7.70 83.37 0.10 36.73

26 D58 5.14 1.22 2.00 7.96 93.61 0.10 147.29

27 S21 7.80 1.17 3.75 9.46 97.38 0.10 152.34

28 44 8.20 3.24 1.95 9.03 92.34 0.10 171.18

Table 3: Weights determined by the analytic hierarchy process, the
entropy weight method, and the comprehensive weight method.

Weight
vector

x1 x2 x3 x4 x5 x6 x7

W1 0.1513 0.0399 0.0777 0.2018 0.1224 0.0742 0.3327

W2 0.1362 0.1311 0.1730 0.1649 0.1092 0.1332 0.1524

W3 0.1504 0.0758 0.1215 0.1911 0.1211 0.1042 0.2359
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According the normalized matrix r = frijgm×n, calculate
the proportion pij of the j index data of the i sample:

pij =
1 + rij

∑n
j=1 1 + rij
À Á : ð7Þ

Then, calculate the entropy of all index, and the calcula-
tion equation for the entropy value Hj of the index j is

Hj =
∑m

j=1pij ln pij
ln m

: ð8Þ

Calculate the entropy weight of all index, and the calcu-
lation equation for the entropy weight wj of the index j is

wj =
1 −Hj

∑n
j=1 1 −Hj

À Á : ð9Þ

Finally, get the weight vector W2 = fw2ig1×n.

3.3. Comprehensive Weight. Each weight calculation method
has its own scope of application, and sometimes, it is often
necessary to use a variety of methods to measure the weight
of the same data, so that the comprehensive weight has
higher performance and can reflect the real characteristics
of the data. According to the minimum entropy principle,
this paper processes the weight vector W1 determined by
the analytic hierarchy process and the weight vector W2
determined by the entropy weight method to determine
the comprehensive weight vector W3 [28, 29]. The calcula-
tion process is as follows:

w3j =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w1j ×w2j

p
∑n

j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w1j ×w2j

p , ð10Þ

W3 = w31w32 ⋯w3nð Þ: ð11Þ

3.4. Cloud Model. Cloud model is an uncertain cognitive
model based on fuzzy set theory and probability concept,
which was proposed by Liu et al. [27]. The cloud model
can be used to deal with the uncertain conversion between
qualitative concepts and quantitative description and has
been widely used in algorithm improvement, simulation,
risk assessment, geological prediction, excavation, and other
fields [30–33]. In the conversion process from quantitative
data (influencing factors data) to qualitative concepts (risk
grade), the cloud model can better handle the effects of ran-
domness and ambiguity, thus making the evaluation results
more scientific and accurate.

Normal cloud is an important cloud model based on
normal distribution and Gaussian membership function.
Since the expected value curves of influencing factors in nat-
ural science are mostly normal distribution or seminormal
distribution [34], the normal cloud model is used in this
paper to evaluate the risk of water and sand inrush.

Supposing the set X = fxg is a domain, the qualitative
concept on the domain is defined as Y . For any x belonging
to X, there exists a random number uðxÞ belonging to Y .
The set of uðxÞ is called the membership degree of x belong-
ing to Y , if uðxÞ satisfies

u xð Þ = exp −
x − Exð Þ2
2En′2

 !
: ð12Þ

If x satisfies x ~NðEx, En′2Þ and En′ ~NðEn, He2Þ, the
distribution of x on X is called a normal cloud, and each x
is called a cloud drop. Ex, En, and He are the numerical
characteristics of a qualitative concept, where Ex represents
expectation, En represents entropy, and He represents
hyperentropy. If the three numerical characteristics of the
qualitative concept are known, the normal cloud generator
can be used to generate the normal cloud. The process is
as follows:

Step 1. Generate a normal random number En′ with an
expected value of En and a standard deviation of He.

0.35

0.30

0.25

0.20

w

0.15

0.10

0.05

0.00
x1 x2 x3 x4 x5 x6 x7

W1
W2
W3

Figure 4: Comparison of weights determined by the analytic
hierarchy process, the entropy weight method, and the
comprehensive weight method.

Table 4: Numerical characteristics of each index belonging to each
risk grade.

Index
Numerical characteristics

I II III

x1 (7.5, 6.369, 0.5) (22.5, 6.369, 0.5) (37.5, 6.369, 0.5)

x2 (0.5, 0.425, 0.05) (2, 0.849, 0.05) (9.5, 5.520, 0.05)

x3 (12.5, 2.123, 0.2) (7.5, 2.123, 0.2) (2.5, 2.123, 0.2)

x4 (1.75, 1.486, 0.1) (5.75, 1.911, 0.1) (10, 1.699, 0.1)

x5 (90, 8.493, 1) (70, 8.493, 1) (30, 25.478, 1)

x6 (0.2, 0.170, 0.001) (0.5, 0.085, 0.001) (0.8, 0.170, 0.001)

x7 (108, 57.325, 1) (30, 8.493, 1) (10, 8.493, 1)
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Figure 5: Continued.
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Step 2. Generate a normal random number x with an
expected value of Ex and a standard deviation of absðEn′Þ.

Step 3. Calculate uðxÞ through Equation (12), and a cloud
drop x with a membership degree of uðxÞ for the qualitative
concept is generated.

Step 4. Repeat Step 1–Step 3 until the number of cloud drops
meets the requirements.

The calculation of the numerical characteristics
(Exij, Enij, and Heij) and of the index i belonging to the risk
grade j is as follows.

Assuming that the upper and lower boundary values of
the index i belonging to the risk grade j are x1ij and x2ij, then

Exij =
x1ij + x2ij
� �

2 : ð13Þ

Since the boundary value is from one grade to another
and should belong to both grades [32], so

Enij =
x1ij − x2ij
� �
2:355 : ð14Þ

The size of Heij is determined according to the fuzziness
and randomness of the specific case, and the value is about
0.1 times of Enij [35].

Some scholars use the cloud model to obtain the mem-
bership degree by using the cloud generator to randomly
generate cloud drops and then obtain the average member-
ship degree [33]. The membership degree obtained by this
method has a certain degree of volatility, resulting in the
same calculation process which may not be able to obtain
the same assessment results. In order to obtain a stable
membership degree, the membership function is obtained
based on Equation (12). The membership function is shown
below:

uij = exp −
xi − Exij
À Á2

2Enij

 !
, ð15Þ

where xi represents the value of the index i and uij represents
the membership degree of the index i belonging to the risk
grade j.

The membership degree matrix U = fuijgn×l of the
assessment object is obtained, where n is the number of
indexes, and l is the number of risk grades.

In order to find out the membership degree of the assess-
ment object to a risk grade, it is necessary to multiply the
membership degree of index of the assessment object corre-
sponding to the risk grade by the index weight and add
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Figure 5: Normal cloud of each index belonging to each risk grade.

Table 5: Working face index data.

Name of working
face

x1
(m)

x2
(-)

x3
(m)

x4
(m)

x5
(%)

x6
(-)

x7
(m)

6311-2 26.90 3.81 0.00 8.64 89.15 0.30 53.51

Table 6: Membership degree of working face belonging to each risk
grade.

Name of
working
face

Membership degree Comprehensive
weight-cloud

model

Actual
situationI II III

6311-2 0.3610 0.2086 0.2912 I I

8 Geofluids



them, so as to obtain the membership degree of the assess-
ment object to the risk grade.

The comprehensive weight vector W3 is combined with
the membership matrix U of the assessment object to obtain
the matrix B.

B =W3U = b1, b2,⋯, bnð Þ, ð16Þ

bj = 〠
n

i=1
wiuij  j = 1, 2,⋯, lð Þ: ð17Þ

In Equation (17), bj represents the membership of the
assessment object to the risk grade j. Then, according to
the principle of maximum membership degree, the risk
grade jmax corresponding to the maximum membership
degree bj max is the water inrush risk grade of the assessment
object.

4. Preparation of Assessment

4.1. Index Selection. The occurrence of water and sand
inrush in the mining under the loose layer depends on
the combined effect of various influencing factors. Accord-
ing to the hydrogeological data in the sixth mining area of
Baodian Coal Mine, this paper selects seven influencing
factors, namely, the aquifer thickness (x1), the thickness
ratio of the sand layer to clay layer (x2), the thickness of
the bottom clay layer (x3), the coal seam thickness (x4),
the percentage of core recovery (x5), the geological struc-
ture (x6), and the bedrock thickness (x7), as index. These
factors can be categorized into the characteristics of loose
layer and the characteristics of rock layer. The hierarchical
structure system of water and sand inrush index for min-
ing under loose layer in the mining under the loose layer
is shown in Figure 3.

(1) The aquifer thickness (x1). Generally speaking, the
aquifer in the loose layer is mainly sand layer.
Thicker aquifer can store more groundwater, and
under the influence of mining, there is a greater pos-
sibility of water and sand inrush [36]

(2) The thickness ratio of the sand layer to clay layer (x2
). The sand layer with fractures has strong water
storage and water conductivity, while the clay layer
has certain water and sand resistance. The thickness
ratio of the sand layer to clay layer in the loose layer
of the Quaternary lower group determines the risk of
water and sand inrush

(3) The thickness of the bottom clay layer (x3). The clay
layer at the bottom of the loose layer is a powerful
barrier that directly hinders the downward seepage
and inrush of water and sand in the upper aquifer.
The thicker the clay layer at the bottom is, the more
likely it will reduce the possibility of water and sand
inrush in the exploitation of coal resources [36]

(4) The coal seam thickness (x4). The height of the roof
fall zone and fracture zone caused by coal seam min-

ing is related to the cumulative mining thickness of
the coal seam. Generally speaking, the greater the
cumulative mining thickness of the coal seam, the
greater the height of the caving zone and fracture
zone of the roof. In mining, it is necessary to set
sand-prevention coal and rock pillars to avoid exces-
sive water and sand inrush due to the excessive
height of the caving zone and fracture zone. Since
No. 3 coal is the main mineable coal seam in the
sixth mining area, this paper uses the thickness of
the No. 3 coal seam instead of the cumulative mining
thickness as the index [37]

(5) The percentage of core recovery (x5). The integrity of
the core taken during drilling is related to the degree
of rock fragmentation. The core of the bedrock is rel-
atively complete, indicating that the bedrock has a
low degree of fragmentation and is an effective
water-blocking layer. The possibility of water and
sand inrush is low when mining [38]

(6) The geological structure (x6). The development
degree of geological structure can be expressed by
density of faults, fault drop, density of joints, etc.
The area with developed geological structures has
high risk of water and sand inrush. Based on the
actual mining experience and geological data, the
degree of geological structure development is
divided, and the equation is as follows [39]:

x6 =

0:1, not developed,
0:3, less developed,
0:5, more developed,
0:7, developed,
0:9, very developed:

8>>>>>>>><
>>>>>>>>:

ð18Þ

(7) The bedrock thickness (x7). The bedrock is thick and
stable, the fracture zone cannot develop to the aqui-
fer, and the risk of water and sand inrush is low. If
the bedrock is thin or missing, the fracture zone
develops to the aquifer, and the risk of water and
sand inrush is high [33, 40]

4.2. Risk Grade. The risk of water and sand inrush is divided
into three grades, namely, low risk (I), medium risk (II), and
high risk (III). The corresponding situation of grade I is that
the aquifer at the bottom of the loose layer has little influ-
ence on the mining of the working face, and the water and
sand inrush will not occur in the mining process. The corre-
sponding situation of grade II is that the aquifer at the bot-
tom of the loose layer has a certain influence on the
mining of the working face. For example, the roof of the
working face often shows the phenomenon of water leach-
ing, and the water inflow of the working face changes
greatly; mining process, sudden water, and sand inrush
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may occur. The corresponding situation of grade III is that
the aquifer at the bottom of the loose layer has a great
impact on the mining of the working face. When the roof
comes to pressure, the water inflow of the working face
changes greatly, and there is a great possibility of sudden
water and sand inrush in the mining process. According to
the engineering experience, each index is divided into inter-
vals according to the risk grade, as shown in Table 1.

4.3. Weight Calculation. Based on the analysis and statistics
of hydrogeological data and borehole data in the study area,
28 borehole data are collected as samples, as shown in
Table 2, and the borehole locations are shown in Figure 2.

After consulting and analysis, this paper argues that for
the occurrence of water and sand inrush, in the criterion
level, the characteristics of the rock layer are greater than
the characteristics of loose layer. For the characteristics of
loose layer, the index weights in descending order are the
aquifer thickness (x1), the thickness of the bottom clay layer
(x3), and the thickness ratio of the sand layer to clay layer (x2
). For the characteristics of the rock layer, the index weights
in descending order are the bedrock thickness (x7), the coal
seam thickness (x4), the percentage of core recovery (x5),
and the geological structure (x6). The comparison matrix
A1 of criterion level and the comparison matrices A2 and
A3 of plan level are obtained as follows:

A1 =
0 −1
1 0

" #
,

A2 =
0 1 1
−1 0 −1
−1 1 0

2
664

3
775,

A3 =

0 1 1 −1
−1 0 1 −1
−1 −1 0 −1
1 1 1 0

2
666664

3
777775:

ð19Þ

The weight vector W1 is calculated according to Equa-
tion (4). According to the data in Table 2, the weight vector
W2 is determined by the entropy weight method, and then,
the comprehensive weight vector W3 is obtained by Equa-
tion (10). Analyzing the weight vector W2, the thickness of
the bottom clay layer (x3), the coal seam thickness (x4),
and the bedrock thickness (x7) have a greater impact on
the risk of water and sand inrush. Among the weight vector
W3, the aquifer thickness (x1), the coal seam thickness (x4),
and the bedrock thickness (x7) are larger. Combining the
weights determined by the three methods, it can be con-
cluded that the coal seam thickness (x4) and the bedrock
thickness (x7) are the main influencing factors of water
and sand inrush. The index weights of the three methods
are shown in Table 3 and Figure 4.

4.4. Numerical Characteristics. Based on the risk grade range
and borehole sample data (Table 2), by using Equations (13)
and (14), the numerical characteristics (Ex, En, and He) of
each index belonging to risk grades I, II, and III are deter-
mined, as shown in Table 4.

According to the normal cloud generation process and
the numerical characteristics, the normal cloud of each index
belonging to each risk grade is generated (Figure 5). The
number of the cloud drops for each normal cloud is 1000.
The normal cloud can represent the distribution of the
membership degree of the index belonging to a certain risk
grade.

As can be seen from Figure 5, Ex determines the position
of the center point of the risk grade normal cloud; En deter-
mines the range of the risk grade normal cloud. The larger
the En, the larger the risk level normal cloud range. He
determines the discreteness of the normal cloud of risk
grades. When the ratio of He to En is small, the distribution
of the normal cloud tends to a curve with a normal distribu-
tion. When the ratio of He to En is large, the dispersion of
the normal cloud is large.

5. Verification via the Application

The 6311-2 working face is located in the west of Baodian
Coal Mine, and the south of the working face is close to
the outcrop area of the No. 3 coal seam aeolian oxidation
zone in the sixth mining area. The No. 3 coal seam is
mined at the working face, the thickness of the coal seam
is about 8.12~9.16m, and the average is about 8.64m. The
Quaternary lower group is composed of gray-green, gray-
yellow, and gray-white clay; clay-bearing gravel; and sand.
The main aquifers of the lower group are clay gravel and
gravel layers.

The coal seam of the working face is a monoclinic struc-
ture and belongs to the north wing of the Baojiachang anti-
cline. Small secondary wide and gentle folds are developed in
the working face. The maximum water inflow of the 6311-2
working face during mining is 24 m3/h, and it is 18.9m3/h
under normal conditions. The water inflow of the working
face is basically the water inflow after mining and the water
inflow during production. The working face did not show
excessive water inrush locally and at intervals, and no water
and sand inrush disaster occurred.

According to the corresponding geological report, the
index data of the working face was determined (Table 5),
by using Equations (15)–(17) to calculate the membership
degree of the working face belonging to each risk grade
according to the index data of the working face. According
to the calculation results (Table 6), the maximum member-
ship degree of the 6311-2 working face is 0.3610, and the
water and sand inrush risk grade corresponding to the max-
imum membership degree is grade I, which means that
water and sand inrush will not occur in mining. The actual
mining process of this working face did not appear to have
water and sand inrush, which is consistent with the predic-
tion of the comprehensive weight-cloud model assessment
method proposed in this paper. This result illustrates the
feasibility of this method.
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6. Conclusions

To reduce the randomness and ambiguity of the influenc-
ing factors in the prediction of the risk of water and sand
inrush and to better assess the risk of water and sand
inrush in short-distance mining under thick loose layers
of coal mines, this paper proposes a new risk assessment
method of water and sand inrush based on the compre-
hensive weight and cloud model. The method is applied
to the risk assessment of water and sand inrush in the
6311-2 working face in the sixth mining area of Baodian
Coal Mine. The following conclusions are drawn from
the research:

(1) Analyzing the weights determined by the analytic
hierarchy process, the entropy weighting method,
and the comprehensive weighting method, the
weight of the bedrock thickness and the coal seam
thickness are all ranked in the top three of the three
weights. It can be considered that among the seven
indicators that affect the risk of water inrush and
sand inrush, the bedrock thickness and the coal seam
thickness have a greater influence on the risk of
water inrush and sand inrush and are the main
influencing factors

(2) The comprehensive weight-cloud model method is
applied to assess the risk of water and sand inrush
in the working face, and the assessment result is con-
sistent with the actual situation. It shows that the
comprehensive weight-cloud model method has
good prediction performance and can provide scien-
tific reference for safe mining under thick loose layer
in deep mines in southwest Shandong

(3) The comprehensive weight-cloud model method is
based on the existing sample data. The number of
samples, the selection of indexes, and the division
of risk grade interval will have a certain impact on
the assessment results of the method. In view of the
complexity of water and sand inrush in close-
distance mining under thick loose layer, in order to
obtain more accurate prediction results, it is neces-
sary to collect more engineering examples and sam-
ple data, so as to improve the accuracy of the method
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Due to the influence of the ground stress, mining disturbance, and other factors, the roadway surrounding rock in deep
underground engineering such as mines, tunnels, and underground caverns is prone to looseness and deformation with the
excavation of roadways. In such engineering, the bolt support is frequently employed to stabilize the surrounding rock. In this
work, a part of the anchor and the surrounding rock were taken as a simplified model of the anchorage rock mass, and the
laboratory compression test was performed on the similitude model. Then, the FLAC3D software was used to simulate varying
numbers of bolts and different lateral pressure conditions, and the peak stress, the maximum principal stress field, and the
anchor stress field distribution of the anchorage rock mass were obtained. The influence of bolt pretightening force and row
spacing on the stability of surrounding rock was discussed using the combined arch theory. The results show that increasing
the number of bolts and lateral pressure in the anchorage rock mass can significantly improve the stress value and distribution
range of the maximum principal stress field and the anchorage stress field. The fluctuation of the anchorage stress field at
different anchorage distances can be lessened by increasing the number of bolts (bolt density). When the lateral pressure
exceeds 3MPa, the anchorage mechanical characteristics of the anchorage rock mass tend to remain stable. The coverage of
the effective anchorage stress field and the thickness of the surrounding rock anchorage composite arch can be increased by
increasing the bolt pretightening force and decreasing row spacing, consequently improving the anchorage mechanical
characteristics of the anchorage rock mass. The research results can be used as a theoretical reference for choosing appropriate
bolt support parameters for the roadway surrounding rock.

1. Introduction

The surrounding rock of the roadway in deep engineering
such as mines, tunnels, and underground caverns is prone
to deformation due to the high ground stress, mining distur-
bance, and other factors [1, 2]. The excessive deformation of
the surrounding rock structure may cause the floor heave,
rib spalling, roof leakage, roof fall, and other phenomena
[3–5], which manifests as the formation of a loose fracture
structure with fully developed fractures in the rock mass
around the roadway [6]. To ensure that roadways can be
used normally, timely support is required from the start of

excavation to limit deformation and displacement of the sur-
rounding rock. It is critical to effectively strengthen the bear-
ing capacity of the surrounding rock structure and the
stability of the surrounding rock after support.

Bolt support, the most commonly used support measure
in rock engineering, may effectively stabilize the surround-
ing rock by improving and making full use of the bearing
capacity of the rock mass. Currently, research on bolt sup-
port can be roughly divided into three categories according
to the main focus: (i) study on the effects of the properties
of the anchored rock mass (surrounding rock), such as the
lithology of the surrounding rock, the strength of the
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surrounding rock, joints, cracks, and weak interlayer [7–10];
(ii) study on the effects of external load, that is, considering
the stress state (tension, compression, shear), loading,
unloading, and the creep of the bolt according to the engi-
neering site [11, 12]; (iii) study on the effects of the nature
of the bolt itself, such as type, size (diameter, length), row
spacing, pretightening force, and the spatial distribution
position of multiple bolts [13–18]. Some contributed results
have been obtained: in terms of the bolting mechanisms,
Kang [19, 20] considered that the main function of bolt sup-
port on surrounding rock is to control the separation, slid-
ing, cracking, and dilatancy deformation of rock mass in
the anchorage zone and put forward the corresponding key
bearing ring theory. Cao et al. [21] investigated the load
transfer mechanism of the bolt support system, deduced
the two-stage failure mode of the bolt anchorage system,
and discussed the failure mode of the bolt by using a bond
strength model and the iterative method. Song and Mu
[22] discussed the theoretical calculation of the bearing
capacity and supporting load of the bolt combination arch,
the reasonable thickness of the combined arch, and the rea-
sonable length of the anchor bolt and put forward relevant
reasonable calculation formulas, based on the analysis of
bolt-shotcrete support mechanism and failure characteristics
of soft rock. In terms of anchorage mechanical properties,
Guo et al. [23] established the mechanical model (consider-
ing the tray effect) of anchorage surrounding rock based on
the elastic theory, believing that the influence of the tray on
the stress of the surrounding rock supported by the bolt axis
can be ignored except near the surface of the surrounding
rock. Based on the self-developed test system of the compos-
ite bolt-rock bearing structures, Zhang et al. [24] investi-
gated the influence of bolt support density on the bearing
characteristics of anchor composite bearings, obtained the
strength and failure characteristics of anchor composite
bearings, and found the variation law of central stress and
surrounding rock displacement of the composite bolt-rock
bearing structure. Zong et al. [25] found that the number
of bolts and the pretightening force would affect the failure
mode. The failure mode of fractured sandstone changes
from the tensile failure to tensile-shear mixed failure with
the increase in bolts. The pretightening force can inhibit
the formation and evolution of the tensile crack, delay the
failure process of fractured sandstone under anchorage,
and promote its transformation from the brittle failure to
plastic failure. Du et al. [26] studied the effect of bolts on
the stress redistribution of roadway surrounding rock and
believed that the bolt could improve the strength of the
roadway by increasing the minimum main force around
the roadway. A comprehensive ground arch that is crucial
to the stability of the roadway will be formed around the
roadway under appropriate supporting conditions.

With the excavation of the roadway, the stress environ-
ment of the surrounding rock changes, and the plastic zone
forms in the surrounding rock of the roadway. The stress is
redistributed, and large stress appears in the roadway side
area, which often causes the two sides to break and swell.
The role of the bolt support is to keep the broken rock mass
from separating, sliding, cracking, and deforming. There-

fore, this work took the bolt support of the roadway sur-
rounding rock in Gubei coal mine as the background. The
surrounding rock of the roadway sidewall area under the
anchorage effect of the bolt was taken as the research area
(Figure 1), which was simplified as the model of the anchor-
age rock mass. Laboratory tests and FLAC3D numerical
simulation tests were carried out to study the mechanical
properties of the surrounding rock anchorage under varied
bolt numbers (bolt density) and different lateral pressures.
In addition, the influence of bolt pretightening force and bolt
row spacing on the anchorage effect of the surrounding rock
was discussed based on the combined arch theory.

2. Experimental Study of Anchorage Effect of
Surrounding Rock Mass

2.1. Experimental Method and Procedure. A similitude
model was poured according to the real mechanical proper-
ties of the surrounding rock mass in the Gubei coal mine,
Huainan mining area, China. To simulate the anchorage
rock mass in line with the actual state of the site to a large
extent, the aggregate of the pouring model (the aggregate
gradation was 8~10 cm) was picked from the rock of the
actual roadway site in the test process. Quartz sand, cement,
and gypsum combined with a certain amount of water were
selected as the anchorage rock mass model cementing mate-
rials. Through many comparative tests, the mass ratio of the
quartz sand, cement, gypsum, and water was chosen as
0.5 : 1 : 0.2 : 0.6. The size of the rock specimen is frequently
chosen as large as feasible in the rock mechanics tests using
a physical similarity model, and the ideal state is to construct
a model that is close to the real size, because the larger the
rock sample size, the more accurately the test findings can
reflect the actual engineering properties. However, the test
devices and other factors limit the size of the specimen. After
careful consideration of the above issues, the actual
anchored surrounding rock mass was adequately simplified.
The cubic anchorage rock mass specimen with a size of
200mm∗ 200mm∗ 200mm was poured in this work utiliz-
ing the above ingredients and ratios, as indicated in
Figure 2(a) [27, 28]. After pouring in the mold, the specimen
was left for 24 hours in its natural state and then removed.
Then, the specimen was put into the maintenance water tank
at a constant temperature for 7 days and, finally, made it
naturally air dried and wrapped with preservative film to
maintain moisture content. At the same time, the specimens
without bolt reinforcement were also prepared for compara-
tive analysis.

The anchor bolt was placed after the anchorage rock
specimen was poured, as shown in Figure 2(b). First, a
12mm diameter prefabricated bolt hole was bored in the
center of the specimen. Then, the bolt was mounted, as illus-
trated in Figure 2(c), with bolts, pallets, nuts, and gaskets as
its primary components. A torsion wrench was used to apply
a pretightening force of 15.59 kN to the bolt. The 7075-T6
aluminum alloy rod with a diameter of 10mm was chosen
to simulate the body of the anchor bolt. To determine the
mechanical properties of the anchor bolt, a tensile test of
the aluminum alloy metal rod was performed prior to the
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start of the test. The elastic modulus, yield strength, yield
strain, and peak stress of the aluminum alloy metal rod were
70.65GPa, 426.59MPa, 7:69∗10−3, and 559.9MPa, respec-
tively. The tray was a square steel plate with a size of 70m
m∗70mm∗10mm and a middle hole diameter of 12mm.

The YNS2000 servo test system, with a maximum test
force of 2000 kN, was used to perform the compression tests.
During the loading operation, the test system will automati-
cally collect data on the axial displacement and axial force of
the loaded specimen. In the test, a loading rate of 0.5mm/
min was used. Before the test, a reasonable amount of Vase-
line was evenly placed over the upper and lower ends of the
specimen to reduce the influence of end-face friction on the
test findings.

2.2. Experimental Result and Analysis. Figure 3 shows the
axial stress-strain curves of the anchored and unanchored
rock mass model specimens. The compaction stage (oa),
the linear elastic growth stage (ab), the plastic deformation
stage (bc), and the strain softening stage (cd) are all found
in the axial loading curves of the two models, according to
the test results. The peak strength and elastic modulus of
the specimen after anchorage have increased by 36.65%
and 28.33%, respectively, from 9.25MPa and 1.20GPa to
12.64MPa and 1.54GPa. Furthermore, following anchorage,

the residual strength of the surrounding rock model speci-
men is much higher than that before anchorage.

Three states (the initial failure state, axial stress peak
state, and final state) of the specimen were chosen to com-
pare the failure characteristics of the anchored and unan-
chored rock mass model specimens, as shown in Figure 4.
Compared with the anchored, the broking degree of the
unanchored surrounding rock model sample is relatively
lower. The number of cracks propagating on the surface of
the specimen is noticeably lower at the peak state and final
state, and the specimen is eventually destroyed by multiple
massive cracks. When the anchorage surrounding rock
model specimen ultimately breaks, many cracks appear
inside the specimen, and the degree of fracture is substan-
tially greater than that of the model specimen without
anchorage. In summary, the surrounding rock interacts with
the bolt to generate an anchorage rock mass under the action
of bolt support. The bolt has strong supporting ability, which
can effectively improve the bearing capacity of the surround-
ing rock while reducing deformation and failure [29, 30].

3. Numerical Simulation of Anchorage
Mechanical Properties of Surrounding
Rock Mass

3.1. Establishment of the Numerical Model. The numerical
calculation method has been widely and rapidly applied in
the study of geotechnical engineering problems with the
rapid development of computer technology, which tremen-
dously promotes the development of geotechnical mechan-
ics. It is becoming increasingly significant in numerous
domains of modern science and technology due to its
remarkable benefits of high reproducibility, fast cycle time,
and low cost. FLAC3D is a three-dimensional fast Lagrang-
ian analysis program developed by Itasca in the United
States that can better simulate the mechanical behavior of
geological materials when reaching the strength or yield
limit and makes complex geotechnical engineering or
mechanical problems easy to simulate [31, 32]. Due to the
influence of test conditions and other factors, it is difficult
to obtain the distribution characteristics of parameters such
as the stress field in the physical model. Therefore, this work
used the FLAC3D numerical software to study and analyze
the surrounding rock anchorage model.

As shown in Figure 5, the FLAC3D numerical model
was built as a cube with a side length of 200mm, which
mainly includes the model body, anchor bolt, and tray
(70mm∗70mm∗10mm) based on the physical model test
of the surrounding rock anchorage. The center of the model
was symmetrically arranged and positioned at the origin of
the coordinates. The model contained 64784 units and
70271 nodes after meshing. To better understand the interac-
tion mechanism between nearby bolts, the internal stress dis-
tribution of the anchorage model was obtained by numerical
model experiments with various bolt densities. On the basis
of controlling the tray size of the model, five numerical sim-
ulation models with anchor density of 0, 1, 2, 3, and 4 are
established. As illustrated in Figure 5(a), each bolt was
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Figure 2: (a) Rock mass specimen, (b) schematic diagram of
anchorage method, and (c) bolt and auxiliary appliances.

Roadway

Bolt

Research
object

Figure 1: Research object of surrounding rock mass in a roadway.

3Geofluids



0 1 2 3 4 5 6
0

5

10

A
xi

al
 st

re
ss

 (M
Pa

)

15

No anchorage specimen
Anchored specimen

Axial strain (%)

o
a

b

c

da

b
c

d

Figure 3: Axial stress vs. axial strain curve of rock mass specimen under uniaxial compression.

A
nc

ho
re

d 
sp

ec
im

en
N

o 
an

ch
or

ag
e

Initial fracture Peak point Final state

Figure 4: Fracture process of rock mass specimen during uniaxial compression.

n = 1 n = 2 n = 3 n = 4

Rock mass

Tray

(a)

𝜎lp𝜎lp

(b)

Figure 5: Numerical simulation mode of rock mass specimen with different (a) bolt number and (b) lateral pressure, respectively.

4 Geofluids



preloaded at 15 kN. The front and back sides of the model
were configured as free surfaces (vertical x direction), and
varied lateral pressure could be added to the simulation to
simulate the lateral restricting pressure of the actual surround-
ing rock mass. As indicated in Figure 5(b), the left and right
sides of the model were anchorage surfaces (vertical y direc-
tion), whereas the upper and bottom sides were displacement
loading surfaces (vertical z direction). The quantitative test
findings revealed that when deformation increased in the post-
peak loading stage, the mechanical properties of rockmaterials
deteriorated gradually, exhibiting strain softening characteris-
tics, which was consistent with the physical model test results
in Section 2.2. Therefore, combined with the characteristics of
the constitutive relations in the numerical simulation software,

the strain softening constitutive relation was picked for the
simulation calculation. The selection of the basic mechanical
parameters of the model: the prepeak linear elastic stage
parameters of the model were determined by the previous lab-
oratory physical model test. The postpeak strain softening
parameters of the model were investigated by comparing the
stress-strain curves of the physical model with those deter-
mined by the inversion method. As illustrated in Figure 6,
the axial stress-strain curves of the specimens of unanchored
and anchored with a single anchor obtained through numeri-
cal simulation were compared to those acquired from the
physical model test in Section 2.2. The peak strength and elas-
tic modulus of the unanchored model were 9.25MPa,
1.20GPa (laboratory test results) and 9.25MPa, 1.19GPa
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Figure 6: Axial stress vs. axial strain curve comparison between experiment and numerical simulation results of rock mass specimen with
(a) no bolt and (b) one bolt reinforced, respectively.
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(numerical simulation results), respectively, and the values
after anchorage were 12.64MPa, 1.54GPa (laboratory test
results) and 12.53MPa, 1.51GPa (numerical simulation
results), respectively. The fitting degree of the surrounding
rock mass model’s axial stress-strain curve was high in both

the prepeak and postpeak stages, regardless of whether the
surrounding rock was anchored or not, implying that the
selected model’s postpeak strain softening parameters were
well in line with the test requirements, ensuring the reliability
of the subsequent test results.
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3.2. Influence of Bolt Number on the Mechanical Behaviors of
Rock Mass. According to the axial peak strength of speci-
mens under different bolt numbers calculated by numerical
simulation, the relationship between axial peak strength
and the bolt number was obtained, as shown in Figure 7. It
can be seen that the peak strength and bolt number show a
significant positive linear relationship. As the bolt number
changes from 0 to 1, the peak strength of the model rises
from 9.25MPa to 12.53MPa, with a change extent of
35.46%. As the bolt number increases, the axial peak
strength of the surrounding rock anchorage model sample
gradually rises. In the bolt number range of 0~3, the axial
peak strength of the model sample increases by about
36.49%. When the bolt number increases from 3 to 4, the
increasing rate is 8.29% of the axial peak strength, and the
increasing rate decreases significantly. It can be discovered

that a reasonable density of the bolt provides the optimal
stability control effect on the rock mass.

Figure 8 depicts the model’s internal maximum primary
stress field at peak time as well as the anchorage stress field.
The maximum primary stress, which was commonly stated
as the vector sum of normal and shear stresses, was a widely
used metric for assessing the stability of a structure’s interior
parts. Two mutually perpendicular planes were selected as
monitoring planes in the model to explore the stress features
of internal space and the action mechanism of the bolt with
varying bolt numbers in the loading process of the anchor-
age surrounding rock mass model. For the single bolt
anchorage surrounding the rock mass model, there was a
noticeable stress rise zone from the connection between the
bolt and the tray along the z direction of compression to
the inclined direction of the two loading ends. In the
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multibolt anchorage surrounding rock mass model, the side
of the bolt facing the loading end also showed this clear
inclined stress rise zone. The difference is that, for the multi-
bolt anchorage surrounding rock mass model, in the z direc-
tion, the stress rise zone is also formed in the area between
bolts. It is noteworthy that the opposite stress reduction zone
is formed in the area between bolts in the x direction. The

same is that, whether in the x direction or in the z direction,
the maximum principal stress is relatively small in the vicin-
ity of the bolt.

The bolt primarily enhances the mechanical properties
of the anchorage rock mass through anchorage stress. There-
fore, the stress field of bolt action is a key indicator for ana-
lyzing the effect of the bolt. The anchorage stress and the
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distribution range of the anchorage stress in the anchorage
model rise dramatically when the bolt number increases, as
shown in Figure 8. In other words, the anchorage model’s
mechanical characteristics continue to rise as the bolt den-
sity rises. Furthermore, the anchorage stress between bolts
of the multibolt anchorage surrounding rock mass model
significantly decreases in the x direction.

3.3. Influence of Lateral Pressure on the Mechanical
Behaviors of Rock Mass. Affected by the geological tectonic
movement, the distribution laws of ground stress are com-
plicated and changeable, and high-level tectonic stress exists
in some regions. Therefore, a variety of model tests with var-
ied lateral pressures (0MPa, 0.5MPa, 1.5MPa, 3MPa,
6MPa, and 9MPa) were carried out, and the effect of lateral
pressure on the mechanical properties of the anchorage
model and internal stress distribution was studied. The rela-
tionship between the peak strength and varied lateral pres-
sures in the anchorage surrounding rock mass model is
shown in Figure 9. As the lateral pressure level rises, the peak
strength of the model shows a gradual increasing trend, but
the reduction extent gradually decreases. When the lateral
pressure level changes from 0MPa to 3MPa, the peak
strength of the model increases dramatically. However,
when the lateral pressure is greater than 3MPa, the peak
strength of the model rises slowly with the increase in the
lateral pressure. The nonlinear relationship between the
axial peak strength and the lateral pressure in the anchorage
model is obtained by nonlinear fitting. As shown in Figure 9,
the fitting results are accurate, which can provide a useful
basis for future research.

Four lateral pressure conditions were designed in this
experiment to investigate the impact rule of lateral pressure
on the internal spatial stress distribution characteristics in

the anchorage surrounding rock mass model: 0MPa,
0.5MPa, 1.5MPa, and 6MPa. Two mutually perpendicular
planes were chosen as monitoring planes for the model in
each working state. The maximum principal stress and the
anchorage stress distributions on the monitoring plane for
each working state under the peak strength are shown in
Figure 10. The maximum principal stress around the bolt
is relatively low for the anchorage rock mass model without
lateral pressure. The stress in the middle part of the bolt rises
in the model, and the size of this region grows gradually as
the lateral pressure increases. The area with large stress
expands in the x direction as the lateral pressure increases,
from the central area where anchorage stress increases to
the two ends where lateral pressure is applied. From the
loading end to the bolt region, an obvious stress concentra-
tion zone exists in the z direction, and the stress concentra-
tion zone grows as the confining pressure rises. The
anchorage stress and the maximum principal stress have
similar distribution characteristics: the anchorage stress is
higher in the vicinity of the bolt, and the area connected
between the bolt and the tray has a noticeable stress increase
zone. The area of the stress field around the bolt in the peak
period gets bigger as the lateral pressure increases.

4. Discussion

According to previous research, the stress field analysis of
the bolting support is an important tool for understanding
bolt action processes. The peak states of anchorage models
with two bolts were chosen to explore the variation law of
the anchorage stress field (syy) in the anchorage rock mass
model quantitatively, as shown in Figure 11. Considering
the symmetry, the monitoring plane was chosen to be in
the center of the model (over the coordinate origin, vertical
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z axis, and in the same plane as the bolt), as illustrated in
Figure 11(a). Eight monitoring lines (l1~l8) were uniformly
distributed across the middle plane of two bolts, with 19
monitoring points spread on each monitoring line. As illus-
trated in Figure 11(b), the area connected between the bolt

and the tray has a noticeable stress concentration zone of
the anchorage stress. The anchorage stress decreases slowly
along its route, whereas the anchorage stress perpendicular
to the bolt’s direction decreases rapidly. The changing law
of syy stress on the monitoring line in the axial direction
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of the bolt at peak state is depicted in Figure 11(c). When the
monitoring line is close to the bolt (l1~l3 and l6~l8), the syy
stress of the monitoring points changes from dropping to
increasing in the direction of the bolt. However, the syy
stress on the monitoring lines l4 and l5 displays the change
characteristics of a “crest shape” with a symmetrical increase
from both ends to the middle.

According to the composite arch theory [33, 34], a single
bolt can squeeze the surrounding rock and create a conical
compression zone on both sides of the bolt under pretigh-
tening force. When the bolts are suitably spaced, the com-
pression zones formed by each individual bolt can be
layered on top of one another, resulting in a homogeneous
compression zone of a definite thickness. Bolt reinforcement
forms a combined reinforcement arch with a defined thick-
ness around the roadway. The arch has a high bearing capac-
ity and compressibility, allowing it to sustain the roadway
well. The thickness of a rock-soil anchored composite arch
is frequently linked to the bolting support parameters,
according to a substantial quantity of study expertise. There-
fore, the numerical simulation method was utilized to inves-
tigate the stress distribution in the anchorage rock mass and
its influence on the thickness of the composite arch under
different pretightening forces and bolt row spacings.

Figure 12 shows the distribution of the internal anchor-
age stress field in the model with five different pretightening
forces (0, 15, 30, 60, and 90 kN). Based on the fluctuation of
peak strength with lateral pressure in Section 3.3, the
0.2MPa criteria were defined, implying that the anchorage
area is recognized as the area where the anchorage stress is
greater than 0.2MPa. In the model, the anchorage stress field
(middle symmetry plane) is shown under various pretigh-
tening forces. As the pretightening force increases, the
anchorage strengthening area steadily rises, and the stress

value in the anchorage strengthening region also climbs
drastically. The axial force of the bolt causes the surrounding
rock to convert from a uniaxial compression state before
anchorage to a triaxial compression state. Thus, the lateral
compressive strength of the surrounding rock is improved,
and the rock is compacted and reinforced.

The variation of the thickness of the composite arch with
the bolt pretightening force is obtained (in Figure 13). When
the pretightening force rises from 0kN to 15 kN, the thick-
ness of the composite arch in the model increases from
155mm to 179mm, which is an increase of 15.48%. As the
pretightening force changes from 15 kN to 30 kN, the thick-
ness of the composite arch in the model changes from
179mm to 188mm, with a change extent of 5.03%. With
the pretightening force raised from 30 kN to 60 kN, the
thickness of the composite arch in the model increased by
2.13%, from 188mm to 192mm. When the pretightening
force changes from 60 kN to 90 kN, the thickness of the
composite arch in the model changes from 192mm to
195mm, which is increased by 1.56%. As the pretightening
force increases, the thickness of the composite arch between
bolts steadily increases. When the pretightening force
exceeds 30 kN, the thickness of the composite arch is drasti-
cally reduced, indicating that there is a reasonable bolt pre-
tightening force to achieve the required anchorage effect.

Figure 14 depicts the distribution of the internal anchor-
age stress field in the model for five different bolt row spac-
ings (90, 120, 150, 180, and 200mm). When the bolt row
spacing is increased, the anchorage reinforcement area gradu-
ally shrinks, and the stress value in the anchorage reinforce-
ment region also decreases considerably. Simultaneously, as
the bolt row spacing rises, the area with insufficient anchorage
stress between bolts grows, and the area has a conical symmet-
ric distribution. As shown in Figure 15, the variation of the
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thickness of the composite arch with the bolt row spacing is
obtained. When the bolt row spacing changes from 90mm
to 120mm, the thickness of the composite arch in the model
decreases from 179mm to 157mm, which is reduced by
12.29%. As the bolt row spacing rises from 120mm to
150mm, the thickness of the composite arch in the model
changes from 157mm to 130mm, with a change extent of
17.20%. The thickness of the composite arch in the model
reduces by 32.31%, from 130mm to 88mm, when the bolt
row spacing changes from 150mm to 180mm. The thickness
of the composite arch in the model decreases from 88mm to
32mm as the bolt row spacing increases from 180mm to
200mm, with a change extent of 63.64%. As the bolt row spac-
ing is increased, the thickness of the composite arch between
bolts steadily decreases. The anchorage strengthening area of
bolts and the thickness of the composite arch are reduced
when the bolt row spacing exceeds 150mm, indicating that
the recommendedmaximum bolt row spacing should be spec-
ified to enable efficient anchorage in actual engineering.

5. Conclusions

This work, which was based on the bolting support of road-
way surrounding rock at Gubei coal mine, simplified the
sidewall region of the roadway’s surrounding rock influ-
enced by the bolt anchorage to the anchorage rock mass
model. The mechanical properties (such as peak strength,
the principal stress, and the anchorage stress) of the anchor-
age rock mass under various bolt numbers (bolt density) and
lateral pressures were determined using laboratory compres-
sion tests and the FLAC3D numerical simulation tests. The
impacts of pretightening force and bolt row spacing on the
total anchorage effect of bolts were explored using the com-
posite arch theory. The following are the primary conclusions:

(1) The internal anchorage stress field of the specimen
shows the following law as a whole: the near-point
anchorage stress in the end area of the bolt is large,
and the far-point anchorage stress is small. The
near-point anchorage stress is small, and the far-
point anchorage stress is large in the middle area of
bolt. As the number of bolts (bolt density) in the
anchorage rock mass model grows, the anchorage
stress and distribution range increase considerably.
The fluctuation of the anchorage stress field at differ-
ent distances can be decreased by increasing the bolt
number (bolt density)

(2) The maximum principal stress field stress of the
anchorage rock mass improves as lateral pressure
increases, the coverage region with larger stress
expands, and the anchorage stress field expands as
well. The anchorage mechanical properties of the
anchorage rock mass, on the other hand, tend to be
stable when the lateral pressure level is greater than
3MPa

(3) Increased pretightening force and decreased bolt row
spacing can improve the coverage range of the
anchorage stress field and the thickness of the

anchorage rock mass composite arch within a rea-
sonable range. Thus, the appropriate pretightening
force and bolt row spacing can improve the mechan-
ical properties of the anchorage rock mass, making it
more stable
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Roadways with retained bottom coal are common in thick coal seam mining, and floor heaving is a prominent problem. In this
study, based on the interaction between the floor and two sides of the roadway-surrounding rock, a Winkler elastic foundation
beam model is established to analyze the floor heave problem. A 3DEC model was used to analyze the failure range, failure
mode, and migration law of the floor-surrounding rock with different bottom coal thicknesses and coal body strengths. The
results show that (1) an increase in the thickness of the bottom coal results in a decrease in the stiffness of the roadway side
coal body (the foundation of the supporting rock layer) and an increase in the bending deformation range, the amount of floor
rock beam deformation, and the extrusion force. This leads to an expansion in the range of the sides of the coal body that are
squeezed by the floor rock layer, resulting in additional failure and deformation of the coal body sides. Therefore, the damage
to the floor rock layer is extended and increased. (2) The expansion of the floor pressure-bearing arch and surrounding rock in
the arch are the causes of floor heave in the deep coal roadway with retained bottom coal. (3) Because of an increase in the
thickness of the bottom coal and a decrease in the coal body strength, the floor pressure-bearing arch expands to the deeper
part; thus, the range of surrounding rock in the arch with deformation and failure increases, resulting in an increase in floor
heave. The field practice indicates that the support strategy of the “high prestressed strong rock bolt (cable) supporting two
sides and bottom corners in time” can effectively control the floor heave of a roadway with retained bottom coal.

1. Introduction

With the development of deeper coal resources in recent
years [1–3], the buried depth of roadways has been increas-
ing. Deep roadways account for 30% of the roadways exca-
vated every year in China, of which 70% need to be
repaired due to large deformations, greatly increasing pro-
duction costs [4]. Compared to the roof and two sides, the
roadway floor usually exhibits greater deformation because
it often lacks support [5, 6]. Roadways with retained bottom
coal are often used in thick coal seam mining, and their weak
floor can result in very serious floor heave [7].

There are two main factors that cause floor heaving in
coal mine roadways. The first factor, in situ stress, is the local
stress resulting from roadway excavation. Radial unloading
and shear loading are the main causes of deformation and
failure in the surrounding rock [8–10]. For the floor, an
increase in horizontal in situ stress—as the initial value of
tangential stress—aggravates the deformation and failure of
the rock mass [11, 12]. Roadway floor heave is also induced
by the mining stress from coal mining activities [13, 14]. The
second factor includes the characteristics of the floor rock
mass; a high elastic modulus and strength of the floor rock
mass both reduce the amount of floor heave. Whereas, an

Hindawi
Geofluids
Volume 2023, Article ID 3658141, 16 pages
https://doi.org/10.1155/2023/3658141

https://orcid.org/0000-0001-6516-8347
https://orcid.org/0000-0001-8755-0432
https://orcid.org/0000-0002-8438-8342
https://orcid.org/0000-0003-0485-8613
https://orcid.org/0000-0001-9345-7031
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/3658141


increase in floor rock mass discontinuity leads to an increase
in floor heave [7, 15]. The floor rock mass also deteriorates
as water from the floor and roadway passes through the fault
fracture zone [16, 17], further increasing floor heave [18].

Control of roadway floor heave should start with the two
factors listed above [19, 20]. The first is stress control. Opti-
mizing the mining layout and implementing slotting in the
floor can reduce the stress level of the floor rock mass, thus
controlling floor heave [21]. Alternatively, floor heave can
also be reduced by strengthening the floor rock mass. The
strength of the floor rock mass can be improved by installing
floor bolts [22–24], constructing a concrete inverted arch
[25, 26], or modifying floor grouting [27, 28].

Most of the papers referenced above focus only on the
floor itself. However, the floor and the surrounding rock
should be understood as a single unit. Therefore, the defor-
mation and failure of the roof and roadway sides also affects
the floor [29]. Additionally, it is difficult to strengthen the
floor by drilling holes to install bolts or by modifying floor
grouting, and constructing a concrete inverted arch is expen-
sive and time consuming. Therefore, the mechanism of floor
heave should be further studied to develop more efficient
support methods.

The accumulated floor heave was more than 2m before
mining in No. 020202 roadway of the Qingyun coal mine,
Jiexiu, Shanxi Province. The roadway floor heave was con-
trolled by removing the bottom coal and adding bolts and
cables to the bottom corners of the roadway.

This study uses theoretical analysis, physical similarity
simulation, and field observation to comprehensively evalu-
ate the evolution mechanism and control of floor heave in a
deep roadway with retained bottom coal. This study estab-
lishes a mechanical model to evaluate the influence of bot-
tom coal on the deformation and failure of floor rock
using the No. 020202 tailgate of the Qingyun mine as the
research subject. The evolution mechanism of floor heave
caused by the floor expansion of a roadway with retained
bottom coal is studied using numerical simulations. A new
support method and parameters are proposed based on the
deformation and migration of floor rock strata. Field prac-
tice confirms that roadway floor heave is controlled using
the new support method.

2. Project Background

The 020202 working face of the Qingyun coal mine was
mining the No. 2 coal seam. There were no mining activities
or goafs around the working face, as shown in Figure 1. The
No. 020202 tailgate of the Qingyun mine had a buried depth
of 792–810m, classifying it as a deep roadway [30]. The
roadway was excavated along the roof of the No. 2 coal seam
with a width of 4.5m and a height of 3.8m. A rock bolting
system was adopted, including rock bolts with a length of
3000mm, a diameter of 20mm, a preload of about 10-
20 kN, and a row spacing of 800mm (11 rock bolts per
row), as well as cables with a diameter of 17.8mm, a length
of 6200mm, a preload of about 50-60 kN, and a row spacing
of 1600mm (8 cables per row). The physical and mechanical

properties of the rock surrounding the roadway are listed in
Table 1.

Before mining, the deformation of the No. 020202 tail-
gate was serious, with large displacements on the two sides
of the roadway and serious floor heave. However, the roof
was complete, and its displacement was small. The cumula-
tive floor heave was more than 2m, as shown in Figure 2,
seriously restricting safe production.

The thickness of the floor coal of roadway No. 020202
was 1.3m. The floor heave caused by floor coal crushing
was only 0.26m with a crushing expansion coefficient of
1.2, far less than the cumulative floor heave of the roadway.
Therefore, the deformation and failure of the floor rock of
the roadway was inevitable. The floor heave was not only
related to the deformation of the floor itself but was also
related to the deformation of the two sides. The low strength
of the surrounding rock on the two sides also increased floor
heave.

3. Deformation and Failure Mechanism of the
Floor in the Deep Roadway with Retained
Bottom Coal

3.1. Reverse Foundation Model of Roadway Floor. When the
roadway was excavated, the floor rock beam bent under the
action of ground stress from the roadway. Therefore, an
elastic foundation beam model was used to analyze the
deformation of the roadway floor, as shown in Figure 3.
The coal body on the two sides of the roadway was the elas-
tic foundation (the roof was hard and anchored, so it can be
assumed that the roof deformation was small). The rock
beam and foundation used in the elastic foundation model
were elastic bodies. To simplify the conditions for semiquan-
titative analysis, the elastic modulus of the coal body in the
plastic zone of the roadway side was approximated.

Assuming that the rock and coal in the floor conform to
the Winkler foundation hypothesis [31], the vertical force p
in the coal body satisfies the following conditions:

p = −ky, ð1Þ

where p is the vertical force in the coal seam, k is the foun-
dation coefficient of the coal seam, and y is the deformation
of the coal seam induced by p.

According to Timoshenko’s solution, the differential
equations that describe the floor rock beam bending defor-
mation are [32] as follows:

EIy″″ +Ny″ = qz for − l + b1ð Þ ≤ x < −b1, ð2Þ

EIy″″ +Ny″ = q1 xð Þ − k1y for −b1 ≤ x < 0ð Þ, ð3Þ

EIy″″ +Ny″ = q2 xð Þ − k2y for 0 ≤ x < b2ð Þ, ð4Þ
where EI is the stiffness of the floor rock stratum, k2 is the
foundation coefficient of the complete coal body, k1 is the
coefficient of the parallel foundation between the coal body
with support and the bottom coal without support, qz is
the load of the exposed floor rock beam, q0 is the load of
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the exposed floor rock beam, qv is the load of the exposed
floor rock beam, q1ðxÞ is the function formula of the stress
in the floor rock beam, q2ðxÞ is the function formula of the

stress in the floor rock beam, y is the deformation of the coal
seam, l is one-half of the width of the roadway, b1 is the plas-
tic zone width of the roadway, and b2 is the stress increased
zone width of the roadway. When the entire rigid displace-
ment load is not considered, the load can be calculated as
follows:

q2 xð Þ = b2 − x
b2

q0 − qvð Þ, ð5Þ

q1 xð Þ = q0 − qz − qv
b1

x + q0 − qv: ð6Þ

The expression yðxÞ can be obtained using the differen-
tial equation.

When the elastic foundation beam model is adopted, it
must be assumed that the plastic zones on both sides of
the roadway −b1 ≤ x < 0 obey the law of elastic deformation.
The foundation coefficient is k2 in the elastic zone and k1 in
the plastic zone, as follows:

k1 =
k11k12
k11 + k12

, ð7Þ

where k11 is the foundation coefficient after the installation
of the bolt support, and k12 is the foundation coefficient of
the bottom coal in the plastic zones of the two sides of the
roadway without bolt support. It should be noted that the
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Figure 1: Layout of the No. 020202 panel of Qingyun coal mine.

Table 1: Physical and mechanical properties of the surrounding rock.

Stratum lithology
The average thickness

(m)
Bulk modulus

(GPa)
Shear modulus

(GPa)
Tensile strength

(MPa)
Cohesion
(MPa)

Frictional angle
(°)

Compound roof 18.5 13.6 3.7 3.5 12.1 27

Siltstone 3.7 10.3 3.1 3.7 9.2 26

Mudstone 2.3 7.9 2.1 1.1 3.2 23

Siltstone 2.9 16.2 5.3 3.3 7.2 26

Medium sandstone 2.3 13.2 3.7 5.2 13.1 29

No. 2 coal 5.1 3.7 1.3 0.6 2.3 27

Sandy mudstone 5.7 8.8 3.6 2.5 3.2 21

No. 4 coal 0.9 3.7 1.3 0.6 2.3 27

Siltstone 1.9 12.7 3.1 3.2 6.7 26

Fine-grained
sandstone

3.3 12.9 2.6 2.1 3.3 23

Compound floor 18.0 9.7 2.6 2.7 3.1 27
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Figure 2: Deformation of the No. 020202 tailgate of Qingyun mine
with the original support.
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value of the foundation coefficient k12 of the coal wall in the
plastic zone is expressed by an average empirical value smaller
than the foundation coefficient k2 of the complete coal body.

Generally,

k = E
h
, ð8Þ

where h is the thickness of the foundation, E is the elastic
modulus of the foundation, and the equivalent elastic mod-
ulus of the coal body supported by the bolt can be calculated
according to the following formula [33–35]:

E11 = E12 +
πdb

2Eb

4SθSr
, ð9Þ

where db is the diameter of the bolt, Eb is the stiffness of the
bolt, and Sθ and Sr are the radial and axial bolt spacings,
respectively.

In equation (9), the equivalent elastic modulus is com-
posed of the elastic modulus of coal in the plastic zone and
the stiffness of the bolt support. If the bolt support is imple-

mented before plastic deformation of the surrounding rock,
then the plastic deformation of the two sides of the coal body
can be effectively limited. As a result, the elastic modulus of
the coal body increases, better controlling the deformation of
the surrounding rock.

When x ≥ 0, there is no support and no plastic failure in
the coal. The displacement of the semi-infinite foundation
beam under the unknown moment and shear force, M1
and Q1, at x = 0 is as follows:

yb xð Þ = 2β2
k2

Q1θ xð Þ + β2M1ψ xð Þ½ �, ð10Þ

where ψðxÞ, θðxÞ, φðxÞ, and ξðxÞ are function formulas and
β2 is a constant, as described here:

φ xð Þ = e−β2x cos β2x + sin β2x½ �,
ψ xð Þ = e−β2x cos β2x − sin β2x½ �,
θ xð Þ = e−β2x cos β2x,

ξ xð Þ = e−β2x sin β2x:

ð11Þ

q0

qv

Roof

Coal seam

Retained
Bottom coal

Floor

Mz M0

Qz Q0

M0
Q0

Q1

M1

M1 Q1 Q2

M2
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x

y

l b1 b2

qz
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qv

qz

q0

k11

k12
k2

Figure 3: Reverse foundation model of the roadway floor.
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β2 =
ffiffiffiffiffiffiffi

k2b
4EI

4
r

: ð12Þ

As shown in Figure 3, the displacement of the semi-
infinite beam under a distributed load should also be
considered.

When x ≥ b2, it is

y2 xð Þ = 2β2
k2

Q1θ xð Þ + β2M1ψ xð Þ½ �

+ q0 − qv
4kβ2b2

ψ x‐b2ð Þ − 2ξ b2ð Þθ xð Þ − φ b2ð Þψ xð Þ½ �:

ð13Þ

When 0 ≤ x < b2, it is

y1 xð Þ = 2β2
k2

Q1θ xð Þ + β2M1ψ xð Þ½ � + q0 − qv
4kβ2b2

Á 4β2 b2 − xð Þ + ψ b2 − xð Þ − 2ξ b2ð Þθ xð Þ − φ b2ð Þψ xð Þ½ �:
ð14Þ

When −b1 ≤ x < 0, the coal body is strengthened by bolt
support, the bottom coal is plastic damaged, the foundation
coefficient of the coal body changes, and the displacement of
the floor strata can be calculated as a finite-length founda-
tion beam as follows:

y0 xð Þ = yaF1 xð Þ − θa
β1

F2 xð Þ + Ma

β1
2EI

F3 xð Þ + Qa

β1
3EI

F4 xð Þ

−
M0
β1

2EI
F3 x + b1ð Þ − Q0

β1
3EI

F4 x + b1ð Þ

−
1

β1
3EI

ð−x

0

q0 − qz − qv
b1

t + qz − qvð Þ
� �

F4 x + tð Þdt,

ð15Þ

where ya, θa, Ma, and Qa are the transition parameters for
displacement, rotation angle, bending moment, and shear
force, respectively, at x = 0 when there is no other external
force, and

F1 xð Þ = ch β1xð Þ cos β1xð Þ,

F2 xð Þ = 1
2 ch β1xð Þ sin β1xð Þ + sh β1xð Þ cos β1xð Þ½ �,

F3 xð Þ = 1
2 sh β1xð Þ cos β1xð Þ,

F4 xð Þ = 1
4 ch β1xð Þ sin β1xð Þ − sh β1xð Þ cos β1xð Þ½ �:

ð16Þ

When −l − b1 ≤ x < −b1, the foundation coefficient is
zero, and the bending moment of the rock deformation is

M xð Þ =Mz +
1
2 qz l + xð Þ2, ð17Þ

where qz calculates the load of exposed floor rock beam.

By using EIyð2Þ =M and the deformation compatibility
conditions at x = −l − b1 in the middle of the beam and
x = −b1 and x = 0 at the ends of the beam, the deformation
curve and bending moment equation of the floor can be
calculated.

Based on the physical and mechanical parameters of the
surrounding rock and in situ stress of the roadway, the
deformation and bending moment of the floor rock without
failure in the roadway were calculated when the bottom coal
thicknesses were 0m, 2m, and 4m, and where the vertical
stress of the roadway is qv = γH = 21:87MPa. The stress con-
centration factors on the two sides of the roadway were both
1.5. As the roadway was excavated, the roof load was qz = 5
MPa. The widths of the plastic zone and stress reduction
zone were calculated to be 2m and 4m, respectively. The
elastic moduli of the floor rock, coal body, and plastic zone
of the coal body are 10GPa, 3.7GPa, and 1.1GPa, respec-
tively. The increase in the elastic modulus of the coal after
the addition of supports was calculated using equation (9)
and reference [36].

3.2. Influence of Different Bottom Coal Thickness on
Crossfeed Action between Floor and Two Sides. By excavating
the roadway to obtain different bottom coal thicknesses, the
deformation and bending moment of the floor rock could be
calculated. As the bottom coal thickness increases from 0m
to 4m, the bending deformation and maximum bending
moment of the floor rock increases significantly, as shown
in Figure 4. Compared to the maximum deformation and
maximum bending moment with a bottom coal thickness
of 0m, the maximum deformation of the floor rock bottom
coal with thicknesses of 2m and 4m increases by 45% and
83%, respectively, and the maximum bending moment of
the floor rock increases by 24% and 29%, respectively.

As shown in Figure 4(a), the zone x > −2 is the coal body
zone on the roadway side. The deformation range of the
roadway floor is below the roadway and 6–10m from the
roadway side. When the bottom coal thickness is 0m, 2m,
and 4m, the extended depth of the floor deformation range
from the roadway side to the deep surrounding rock is
8.94m, 9.86m, and 10.57m, respectively, and the deforma-
tion accounts for 89%, 90%, and 91% of the total deforma-
tion, respectively. Combined with Figure 5, it can be
observed that, after the excavation of the roadway, the floor
coal strength is at its lowest, and no support is applied.
Because of the high stress of the deep surrounding rock,
the floor coal fails first, and the floor rock is then unloaded.
The floor rock bends under the action of in situ stress and
bulges into the roadway. The deformation of the floor rock
squeezes the bottom coal on both sides. If the support is
not applied in time, the coal in the plastic zone of the two
sides will further deteriorate, expand, and migrate into the
roadway. This, in turn, weakens the bearing foundation of
the floor rock, reduces the “span increasing” effect of the
equivalent rock beam, causes the floor rock to further bend,
aggravates the damage of the floor rock, and converts a
larger range of rock into a plastic failure state.

As shown in Figure 4(b), the bending moment of the
floor rock increases with an increase in the thickness of the
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bottom coal, eventually causing the floor rock to break, first
in the middle, and then at the end, forming a broken rock
block.

As shown in Figure 4, an increase in the thickness of the
bottom coal decreases the stiffness of the coal body (the
foundation of the supporting rock layer), while the bending
deformation range, deformation of the floor rock layer, and

extrusion force all increase. This leads to an expansion in the
range of the sides of the coal body that are squeezed by the
floor rock layer, resulting in additional failure and deforma-
tion of the two sides of the coal body. Consequently, the
damage to the floor rock layer is extended and increased.
With an increase in the range of rock mass in the plastic fail-
ure state, roadway floor heave significantly increases.
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Figure 4: Deformation and bending moment of the floor rock under different thicknesses of the bottom coal. (a) Deformation of the floor
rock. (b) Bending moment of the floor rock.
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3.3. Influence of Different Support Strategies on Crossfeed
Action between Floor and Two Sides. Figure 6 shows the
deformation and bending moment of the roadway floor
strata when the bottom coal thickness is 2m while applying
different support strategies. When close support is adopted,
it is assumed that the plastic zone of the two sides is effec-
tively controlled, and the elastic modulus of the coal in the
plastic zone is the same as the elastic modulus of the coal
body that is not damaged. The increase in the elastic modu-
lus of the coal body with prestressed and non-pre-stressed
supports is determined according to equation (9) and ref-
erence [36]. The foundation coefficients of the two sides of
the coal body before and after the bottom corner support
is installed are calculated according to equation (7) and
equation (8).

Compared to the nontimely and non-pre-stressed sup-
port of the roadway side without supporting the bottom
angle, the maximum deformation and bending moment of
the floor rock with timely and prestressed support of the
roadway side and the addition of a bottom angle support
were reduced by 33% and 36%, respectively, while the max-
imum deformation and bending moment of the floor rock
with timely and prestressed support of the roadway side
but without the bottom angle support were both reduced
by 13%. Therefore, supporting the bottom angle can effec-
tively control the floor rock deformation of the roadway with
retained bottom coal.

The maximum deformation and maximum bending
moment of the floor rock with timely prestressed support
of the roadway side and installed bottom angle support
were reduced by 27% and 32%, respectively, compared to
untimely prestressed support of the roadway side and with
bottom angle supports installed. Conversely, when timely
prestressed support of the roadway side is applied, but a
supporting bottom angle is not used, the maximum defor-
mation and bending moment of the floor rock are both
reduced by 13% compared to untimely prestressed support
of the roadway side without the bottom angle support
installed. Therefore, timely support can effectively reduce
the deformation and stress of the floor rock after roadway
excavation.

The timely application of prestressed two-side support
and bottom angle support after the excavation of a roadway
with retained bottom coal can effectively improve the stiff-
ness of the two sides of the roadway, reduce the damage
range of the floor rock, and reduce the damage to the sur-
rounding rock.

4. Evolution Mechanism of Floor Heave in the
Deep Roadway with Retained Bottom Coal

Using the elastic foundation beam model, the induced effect
of bottom coal on the deformation and failure of the floor
rock and the two sides of the roadway are analyzed. Because
the failure deformation of the floor rock is not equal to floor
heave, it is necessary to study the mechanism of floor heave
evolution caused by surrounding rock migration after the
failure of the floor rock and floor sides.

4.1. Establishment of the Numerical Model. According to
geological data and optical observation results in the bore-
hole of the Qingyun mine, a plane model was established.
The model size is x = 64:5m in the direction of the roadway
width and z = 64m in the direction of the roadway height.
To reduce the error, the model boundary was set 30m from
the roadway boundary. Because a continuous medium is
conducive to applying more accurate boundary conditions,
whereas a discrete medium is more suitable for simulating
large deformations (because large deformations of deep
roadway-surrounding rock are discontinuous and structural
[37], many studies have adopted this method [38, 39]), the
plane model was divided into two parts: the discrete medium
is within 10m of the roadway (greater than the range of sig-
nificant deformation of the surrounding rock), and the rest
is a continuous medium. To tailgate floor heave, the sandy
mudstone floor with a thickness of 5.7m was divided into
12 different colored layers (the physical and mechanical
properties of the 12 layers are the same). The Mohr-
Coulomb model was used to analyze and calculate the rock
blocks and joints in the model. Considering gravitational
acceleration g = 9:81m/s−2, the bottom of the model was
fixed, the normal displacement of the side of the model
was limited, and the stress boundary condition was used at
the top of the model to replace the overburden weight.
When the distribution law of rock joints is unknown, the
rock block and joint surface in the 3DEC model were
assigned a uniform strength and stiffness, representing the
allowable cracking position in the model [40].

In this study, the influence of bottom coal on the move-
ment of surrounding rock in the roadway was simulated to
determine the influence of coal strength and bottom coal
thickness. In the Mohr-Coulomb model, the strength of
the coal seam and floor primarily depends on the cohesion
and internal friction angle. However, in this instance, the
amount of change in the internal friction angle was small.
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Therefore, we simplified the model by assuming that the coal
seam and floor strength were only influenced by cohesion.
Based on the geological conditions of the No. 020202 tailgate
of the Qingyun coal mine, three parameters were set for each
factor in the range of common values: the thickness of the
bottom coal was 0m, 2m, and 4m; the cohesion of the coal
body was 1MPa, 3MPa, and 5MPa; and other mechanical
parameters of the surrounding rock were set according to
Table 1. Five simulation schemes were used in this study.
Taking the bottom coal thickness of 0m as an example, the
numerical model is shown in Figure 7.

4.2. Expansion Law of the Bottom Arch in the Roadway with
Retained Bottom Coal. Because the stress environment of the
roadway floor is similar to that of the roadway roof, no dif-
ference was observed when comparing the deformation and
failure of the floor-surrounding rock to that of the roof-
surrounding rock. Therefore, it can be assumed that a
bearing arch—similar to the one that formed when the
roof-surrounding rock was destroyed—was also formed on
the floor [41]. The floor rock mass did not collapse, but floor
heave did occur. The numerical simulation results shown in
Figure 8 better demonstrate this point. The evolution of the
stress tensor with numerical steps in the surrounding rock of
the retained bottom coal roadway is shown in Figure 9.
When the roadway was excavated, the stress of the sur-
rounding rock was redistributed, and stress deflection
occurred at the shoulder angle and bottom angle of the road-
way, forming the bearing arch. Stress was transferred to the
arch foot through the bearing arch.

The movement of the arch foot position in the horizon-
tal and vertical directions with numerical time steps seen in
Figure 9 was recorded, and the results are shown in
Figures 10 and 11. With an increase in the thickness of the
bottom coal, the position of the arch foot moved farther
away from the roadway. When the thickness of the bottom
coal was 0m, 2m, and 4m, the position of the arch foot
moved away from the roadway by 3m, 3.5m, and 4m
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horizontally, and 1.7m, 2.2m, and 3.5m vertically, respec-
tively. With a decrease in coal strength, the position of the
floor arch foot also moved away from the roadway. When
the coal cohesion was 5MPa, 3MPa, and 1MPa, the position
of the arch foot moved away from the roadway 2m, 2.3m,

and 2.3m horizontally, and 2.8m, 3m, and 5.6m vertically,
respectively. The range and boundary shape of the sur-
rounding rock failure was estimated based on the distance
between the arch foot, the roadway side, and the arched
structure of the floor.

Elastic Plastic

(a)

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0

(b)

Figure 8: Reverse arching mechanism of the roadway floor. (a) Plastic zone and (b) stress tensors (MPa, colored by σ1).
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Figure 9: Time-varying evolution of stress tensor of the surrounding rock in the retained bottom coal roadway. Here, h = bottom coal
thickness (m) and c = coal cohesion (MPa), the same as in Figures 10–13.
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Figures 12 and 13 show that the curve of the floor heave
and displacement of the two sides of the roadway increased
with time. The floor heave and displacement of the two sides
of the roadway were consistent with the movement of the
arch foot. The floor heave and displacement of the two sides
of the roadway increased both with an increase in the thick-
ness of the bottom coal and with a decrease in the strength of
the coal body. The deformation of the two sides of the road-
way and the floor stopped immediately when the arch foot
stopped moving. The outward movement of the arch foot

position implies that the failure range of the rock surround-
ing the floor arch increased, leading to an increase in the
deformation of the roadway.

The stress concentration occurred on the surface of the
roadway after excavation. Because of the unloading of the
roadway surface, the surrounding rock in the shallow part
was destroyed quickly, transferring concentrated stress to
the deep part of the surrounding rock until it reached a bal-
ance with the strength of the surrounding rock. The induced
effect of bottom coal on floor heave was that an increase in
bottom coal thickness and a decrease in coal strength
reduced the strength of the surrounding rock near the road-
way surface, which was more likely to be destroyed under
the action of concentrated stress. The concentrated stress
was transferred deeper until a balance was reached with
the deep surrounding rock of the roadway. Finally, both
the depth of deformation and failure of the floor, as well as
the width of the failure of the surrounding rock increased.

The shape of the failure boundary of the rock surround-
ing the floor was determined using the above simulation.
The support of the roadway depended on the bearing capac-
ity of the surrounding rock. The anchor cable should be
anchored to the stable surrounding rock outside the floor
arch. The support length of the anchor cable can be esti-
mated using the arch foot positions shown in Figures 10
and 11. For example, when a bottom angle support is applied
to the bottom coal of the roadway with a thickness of 2m
and cohesion of 3MPa, the vertical and horizontal depths
should not be less than 2.2m and 3m, respectively.

4.3. Migration Law of the Surrounding Rock of the Floor Arch
of the Roadway with Retained Bottom Coal. In addition to
the range and boundary shape of the floor rock failure, it
was also necessary to investigate the deformation and migra-
tion of the surrounding rock in the arch to determine a rea-
sonable support scheme.

Figure 14 shows the simulation results of the strata, plas-
tic zone, and displacement of the five simulation schemes.
Figures 15 and 16 present the layout of the four measuring
points and their moving curves along the horizontal and ver-
tical directions on the floor of the roadway with retained
bottom coal.

As shown in Figure 15, following the excavation of the
roadway, the measuring points on the floor moved signifi-
cantly in the horizontal direction, with a maximum horizon-
tal movement of 0.6m. When the thickness of the bottom
coal was 0m, measuring points 2 and 3 were in the shallow
part, which had horizontal displacement. In other cases, no
horizontal displacement occurred at measuring points 2
and 3. However, the horizontal movement of measuring
points 1 and 4 in the shallow part was significant. The
horizontal movement of measuring point 4 was always the
largest, approximately 0.3–0.6m. Thus, the horizontal dis-
placement of the floor rock generally occurred in the shallow
part of the roadway rock. Therefore, the shear displacement
of the shallow surrounding rock should be considered when
setting the anchor cable support at the bottom corner, and
the anchor cable support system should have a certain shear
strength. Additionally, the horizontal displacement of
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measuring point 1 first decreased, and then it increased, with
time. The analysis shows that the surrounding rock at mea-
suring point 1 moved to the two sides first, then to the mid-
dle line of the roadway. This finding is consistent with the
conclusion from Section 4.2 that, under horizontal stress,
the floor-surrounding rock first breaks in the middle of the
roadway, moves to the two sides, then moves to the middle
of the roadway. As shown in Figure 15(d), increasing the
strength of the bottom coal can effectively control the hori-
zontal displacement of the floor rock.

As shown in Figure 16, following the excavation of the
roadway, the measuring points in the floor moved signifi-
cantly in the vertical direction. The maximum vertical move-
ment of measuring point 1 was approximately 0.9–1.4m.
The vertical movement of measuring points 3 and 4 under
the two sides of the roadway was small, approximately 0.1–
0.2m. In Figure 16(a), measuring point 2 was in the shallow
part of the surrounding rock and had a deformation of about
0.5m. With an increase in the thickness of the bottom coal,
the deformation of measuring point 2 decreased significantly
to 0.2m or less. Therefore, the shallow floor can be sup-
ported by an anchor or short anchor cable with a length of
approximately 2m.

In summary, the deformation of the floor-surrounding
rock of the roadway with retained bottom coal mainly
occurred in the shallow surrounding rock (approximately
2m) close to the roadway surface. The floor-surrounding
rock mainly migrated in the horizontal direction, whereas
the roadway floor mainly moved in the vertical direction.
The horizontal movement of the surrounding rock can be
limited by setting an inclined anchor cable at the bottom
angle, improving the shear capacity of the support with an
anchor cable at the bottom angle, improving the strength
of the surrounding rock at the bottom, or controlling the
vertical movement of the floor with an anchor cable or short
cable at the bottom angle.

4.4. Floor Heave Mechanism of the Roadway with Retained
Bottom Coal. Because the supporting force provided by the
supporting components is much smaller than the in situ
stress in the surrounding rock, the existing supporting con-
cept resists the in situ stress using the bearing arch structure
of the surrounding rock in the roadway roof support. As
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mentioned above, the deformation and failure law of the
floor under the action of in situ stress is similar to that of
the roof, and, as shown in Figure 17, a floor arch structure
is formed.

Under the condition of deep high stress, the plastic
zone of the unsupported floor arch expands gradually until
the stress and strength of the surrounding rock reach equi-
librium. Compared to the arch of the supported roof, the
floor arch, which is not constrained by the support system,
expands outward significantly. The broken surrounding
rock in the floor arch exhibits discontinuous deformation
and moves toward the roadway. The larger the expansion

range of the floor arch, the larger the expansion deforma-
tion of the surrounding rock in the arch, and, thus, the
more significant the floor heave. Therefore, the unsup-
ported floor is the main cause of floor heave in the deep
coal roadway.

5. Engineering Practice

Based on this theoretical calculation and the numerical sim-
ulation, the supporting strategy of “high prestressed strong
rock bolt (cable) supporting two sides and bottom corners
in time” was proposed [42]. The supporting mode of the
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No. 020202 tailgate in the Qingyun mine was designed, and
an industrial test was carried out in a new 100m excavation
section. The support strategy is illustrated in Figure 18. The
support includes MG500 screw steel rock bolts with a
length of 3000mm, a diameter of 22mm, and a preload
of 70 kN, as well as cables with a 1 × 19 structure, a diame-
ter of 21.8mm, and a length of 6200mm. The preload of
the cables on the roof and the two sides was 300 kN and
was 200 kN on the bottom corners. The cable support was
used to limit the horizontal displacement at the bottom
corners, and the rock bolt support was used to resist the
horizontal shear displacement of the rock stratum; a W-
type steel strip with a width of 280mm was used for the

roof, and a W-type steel guard plate with a width of
280mm was used for the two sides.

As shown in Figure 19, the field test showed that both
the displacement and the damage of the two sides of the
No. 020202 tailgate were significantly reduced by strength-
ening the support of the two sides, increasing the bottom
angle support, and adopting the timely prestressed anchor
cable support. The maximum floor heave during the ser-
vice period of the roadway was not more than 0.6m (con-
sidering the cost, the economical and reasonable support
scheme is designed on the premise that the roadway sec-
tion meets the requirements of production and safety,
although the deformation is still considerable), and there
was no bottom lifting, confirming the feasibility of the
support design.

6. Discussion

Floor heave is a complex engineering problem, especially for
roadways with retained bottom coal. This paper analyzes
this problem by establishing a Winkler elastic foundation
beam model, and gives the floor heave mechanism and its
influencing factors. It should be noted that the shallow part
of the surrounding rock has entered the plastic stage, which
is contrary to the assumption of the Winkler elastic founda-
tion beam model. A lower foundation coefficient in the plas-
tic zone than in the elastic zone is adopted to solve this
problem, but errors exist. Then, the evolution mechanism
of the roadway floor rock mass is analyzed by a discrete ele-
ment numerical method, but the grid dependence is ignored.
Finally, based on the laws obtained by the theoretical
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analysis and numerical simulation, a support scheme suit-
able for the No. 020202 tailgate in the Qingyun coal mine
is put forward, which can provide reference for roadway
support with similar geological conditions.

7. Conclusion

With an increase in the thickness of the bottom coal, the
rigidity of the coal body (the foundation of the supporting
rock layer) decreases, while the bending deformation range
of the floor rock layer increases. This leads to an expansion
in the range of the two sides of the coal body being squeezed
by the floor rock layer, resulting in additional failure and
deformation of the coal body sides. Therefore, the damage
to the floor rock layer is extended and increased.

An increase in the bottom coal thickness and a decrease
in the coal strength will decrease the surrounding rock
strength near the roadway surface, which is more easily
destroyed under a more concentrated stress. Thus, the con-
centrated stress should be transferred to the deeper part of
the surrounding rock to achieve a balance with the unloaded
surrounding rock in the deep part of the roadway. Finally,
the depth of the floor deformation and failure increases,
and the width of the failure surrounding the rock increases.
The floor heave of the deep roadway is caused by expansion
of the floor arch and surrounding rock. The increase in bot-
tom coal thickness aggravates the expansion of the floor arch
and causes greater floor heave deformation.

The support strategy of “high prestressed strong rock
bolt (cable) supporting two sides and bottom corners in
time” was proposed. After the excavation of the roadway,
the prestressed strong rock bolt (cable) supporting the two
sides of the roadway was applied in time, the inclined cable
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was applied to the bottom corner of the roadway to limit the
horizontal movement of the surrounding rock, and the bot-
tom corner rock bolt was applied to improve the shear
capacity of the bottom corner. Practice shows that this
support scheme effectively controlled floor heave, and the
feasibility of the support scheme was verified.
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This study is focused on the problem that with the increase of coal seam mining depth, it is difficult to continuously replace
mining due to complex roadway layout and unreasonable stope layout. By taking the mining geological conditions of the
62210 fully mechanized mining face of Xinzhuangzi Coal Mine in Huainan mining area, China, as the background, it explores
the stress characteristics of the original roadway filling body as well as the stress distribution and deformation characteristics of
roadway surrounding rock in original roadway filling and nonpillar tunneling (ORFNPT) through theoretical analysis and
numerical simulation. The following findings are obtained. The required strength for the filling body is primarily determined
by two factors, i.e., the span of the hanging roof that lies over the filling body and the width of the filling body. The span of
the hanging roof is positively correlated with the required strength of the filling body. However, when the width of the filling
body reaches a certain value, its further increase fails to change the required strength of the filling body. Compared with gob-
side entry driving with small coal pillars, when the ORFNPT technology is applied to the lower-section roadway, the peak
stress position in the solid coal on the lower side of the roadway is closer to the roadway sides, and the filling body is of a
much higher stress than the small coal pillars. Besides, the roadway surrounding rock undergoes milder deformation.
According to the on-site application and measurement data, the roof-to-floor convergence and side-to-side displacement
amounts of the roadway are about 89mm and 58mm during tunneling of the 62310 working face, and the two amounts are
about 910 and 1,290mm during recovery of the 62310 working face, respectively. This tunneling method achieves an excellent
roadway control effect.

1. Introduction

With the rapid economic development in China, the depth
of coal mining is increasing year by year, and mining areas
in eastern China have successively stepped into the stage of
deep mining [1, 2]. In deep mining, the roadway surround-
ing rock is affected by complex stress fields such as high
ground stress and intensive mining, which causes difficulties
to the maintenance of roadway, thus hindering continuous
mining of the stope [3, 4]. For old mining areas, stope
replacement is faced with more difficulties induced by the
increase in mining depth, the complex layout of mine road-
way, and the unreasonable layout of stope [5]. Moreover, the
retention of various coal pillars during coal mining not only

notably affects the coal recovery rate but also leads to a large
waste of resources.

At present, the commonly used section roadway protec-
tion methods can mainly be classified into two categories:
gob-side entry driving with small coal pillars (GSEDSCP)
[6, 7] and gob-side entry retaining (GSER) [8, 9]. The former
often leads to stress concentration in the underlying coal
seams, which may induce geological disasters (such as large
deformation, rock burst, and coal and gas outburst) in the
surrounding rock of gob-side roadway during underlying
coal seam recovery [10]. The latter is influenced by tunnel-
ing once and by mining twice, and generally, the roadway
is barely functioning when used for the second time as a
result of fast and serious surrounding rock deformation
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[11]. In order to ensure the stability of roadway in deep coal
recovery, scholars have attached importance to the research
on the support strength and deformation stress characteris-
tics of the filling body in GSER in recent years. Kong et al.
[12] deduced a calculation formula for the width of the
roadway-side support. Qi et al. [13] and Huang et al. [14]
studied the bearing characteristics of underground filling
body and the support strength of working face and analyzed
the technical difficulties and key points in the construction
of solid filling mining support. Khaldoun et al. [15] investi-
gated the movement process and deformation characteristics
of roadway roof strata in a deep mine, determined a design
principle for the support resistance of the filling body, and
established a mathematical model for the support resistance
and compression of the filling body. Chen et al. [16, 17] clas-
sified roadway roofs into three typical types, namely, thick
immediate roof, thin immediate roof, and no immediate
roof. Besides, they obtained formulae to calculate the sup-
port resistance of gob-side roadway for the above three types
by superimposing the continuous layer model and consider-
ing the bearing effect of the coal on the retained roadway
sides and the factors inducing roof collapse. Cheng et al.
[18] analyzed the influence of the width of filling body and
material characteristics on the stability of surrounding rock
in fully mechanized caving roadways based on the key tech-
nology of surrounding rock control in such roadways and
put forward measures to improve the deformation resistance
capacity of the filling body. Feng and Zhang and Guo et al.
[19, 20] simplified the deep coal seam roof as a rectangular
“superimposed layer” without interlayer bonding force, ana-
lyzed the law of roadway roof activity in different periods,
established a mechanical model of the relationship between
roadway “surrounding rock and support” with the aid of
elastic-plastic mechanical theory, and obtained a formula
to calculate the support resistance. Kong et al. [21] analyzed
the factors influencing roadway surrounding rock deforma-
tion in fully mechanized caving face, conducted in-depth
analysis on the interaction mechanism between surrounding
rock and filling body, and obtained a formula to calculate the
support resistance of the filling body, which provided a the-
oretical basis for the on-site application of working face
roadway. To solve the problem of gas accumulation in the
upper corner of high-gas mines, Ma et al. [22, 23] proposed
the secondary roadway technology, established a mechanical
model of the key blocks at the ends, and obtained theoretical
formulae to calculate the support resistance and the width of
the filling body. Meng et al. and Mo et al. [24, 25] put
forward a roadway technology of “concrete filling on the
roadway sides + anchor-net-cable combined support in the
roadway + anchor-cable reinforcement on the roadway
sides” based on the activity law and deformation characteris-
tics of roadway roof strata in a deep mine. Furthermore, they
analyzed the relationship between roof separation and roof
deformation and obtained the critical value of roof separa-
tion. Zhu et al. [26] established a mechanical model of the
key block and the immediate roof and analyzed the mecha-
nism of interaction between the key block and the roadway
surrounding rock. The results revealed that the width of
the filling body had a great influence on the stability of the

gob-side roadway. Sun et al. [27] studied the deformation
characteristics of fully mechanized caving roadways through
similar simulation tests, concluding that the filling body
should be of both a certain strength and a certain deforma-
tion resistance capacity. Seryakov [28] analyzed the defor-
mation and stress distribution characteristics of roadway
surrounding rock and proposed a design principle for deep
roadway filling support by analyzing on-site mine pressure
monitoring data. In summary, previous studies were focused
on the bearing characteristics of the filling body of GSER as
well as the interaction between the filling body and the sur-
rounding rock. Constructing the filling body can effectively
improve the stress state of the surrounding rock in the entire
roadway and provide more support for the surrounding rock
in the roadway roof. The research results serve as important
reference for the application of the new method for recovery
roadway tunneling, i.e., the original roadway filling and non-
pillar tunneling (ORFNPT) technology.

In this study, a mechanical model for original roadway
filling under the influence of roof structure was established
based on the basic law of roof stratum fracture and the key
stratum theory. Next, the stress distribution and deforma-
tion characteristics of surrounding rock of ORFNPT were
analyzed theoretically and numerically. Finally, on-site
application was conducted in the 62210 working face of
Xinzhuangzi Coal Mine.

2. Geological Overview

Xinzhuangzi Coal Mine is located in the west of Huainan
City, China, and at the east foot of Bagong Mountain. The
mine field stretches from the north side of Huaihe River to
the south side of it. The 62210 fully mechanized working
face of the mine, whose elevation ranges from -660m to
-770m, has an average strike length of 1,285m, an average
dip length of 194m, and an area of 249,290m2. The average
coal seam thickness is 1.0m, and the coal seam dip angle lies
in the range of 21°-30°, with an average of 25°. The corre-
sponding overlying B11 and B8 coal seams have not been
mined yet. The immediate roof belongs to sandy mudstone
with a thickness of 2-12m, and it is a fragile dark-gray thin
layer. The main roof is fine sandstone with a thickness of 0-
6m. The immediate floor is fine sandstone with a thickness
of 1-3.5m, and it is a fragile gray thick layer. The main floor
belongs to mudstone with a thickness of 1-4m. The sche-
matic diagram of geological overview of the working face is
given in Figure 1.

3. Force Analysis on the Filling
Body in ORFNPT

3.1. Force Calculation on the Filling Body in Original
Roadway Filling. The support resistance of the filling body
in the gob-side roadway is usually calculated with the super-
imposed continuous layer model which considers the sepa-
ration and dislocation between layers. In the model, each
layer can be regarded as an independent continuous layer
structure, and the layers are connected by distributed loads,
so this model is faithful to the actual situation of stratum
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occurrence [29]. In addition, a mechanical structure model
of the filling body support and roof was established with ref-
erence to the basic law of roof stratum fracture and the key
stratum theory [30]. The support resistance of the filling
body in the original roadway was studied through the block
mechanical balance method. Figure 2(a) is the roof structure
model with four sides supported, and Figure 2(b) is the one
with three sides supported and one side free. During the first
weighting, the roof in the fully mechanized mining face
belongs to the model with four sides supported. q is the uni-
formly distributed load of roof; the load on ABCD surface
after division by strip only concentrates on sections AB
and CD, and the support resistance is Q.

The calculation of the required strength of the filling
body starts from the last stratum of the overlying strata.
According to Figure 2(a), the required strength of the fill-
ing body under a single overlying stratum is calculated as
follows:

SectionAB :

〠Fy = 0,
aq1 cos η + FA1 −Q1a − FO1 = 0,

∴FO1 = q1 a + L1ð Þ −Q1a,

ð1Þ

where a is the width of the filling body (m), b is the span
of immediate hanging roof above the filling body (m), η is
the dip angle of coal seam, FA1 is the shear force gener-
ated downward by the fracture block at the rock fracture,
and FA1 = q1L1.

During periodic weighting of the working face roof, the
roof belongs to the roof structure model with three sides
supported and one side free. For the above two models, a slat
with unit width and a large load in the gob-side roadway is
taken as the calculation unit (Figures 3(a) and 3(b)).

SectionOA :

〠M = 0,

Mp1 −M01 +
1
2 q1 cos η a + bð Þ2

+ q1 cos ηL1 a + bð Þ − 1
2Q1a

2 = 0,

ð2Þ

where q1 = γ1 ⋅ h1 cos η. Then, q1 is substituted in the expres-
sion of Q1:

Q1 =
2Mp1 − 2M01 + a + bð Þ2L1γ1h1 cos η + a + bð ÞL12γ1h1 cos η

a2
,

ð3Þ

whereMp1 is the ultimate bending moment of strata (kN·m),
M01 is the bending moment of strata (kN·m), FA1 is the
downward shear force generated by the rock fracture block
of point A (kN), Q1 is the roof cutting strength (MPa), q1
is the rock mass concentration (MPa), γ1 is the bulk density
of the first stratum above the filling body, h1 is the depth of
the first stratum above the filling body (m), and L1 is the
fracture characteristic size of the first stratum (m).
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Figure 1: Schematic diagram of geological overview of the 62210 working face.
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Under the second stratum fracture, the required strength
of the filling objects is Q2, and the mechanical analysis on
the stress state of the filling body is as follows:

〠M =M01 +M02 +
1
2Q2a

2

=Mp2 +
1
2 γ2h2 a + b + h1 tan θ1ð Þ2 cos η

+ 1
2 γ1h1 a + bð Þ2 cos η + FA2 a + b + h1 tan θ1ð Þ

+ FA1 a + bð Þ 12Q2a
2

= 1
2 γ2h2 a + b + h1 tan θ1ð Þ2 + 1

2 γ1h1 a + bð Þ2
�

+ γ1h1L1 a + bð Þ + γ2h2L2 a + b + h1 tan θ1ð Þ
�
cos η

+Mp2 −M01 −M02

= 1
2〠

2

i=1
γ1h1 a + b + 〠

i=1

j=0
hj tan θj

 !2

cos η

+ 〠
2

i=1
FAi a + b + 〠

i=1

j=0
hj tan θj

 !
+Mp2 − 〠

2

i=1
M0i:

ð4Þ

The strengths of the filling body under one layer or two
layers of overlying strata are obtained through mechanical
analysis on the first and second layers of the overlying strata
of the filling body. Similarly, the required strength Qm of the

filling body under the fracture of them -th stratum above the
filling body can be obtained as follows:

The m-th layer of roof:

Qm =
∑m

i=1γihi a + b +∑i=1
j=0hj tan θj

� �2
cos η

a2
+
2Mpm

a2

−
2∑m

i=1M0i
a2

+
2∑m

i=1FAi a + b +∑i=1
j=0hj tan θ j

� �
a2

= 〠
m

i=1
γihi 1 + b

a
+ 1
a
〠
i=1

j=0
hj tan θj

 !2

cos η

+ 〠
m

i=1
FAi

1
a
+ b
a2

+ 1
a2

〠
i=1

j=0
hj tan θj

 !

+
2Mpm

a2
−
2∑m

i=1M0i
a2

,

ð5Þ

where Mpm is the ultimate bending moment under the frac-
ture in the m -th stratum (kN·m), θj is the fracture angle of
roof strata, and FAi is the shear force generated downward
by fracture block of overlying strata (kN).

It can be seen from Equation (5) that under certain geo-
logical conditions of the working face, the required strength
(Q) of the filling body is inversely proportional to the width
of the filling body (a), and the larger the width of the filling
body is, the lower the required strength is. In addition, the
required strength of the filling body is proportional to the
span of the hanging roof (b) that lies over the filling body.
A larger span of the roof needs a higher required strength
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Figure 3: Calculation model of support strength of the filling body during periodic weighting.
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Figure 2: Calculation model of support strength of the filling body in the roadway.
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of the filling body. When the surrounding rock and the sup-
porting structure jointly form a stable support bearing sys-
tem, the filling body is able to support the load of the
overlying strata, thereby reducing the load on the filling
body.

3.2. Engineering Example Calculation. With the geological
conditions of the 62210 working face in Xinzhuangzi Coal
Mine of Huainan mining area taken as the background,
the stress characteristics of the original roadway filling body
were calculated under the widths of 1m, 2m, 3m, 5m, and
7m, respectively.

According to on-site investigation, the immediate roof of
the 62210 working face is sandy mudstone with a thickness
of 6m. The specific parameters are as follows: the bulk den-
sity (γ) is 25,100, and the fracture angle of strata is about 25°

(measured on site). Under the limit conditions, the ultimate
bending moment of strata is considered equal to the bending
moment of the strata, i.e., M01 =MP1. The working resis-
tance of the filling body can be calculated by Equation (4)
under different widths of the filling body. Figure 4 shows
the relationship between the width of the filling body and
the required strength of it.

Figure 4 reveals the following phenomenon: as the width
of the filling body increases from 1m to 2m, the required
strength plunges dramatically at a high rate. From 2m to
3m, the required strength continues to drop at a high rate.
From 3m to 7m, the required strength corresponds to a
low decline rate. The width of the filling body plays an
important role in the required strength of them. Considering
the technical and economic benefits, the reasonable width of
original roadway filling in the 62210 working face is 3m.
Therefore, the filling materials and filling process can be
selected according to the required strength.

4. Study on the Stability of Recovery Roadways

4.1. Tunneling Method of the B10 Coal Recovery Roadway.
The B10 coal seam, which serves as the key protective seam
of Xinzhuangzi Coal Mine, is mined for the purpose of
relieving the pressure and protecting the overlying B11 coal
seam and the underlying B8 coal seam. Therefore, in the
mining process, the retention of large coal pillars for road-
way protection should be minimized to avoid the influence
of stress concentration on the underlying coal seam. Con-
ventionally, the roadway layout often adopts GSEDSCP or
GSER. GSEDSCP reduces the width of coal pillar, but it still
induces stress concentration to the underlying coal seam.
GSER does not involve the retention of coal pillars, but the
retained roadway is barely functioning when used for the
second time because it has suffered the disturbance of
tunneling once and mining twice. On-site practice has also
proved the poor stability of surrounding rock and a high
maintenance cost when the GSER method is applied to road-
way layout. Hence, according to the mine production and
geological conditions, the ORFNPT technology is proposed
here to arrange roadways in the stope.

4.2. Numerical Analysis. To analyze the stability characteris-
tics of surrounding rock in ORFNPT and solve practical
problems, a calculation model was established through
large-scale finite difference software FLAC3D by taking the
62210 working face as the background. Some parameters
of the model are listed as follows: strike length 320m, dip
length 230m, height 248m, and average coal seam thickness
1m. The four sides and bottom of the model were fixed.
Besides, a 13.8MPa vertical stress was applied to the top of
the model to simulate the mass of the overlying strata, and
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Figure 4: Stress variation curves of the filling body at different widths.
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the lateral pressure coefficient was 1.0. The mechanical
parameters of coal rock are given in Table 1.

The four sides of the model were only a horizontal dis-
placement boundary, and the floor was a fixed boundary.
The simulated buried depth of the coal seam ranged from

-660m to -770m, and a uniformly distributed load was
applied to the top boundary of the model. The constitutive
relation of roadway surrounding rock followed the modified
Mohr-Coulomb criterion. The numerical simulation included
two parts: (1) the vertical stress distribution characteristics of

Table 1: Mechanical parameters of coal rock involved in the simulation.

Rock
Rock thickness

(m)
Elastic modulus

E (GPa)
Poisson’s
ratio μ

Cohesion C
(MPa)

Internal friction
angle φ (o)

Tensile strength
σT (MPa)

Density d
(kg/m3)

Mudstone 1.66 22.5 0.22 3.21 39 1.52 2660

B11a coal 1.07 5.13 0.33 1.15 33 0.14 1387

Sandy mudstone 2.7 5.45 0.147 2.16 36 1.3 2520

Sandstone 2.4 13.7 0.13 2.02 40 1.03 2497

Carbon mudstone 0.28 8.85 0.26 1.2 30 0.605 2461

B11 coal 0.75 4.91 0.34 1.35 33 0.132 1355

Sandstone 1.3 13.7 0.13 2.03 40 1.03 2497

Mudstone 5.95 16.8 0.22 2.22 33 1.51 2484

Siltstone 5.74 1.81 0.232 2.51 37 1.22 2465

Sandy mudstone 6.12 5.45 0.15 2.26 36 1.23 2533

B10 coal 1 5.5 0.24 1.52 33 1.23 1465

Mudstone 5.1 16.8 0.22 2.22 33 1.51 2484

Sandy mudstone 7.67 5.45 0.147 2.16 36 1.3 2520
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Figure 5: Nephogram of vertical stress distribution of surrounding rock in ORFNPT along the coal seam dip.
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Figure 6: Nephogram of vertical stress distribution of surrounding rock in GSEDSCP along the coal seam dip.
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roadway surrounding rock in ORFNPT and GSEDSCP and
(2) the deformation and displacement characteristics of road-
way surrounding rock in ORFNPT and GSEDSCP.

The simulation was conducted using single-factor analy-
sis. For ORFNPT, the width and strength of the filling body
were 3m and 6.6MPa, respectively. For GSER, the width of
the coal pillar was 7m.

4.2.1. Stress Distribution Law of Roadway Surrounding Rock
in Lower-Section Tunneling. The stress state of roadway sur-
rounding rock is an important indicator to evaluate the sta-
bility of roadway, yet the stress characteristics of the coal
rock for roadway protection in the gob-side roadway are
more crucial for the success of the retained gob-side road-
way. Therefore, numerical simulation was conducted on
the above two tunneling methods. The yielded stress distri-
bution nephograms is given in Figures 5 and 6, and the stress
variation curves are displayed in Figure 7. It can be known
that under the same geological conditions, for different
tunneling methods, the distribution characteristics of the
roadway surrounding rock of the excavated roadway differ
notably. For ORFNPT, the peak stress of the solid coal side
is located at the position of about 3m in the coal; the peak
stress is about 41.5MPa; the stress concentration coefficient
is about 1.74, and the stress on the filling body is about
21MPa. For GSEDSCP, the stress peak in the solid coal on
the lower side of the roadway is about 4.25m in the coal;
the stress peak is around 43.2MPa; and the stress concentra-
tion coefficient is 1.82. Besides, a stress concentration core
(range about 1m and stress peak about 17.2MPa) exists in
the small coal pillar. Compared with GSEDSCP, ORFNPT
can protect the roadway tunneling in the lower section more
effectively. Its peak stress of the solid coal on the lower side

of the roadway is closer to the roadway sides, and the stress
of the filling body is much higher than that of the small coal
pillar, indicating that the filling body can support the overly-
ing roof better and can bear more load from the overlying
strata.

4.2.2. Deformation and Displacement Distribution of
Roadway Surrounding Rock in Lower-Section Tunneling.
The displacement variations of roadway surrounding rock
of the two tunneling methods were monitored (Figure 8).
For ORFNPT, the maximum displacement of the roof is
0.63m; the maximum heave of the floor is about 0.35m;
and the horizontal displacement on the solid coal side is
about 0.51m. For GSEDSCP, the maximum displacement
of the roof is about 1.21m; the maximum heave of the floor
is about 0.48m; and the maximum horizontal displacement
on the solid coal side is about 1.22m.

The comparison in Figure 7 suggests that the stress field
and displacement field of roadway surrounding rock differ
under different strength of the filling body. Under a high
strength of the filling body, the stress is more likely to be
concentrated on the filling body and less likely to be concen-
trated on the roadway surrounding rock. Accordingly, the
roof-to-floor convergence will be smaller, and the damage
to the surrounding rock will be slighter. These data indicate
that ORFNPT is of a milder roadway surrounding rock defor-
mation than GSEDSCP and is thus more conducive to the
maintenance and stability of the lower-section roadway.

5. Engineering Application and Effect

5.1. Design of Roadway Support Parameters [31]. The 62310
return airway, in which no coal pillars are retained, is a
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newly excavated roadway along the filling body in the upper
section. Considering the influence of roadway section and
coal seam dip angle, the section of the 62310 return airway
is designed into an inclined rectangular section. Such a
design could effectively avoid roof instability in the upper
and lower roadway clamping area. The specific support
design is given in Figure 9.

(1) The inclined roof was high-strength left-handed spe-
cial deformed steel bolt without longitudinal rein-
forcement (ϕ22mm × 2500mm), with 7 bolts per
row and spacing of 800mm × 1,600mm. The first
bolt on the high side of the inclined roof was
arranged at 30° with the normal direction of the roof;
the adjacent bolt was arranged at 20° with the nor-
mal direction of the roof; and other bolts were
arranged perpendicular to the inclined roof. Three
Z2560 new full-length resin anchoring agents were
used for full-length anchoring. Anchor cables were
high-strength low-relaxation prestressed steel strands
(ϕ22 mm, 1 × 19 strands); the length was 6,500mm;
anchor cables were arranged by 7-0-7 and spacing of
800 × 1,600mm. The first anchor cable near the high
side of the roof was arranged at 30° with the normal
direction of the roof; the adjacent anchor cable was
arranged at 20° with the normal direction of the roof;
other anchor cables were arranged perpendicular to
the roof, and the anchor cables were installed on the
W4-280 steel bands and staggered with bolts.
4,900mm longW4-280 steel bands were used for roof
protection

(2) The high-strength left-handed special deformed steel
bolt without longitudinal reinforcement (ϕ22mm×
2,500mm) was used in the side. Six anchors were used
in the high side, and the spacing was 800mm× 800

mm. The anchor near the floor was arranged at 30°

in the horizontal direction; other bolts were set per-
pendicular to the roadway sides. Three bolts were used
in the low side, and the spacing was 800mm× 800
mm. The bolts close to the floor and roof were
arranged at 30° in the horizontal direction. W4-280
steel bands were used for roof protection. The length
of the low side was 1,800mm, and the high side was
composed of two strips, one being 1800mm long
and the other being 2,250mm long. Reinforcement
support was applied to the high side in the following
way: two hollow grouting anchors (ϕ22 mm and
length 3,300mm) were arranged in every two rows
of anchors (arrangement mode 2-0-2). The anchor
cable near the floor was downward arranged at 30°

with horizontal direction, and the other anchor cable
was arranged in the middle of bolt 3 and bolt 4

5.2. Surface Deformation of the 62310 Return Airway. To
further explore the application effect of the ORFNPT
technology in the mining process of the B10 coal seam in

Figure 11: Support effect of the high side in the 62310 return
airway.
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Xinzhuangzi Coal Mine, roof-to-floor convergence and side-
to-side displacement of the 62310 return airway were moni-
tored continuously during both tunneling and recovery.
According to the monitoring results, during tunneling along
the original roadway filling body in the upper section, the
roadway gradually stabilizes at the position of about
27m behind the excavation working face. Roof-to-floor
convergence (about 89mm) is greater than side-to-side
displacement (about 58mm), as illustrated in Figure 10.
The on-site application effect is shown in Figure 11. During
the recovery of the 62310 working face, roof-to-floor conver-
gence and side-to-side displacement of the return airway
start to increase continuously at about 100m away from
the working face, and the deformation rate of roadway sur-

rounding rock reaches the maximum at about 40m away
from the working face. The rates of roof-to-floor conver-
gence and side-to-side displacement for the return airway
are about 29mm/d and 50mm/d, respectively (Figures 12
and 13), and their maximum amounts are about 910mm
and 1,290mm, respectively (due to the continuous deforma-
tion of the roadway, floor dinting and flitching were carried
out on the roadway. The deformation of the recovery road-
way includes the amount of roadway repair, in which the
floor dinting amount is about 500-600mm and the flitching
amount is about 300-400mm). Clearly, the full-cycle
displacement rates and amounts of the surrounding rock
of the 62310 return airway satisfy the requirements for sta-
bility control of the coal mine roadway, indicating that the
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ORFNPT technology for stope roadway layout meets the
needs for safe mining and realizes the continuous replace-
ment of the stope without coal pillars.

6. Conclusions

Difficulty in continuous mining replacement caused by com-
plex layout of roadways and unreasonable layout of stope is
a significant problem that perplexes coal mining. Aiming at
solving the problem, this study analyzed the stress character-
istics and design parameters of the original roadway filling
body based on the theoretical study on gob-side roadway
and verified the stability of roadway surrounding rock in
ORFNPT through numerical simulation and on-site moni-
toring of roadway surrounding rock deformation. The main
conclusions are as follows:

(1) The superimposed continuous layer theory was
adopted to establish the stress model of the original
roadway filling body and obtain the expression of
the working resistance of the original roadway filling
body. The required strength for the filling body is
primarily determined by two factors, i.e., the span
of the hanging roof that lies over the filling body
and the width of the filling body. The span of the
hanging roof is positively correlated with the
required strength of the filling body. However, when
the width of the filling body reaches a certain value,
its further increase fails to change the required
strength of the filling body

(2) The finite element calculation software FLAC3D was
used to comparatively analyze the stability of road-
way in ORFNPT and GSEDSCP. The stress distribu-
tion characteristics of the surrounding rock of the
roadway are obviously different. When ORFNPT is
applied to the lower-section roadway, the peak stress
position in the solid coal on the lower side of the
roadway is closer to the roadway sides, and the filling
body is of a much higher stress than the small coal
pillars. Besides, the roadway surrounding rock
undergoes milder deformation, and the roadway
excavated in the lower section is more stable

(3) As the 62210 transportation roadway of Xinzhuangzi
Coal Mine belongs to a straight wall semicircular
section, the 62310 return airway adopts an inclined
roof trapezoidal section. The hollow grouting anchor
cable is used to strengthen the support for the higher
side of the roadway. In this way, surrounding rock
deformation in ORFNPT is controlled. According
to the on-site monitored data, roadway surrounding
rock deformation in the 62310 return airway is well
controlled during both tunneling and recovery

Data Availability

The experimental data used to support the findings of this
study are included within the manuscript.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (52104117, 52174103, 52174105,
51874006, and 51774009); Anhui Provincial Natural Sci-
ence Foundation (2008085QE226); Scientific Research
Foundation of the Higher Education Institutions of Anhui
Province, China (KJ2021A0969); and School Level Scien-
tific Research and Innovation Team of Huainan Normal
University (XJTD202009).

References

[1] D. Z. Kong, S. J. Pu, Z. H. Cheng, G. Y. Wu, and Y. Liu, “Coor-
dinated deformation mechanism of the top coal and filling
body of gob-side entry retaining in a fully mechanized caving
face,” International Journal of Geomechanics, vol. 21, no. 4,
pp. 1943–5622, 2021.

[2] J. F. Lou, F. Q. Gao, J. H. Yang et al., “Characteristics of evolu-
tion of mining-induced stress field in the longwall panel:
insights from physical modeling,” International Journal of
Coal Science and Technology, vol. 8, pp. 1–18, 2021.

[3] Q. J. Cao, Coupling Bearing Analysis and Control of Backfill
Body and Surrounding Rock in Gob-Side Entry Retaining
[Ph.D. thesis], China University of Mining and Technology,
2018.

[4] M. C. He, Y. B. Guo, J. Yang, and W. L. Gong, “An innovative
approach for gob-side entry retaining in thick coal seam long-
wall mining,” Energies, vol. 10, no. 11, pp. 1785–1795, 2017.

[5] M. C. He, X. G. Ma, F. L. Niu, J. Wang, and Y. X. Liu, “Adapt-
ability research and application of rapid gob-side entry retain-
ing formed by roof cutting and pressure releasing with
composite roof and medium thick coal seam,” Chinese Journal
of Rock Mechanics and Engineering, vol. 37, no. 12, pp. 2641–
2654, 2018.

[6] J. Yang, H. Y. Wang, Y. J. Wang, B. H. Liu, S. L. Hou, and
Y. Cheng, “Stability analysis of the entry in a new mining
approach influenced by roof fracture position,” Sustainability,
vol. 11, no. 22, pp. 6349–6369, 2019.

[7] X. J. Yang, Y. Sun, E. Y. Wang, and W. B. Mao, “Study and
application of gob-side entry retaining formed by roof cutting
and pressure relief in medium-thickness coal seam with hard
roof,” Geotechnical and Geological Engineering, vol. 38, no. 4,
pp. 3709–3723, 2020.

[8] F.-T. Zhang, X.-Y. Wang, J.-B. Bai, G.-Y. Wang, and B.-W. Wu,
“Post-peak mechanical characteristics of the high-water mate-
rial for backfilling the gob-side entry retaining: from experiment
to field application,” Arabian Journal of Geosciences, vol. 13,
no. 11, pp. 386–398, 2020.

[9] G. C. Zhang, Y. L. Tan, S. J. Liang, and H. G. Jia, “Numerical
estimation of suitable gob-side filling wall width in a highly
gassy longwall mining panel,” International Journal of Geome-
chanics, vol. 18, no. 8, pp. 401–412, 2018.

[10] J. Zhang and Y. Li, “The stability of gob-side entry retaining in
a high-gas-risk mine,” Advances in Civil Engineering,
vol. 2019, Article ID 7540749, 769 pages, 2019.

11Geofluids



[11] C. Q. Zhu, X. X. Miao, and Z. Liu, “Mechanical analysis on
deformation of surrounding rock with road-in packing of
gob-side entry retaining in fully-mechanized sub-level caving
face,” Journal of Coal Science and Engineering (China),
vol. 14, no. 1, pp. 24–28, 2008.

[12] D. Kong, S. Pu, S. Zheng, C. Wang, and Y. Lou, “Roof broken
characteristics and overburden migration law of upper seam in
upward mining of close seam group,” Geotechnical and Geo-
logical Engineering, vol. 37, pp. 3193–3203, 2019.

[13] W. Qi, J. Zhang, N. Zhou, Z. Wu, and J. Zhang, “Mechanism
by which backfill body reduces amount of energy released in
deep coal mining,” Shock and Vibration., vol. 2019, no. 1,
pp. 1–14, 2019.

[14] Z. Huang, L. Zhang, and Z. Ma, “Study on the mechanical rela-
tionship among the backfilling mining support, roof rock
beam, and gangue filling body in comprehensive mechanized
filling mining process,” Advances in Civil Engineering,
vol. 2020, Article ID 8824735, 15 pages, 2020.

[15] A. Khaldoun, L. Ouadif, K. Baba, and L. Bahi, “Valorization of
mining waste and tailings through paste backfilling solution,
Imiter operation, Morocco,” International Journal of Mining
Science and Technology., vol. 26, no. 3, pp. 511–516, 2016.

[16] Y. Chen, J. B. Bai, S. Yan, Y. Xu, X. Y. Wang, and S. Q. Ma,
“Control mechanism and technique of floor heave with rein-
forcing solid coal side and floor corner in gob-side coal entry
retaining,” International Journal of Mining Science and Tech-
nology, vol. 22, no. 6, pp. 841–845, 2012.

[17] Y. L. Chen, Q. B. Meng, G. Xu, H. S. Wu, and G. M. Zhang,
“Bolt-grouting combined support technology in deep soft rock
roadway,” International Journal of Mining Science and Tech-
nology, vol. 26, no. 5, pp. 777–785, 2016.

[18] Z.-B. Cheng, L.-H. Li, and Y.-N. Zhang, “Laboratory investiga-
tion of the mechanical properties of coal-rock combined
body,” Bulletin of Engineering Geology and the Environment,
vol. 79, no. 4, pp. 1947–1958, 2020.

[19] X. Feng and N. Zhang, “Position-optimization on retained
entry and backfilling wall in gob-side entry retaining tech-
niques,” International Journal of Coal Science & Technology,
vol. 2, no. 3, pp. 186–195, 2015.

[20] P. F. Guo, X. H. Zhang, Y. Y. Peng, M. C. He, C. R. Ma, and
D. J. Sun, “Research on deformation characteristic and stability
control of surrounding rock during gob-side entry retaining,”
Geotechnical and Geological Engineering, vol. 38, no. 3,
pp. 2887–2902, 2020.

[21] D.-Z. Kong, Z.-B. Cheng, and S.-S. Zheng, “Study on the fail-
ure mechanism and stability control measures in a large-
cutting-height coal mining face with a deep-buried seam,” Bul-
letin of Engineering Geology and the Environment, vol. 78,
no. 8, pp. 6143–6157, 2019.

[22] Q. Ma, Y. L. Tan, Z. H. Zhao, Q. Xu, J. Wang, and K. Ding,
“Roadside support schemes numerical simulation and field
monitoring of gob-side entry retaining in soft floor and hard
roof,” Arabian Journal of Geosciences, vol. 11, no. 18,
pp. 563–572, 2018.

[23] X. G. Ma, M. C. He, J. Guo, and C. X. Zhang, “Entry deforma-
tion law in the full life cycle under entry retaining with roof
cutting,” Geotechnical and Geological Engineering, vol. 37,
no. 5, pp. 4365–4379, 2019.

[24] Q. B. Meng, L. J. Han, W. G. Qiao, D. G. Lin, and J. D. Fan,
“Support technology for mine roadways in extreme weakly
cemented strata and its application,” International Journal of

Mining Science and Technology, vol. 24, no. 2, pp. 157–164,
2014.

[25] J. Mo, J. Yang, W. Ma, F. Chen, and S. Zhang, “Numerical sim-
ulation and field experiment study on onboard dust removal
technology based on airflow–dust pollution dispersion charac-
teristics,” Environmental Science and Pollution Research,
vol. 27, no. 2, pp. 1721–1733, 2020.

[26] G. L. Zhu, R. L. Sousa, M. C. He, P. Zhou, and J. Yang, “Stabil-
ity analysis of a non-pillar-mining approach using a combina-
tion of discrete fracture network and discrete-element method
modeling,” Rock Mechanics and Rock Engineering, vol. 53,
no. 1, pp. 269–289, 2020.

[27] D. Sun, Q. Wu, X. Li et al., “Sensitivity analysis and numerical
simulation study on main controlling factors of surface move-
ment and deformation in strip filling mining under thick
unconsolidated layers,” Geofluids, vol. 2021, Article ID
6615937, 10 pages, 2021.

[28] V. M. Seryakov, “Calculating stresses in support and sidewall
rocks in stagewise face drivage in long excavations,” Journal
of Mining Science, vol. 51, no. 4, pp. 673–678, 2015.

[29] X. S. Shi, H. W. Jing, J. G. Ning, Z. L. Zhao, and J. F. Zhu, “Sta-
bility control of gob-side entry retaining in fully mechanized
caving face based on a compatible deformation model,” Com-
puter Modeling in Engineering and Sciences, vol. 124, no. 1,
pp. 315–343, 2020.

[30] S. Xiao-ming, L. Gan, S. Peng et al., “Application research on
gob-side entry retaining methods in no. 1200 working face in
Zhongxing mine,” Geotechnical and Geological Engineering,
vol. 37, pp. 185–200, 2018.

[31] W. Yu, K. Li, Z. Liu, B. An, P. Wang, and H. Wu, “Mechanical
characteristics and deformation control of surrounding rock in
weakly cemented siltstone,” Environmental Earth Sciences,
vol. 80, no. 9, pp. 1–15, 2021.

12 Geofluids



Research Article
Roadway Instability Mechanism of Weakly Consolidated Soft
Rocks and Support Technologies

Jinlong Cai ,1,2 Min Tu ,2 Luxiu Chai,1 Fengyan Qin,1 and Zhengfeng Shen1

1School of Architecture and Civil Engineering, West Anhui University, Lu’An, Anhui 237012, China
2Key Laboratory of Safe and Effective Coal Mining, Ministry of Education, Anhui University of Science and Technology, Huainan,
Anhui 232001, China

Correspondence should be addressed to Min Tu; mtu@aust.edu.cn

Received 4 April 2022; Revised 15 September 2022; Accepted 12 October 2022; Published 3 March 2023

Academic Editor: Mohammed Fattah

Copyright © 2023 Jinlong Cai et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

During tunneling in weakly consolidated soft rock strata, lithology, joints, and fractures of rock strata play an important role in
controlling overall roof stability of the roadway. A case study based on weakly consolidated soft rock roadway in Bojianghaizi
mine was conducted to address disasters caused by sudden changes and collapse as well as difficulties in maintenance of
weakly consolidated soft rock roadway. First, physical and mechanical properties of weakly consolidated soft rocks were
investigated by X-ray diffraction mineral component analysis and scanning electron microscopy. Second, failure characteristics
and instability mechanism of the roadway were analyzed by combining field survey and theoretical analysis. A mechanical
model of fracture development on the composite roof of the roadway was built, and the initiation angle and critical stress for
fracture development were deduced. The instability criteria of cracks based on cracking angle (θ0) were established. Moreover,
the instability mechanism caused by roof falling was disclosed. Fractures were formed upon shear failure at vertex angle of the
roadway. The fracture belt extended to the soft bedding plane of the separation stratum along the fracture propagation angle
and connected with it, thereby inducing roof falling. On this basis, a high-strength and high-preload “inverted trapezoidal”
anchoring mesh-beam string supporting structure + arched roadway cross-section with vertical walls + full-section guniting
coupling control technology was proposed, which achieved good site application effects.

1. Introduction

With the gradual exploitation of coal resources in mideast-
ern China, the coal resource exploitation center has gradu-
ally shifted to the midwestern region. Owing to squeezing
influences by the Qinghai–Tibet subplate, North China
plate, and Tarim plate against coal-measure strata in mid-
western China, extensive weakly consolidated soft rock
strata exist in the local coal-measure strata [1–3], which
are mainly manifested by low strength of surrounding rocks,
poor cementing properties, weathering swelling upon water,
and easy development of separation stratum among different
rock strata. In these geological conditions, the excavated
roadway is characterized by great deformation, high defor-
mation rate with a long duration, which increases the diffi-
culties in roadway support.

During tunneling in weakly consolidated strata, rela-
tively high development of fractures and joints occurs dur-
ing the advancing and follow-up service periods. When the
roadway roof bears stresses, a great tensile stress occurs in
the lower part, which can easily cause uneven subsidence.
Moreover, weak interlayer adhesive forces exist due to the
complicated roof structure, which easily develops an extreme
separation stratum. The space domain of this separation
stratum shifts quickly from progressive extension to sudden
changes and roof falling-induced disasters, thereby causing
accidents on weakly consolidated soft rock roadways [4, 5].
Many experts and scholars in China and other countries
have conducted theoretical and experimental studies to
address sudden changes and roof falling-induced disasters
of weakly consolidated soft rock roadways as well as difficul-
ties in maintenance control. For example, Zhang and Jiang
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[6], Zhang et al., Zhao et al, and Jia et al. [7–9] studied
bending-induced instability mechanism of stratified roof
separable strata in a coal roadway and pointed out that it
could easily cause shearing stress concentration at the vertex
angle due to stratified roof separation and bending, which
further extended to the upper hard rock strata and intensi-
fied the risks of roof falling. Zhang et al., Guo et al., and
Cao et al. [10–12] established the systematic mechanical
model of the rock composite system, which contains inter-
layers to disclose the failure and instability mechanism of
surrounding rocks in roadways with interlayer rocks and
determine judgment indexes for surrounding rock stability.
Research results provided references for the control design
of stratified rock stability. Considering the stratified roof
structural characteristics of full-coal roadway with a large
cross-section, Zhang et al. [13, 14] investigated the deforma-
tion characteristics of the separation layer on a stratified roof
after tunneling by using state nonlinear simulation method
of interlayer contact surfaces. Based on analysis of the defor-
mation failure characteristics of soft rock roadway, Meng
et al. [15–17] studied the deformation failure mechanism
of surrounding rocks in weakly consolidated soft rock road-
way; they also investigated and supervised surrounding rock
evolution laws in the roadway as well as optimized support
design. Li et al. [18] analyzed the deformation failure process
of rectangular roadway of weakly consolidated soft rocks
and compared simulation results with field supervision
results. Some suggestions in cross-section shape selection
and roadway support were provided. Li and Hou [19]
pointed out that a semicircle arched roadway with vertical
walls and anchoring mesh-beam spraying supporting struc-
ture could improve the physical and mechanical properties
of surrounding rocks effectively and increase the bearing
capacity of surrounding rocks.

Although relevant experts and scholars have investigated
the deformation failure characteristics and mechanism of the
soft rock roadway, the deformation failure characteristics of
the weakly consolidated soft rock roadway are different from
those of the ordinary soft rock roadways. This is still in the
exploration stage at present. Based on mineral composition,
space characteristics, and microscopic structure of weakly
consolidated soft rocks, this study further explores the inter-
nal deformation instability mechanism of the roadway and
established theoretical criteria of roof instability. Research
conclusions provided theoretical references to the design of
the roof support scheme of a weakly consolidated roadway.

2. Engineering Overview and
Lithologic Characteristics

2.1. Engineering Overview. The Bojianghaizi coal mine is
located in Dongsheng District, Inner Mongolia. The first
working face was 113101, which was advanced by 2603m.
The surface length and mining area were 200m and
520,600m2, respectively. Coal seam #3-1 was stable and
belonged to a uniclinal and approximately horizontal struc-
ture. The thickness of this coal seam was 3.2–6.4m, averag-
ing at 5.4m. The basic roof was medium-coarse sandstone,
and the average thickness was 7.07m. The direct bottom

was sandy mudstone, and the old bottom was 5m thick silt-
stone. The geological location is shown in Figure 1.

The working face 113101 has been the site of roof falling
accidents. The length and maximum height of the roof fall-
ing section were 14.6m and 10.2m, respectively. The roof
falling region resembles an upside-down bowl and is narrow
in the upper part and wide at the bottom. Four holes were
drilled on the roof in this region by using a SGZ-IIIA drill
for roof detection. The profiles of field drilling and survey
diagram are shown in Figure 2.

According to comprehensive analysis, the roadway roof
was composed of crushed rock section (0–3m), grouting
section (3–6m), empty roof section (6–10.2m), and hard
roof (>10.2m). Therefore, the maximum height of roof fail-
ing was 10.2m, and the maximum distance of the empty
roof was 7.2m. Comprehensive analysis of drilling shows
that lithology in the section of the roof falling zone from
the upper part to the bottom is coal, thin mudstone layer
with coal lines, fine sandstone, and sandy mudstone. The
lithology is brittle, and the full section is generally horizon-
tal. The cable anchoring section is basically made up of
sandy sandstones. Obvious fracture surfaces and buried
structures exist in the falling roof. Vertical fracture develop-
ments are on the sides, which lead to poor shaping of the
roadway before and after the roof falling and serious wall
caving. In particular, the maximum wall caving at the shoul-
der reaches as high as 1.5m. In view of field drilling detec-
tion on the roof, the roof falling thickness is in the 6–6.5m
range. In other words, the weak strata or interlayers fall
completely except for the effective supporting scope of
anchoring cables.

2.2. Analysis of Lithologic Characteristics. The minable seams
mainly distribute in Jurassic and Cretaceous strata. The
average uniaxial compressive strengths of fine siltstone and
sandy mudstone in surrounding rocks of the roadway are
29.9MPa and 24.1MPa, respectively. The average uniaxial
compressive strength of the sandy mudstone changes to
7.8MPa after softening by water absorption, and the soften-
ing coefficient reaches 0.32.

Four rock samples were collected from the roof and floor
of coal seams, which were sandstone and sandy mudstone.
XRD analysis was conducted on all rock samples. The XRD
spectra of the sandstone and sandy mudstone are shown in
Figure 3. Quartz, feldspar, illite, kaolinite, and chlorite are
major mineral components. In view of the microstructural
characteristics of rocks under SEM (Figure 4), sand struc-
tures form porous cementation and the skeleton structure is
a characteristic of porous, stacking, and loosing. Fine clays
are arranged randomly, which are off-white and have moder-
ate roundness. They present subangular and semiround
shapes and have uneven sizes and clear edges.

In other words, the microstructures of weakly consoli-
dated rocks are cellular, with uneven particles stacking
together. A large number of pores bring good connectivity.
The whole structure is relatively weak and exhibits low rock
strength. Clay minerals are dominant, and kaolinite accounts
for the highest proportion, which is characterized by easy
swelling and disintegration in water.
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3. Instability Mechanism and Mechanical
Analysis of Weakly Consolidated Soft Rocks

Stresses in the upper roof strata are released after tunneling.
Due to collaborative action of compressive, tensile, and shear
stresses, different strata have varying deformations. Evident
separation is developed between any two strata, and the roof
is further bent. Fractures are formed at the vertex angle of
the roadway.

3.1. Stress Field Analysis at Fracture Tip

3.1.1. Stress Distribution and Strength Factor at the Tip of
Compression Shear Fracture. Figure 5 shows that the initial
fracture is 2a long. Influenced by a combination of the verti-
cal stress (σy) and horizontal stress (σx), normal and tangen-
tial stresses on the fracture surface can be obtained as
follows:

σn = σy sin2β + λσy cos2β,
σn = −σy 1 − λð Þ sin β cos β,

(
ð1Þ

where σn and τn are positive stress and tangential stress on
the fracture surface, respectively, and λ is the lateral pressure
coefficient.

In this case, the stress strength factor at the crack tip is [20]

K I = −
ffiffiffiffiffiffi
πa

p
σy sin2β + λ cos2β
À Á

,

K II =
ffiffiffiffiffiffi
πa

p
σy 1 − λð Þ sin β cos β:

(
ð2Þ

3.1.2. Stress Distribution and Strength Factor at the Tip of
Tensile Shear Fracture. As the practical loads on the roof rock
beam are usually uneven, strength factor could be calculated
by the integral method under these circumstances [20].
Results are shown in Figure 6.

In this case, the stress strength factor at the tip of cracks is

K I =
1

2 ffiffiffi
π

p
ða
−a
p xð Þ

ffiffiffiffiffiffiffiffiffiffi
a + x
a − x

r
d xð Þ + 1

2 ffiffiffi
π

p k − 1
k + 1

� �ða
−a
q xð Þd xð Þ,

K II =
1

2 ffiffiffi
π

p
ða
−a
q xð Þ

ffiffiffiffiffiffiffiffiffiffi
a + x
a − x

r
d xð Þ − 1

2 ffiffiffi
π

p k − 1
k + 1

� �ða
−a
p xð Þd xð Þ,

8>>>><
>>>>:

ð3Þ

where

k =
3 − v
1 + v

, Plane stress,

3 − v, Plane strain,

0
@ ð4Þ

where v is Poisson’s ratio.

(1) Horizontally, the rock beam at the upper position of
the roadway bears upward and downward linear
positive stresses, as shown in Figure 7

At this moment, the strength factor could be calculated
as follows:

KI =
σx

2
ffiffiffiffiffiffi
πa

p
cos2β,

KII =
σx
2

ffiffiffiffiffiffi
πa

p
sin β cos β:

8><
>: ð5Þ

(2) Vertically, the rock beam at the upper position of the
roadway bears leftward and rightward linear shear
stresses. In this case, the stress analysis of inclined
cracks is shown in Figure 8

Thus, the stress strength factor can be obtained as
follows:

KI =
2τmaxa π − 2ð Þffiffiffiffiffiffi

πa
p sin β cos β,

KII =
τmaxa π − 2ð Þffiffiffiffiffiffi

πa
p cos 2β:

8>>><
>>>:

ð6Þ

3.1.3. Composite Fractures under Collaboration of Multiple
Stresses. Unit blocks in the rock beam of the rectangular
roadway roof are subordinated to the collaborative effect
of multiple stresses. According to stress superposition
principle [21], the strength factor of composite fracture
was calculated by using the stress superposition method
(Figure 9).

According to literature [22], then the tensile stress acts
on the crack surface; the initial cracks are damaged by tensile
stress and then become extensive cracks. According to the

Area of study (Bojianghaizi coal mine)

Roadway 113101 Working face

Roof

Floor

Dongsheng district

Inner m
ongolia

 

Figure 1: Roadway research geographical location.
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preceding analysis results, Equations (2), (5), and (6) were
combined to calculate the composite strength stress factor:

I-I Sectional drawing

Unit: m

1.
10

3.
60

10
.2

2.
80

2.
80

1.
00

2.
80

9.
00

1.
80

2.
02

5.
30

2.
98

2.
70

Waste rock

Foam and
waste rock

2#Drilling
projection

5#Drilling
projection

4#Drilling
projection

(a)

4#Drilling projection 5#Drilling projection
Unit: m

Sandy mudstone: 0.30Sandy mudstone: 1.60

Sandy mudstone: 2.40

Sandy mudstone: 0.60

Sandy mudstone: 1.20

Sandy mudstone: 0.50

Sandy mudstone: 0.80

Sandy mudstone: 2.80

Siltstone: 0.50

Siltstone, fine

Siltstone: 0.70

Siltstone: 0.60

Sandstone: 0.50

Coal: 0.60
Coal: 0.50

Coal: 0.50

Coal: 0.80

Coal: 0.10

Coal: 0.80

Mudstone: 0.60

Mudstone: 0.30 Mudstone: 0.30

Mudstone: 0.30
Fine sand stone: 0.60

Muddy siltstone: 2.80 9.
70

6.
30

6.
30 6.

10

6.
10

10
.4

2.
47

2.
47 2.
50

2.
5

(b)

Figure 2: The diagrammatic cross-section of caving zone: (a) the schematic diagram of drilling section; (b) the columnar section of
investigation.

KI =
σmax
2

ffiffiffiffiffiffi
πa

p
cos2β + 2τmaxa π − 2ð Þffiffiffiffiffiffi

πa
p sin β cos β,

KII =
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ffiffiffiffiffiffi
πa

p
sin β cos β +
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Figure 3: The results of XRD: (a) medium sandstone; (b) sandy sandstone.

Figure 4: Microstructure of rock.
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Figure 5: Schematic diagram of expansion of compression shear
crack tip.

P (x)

P (x)

q (x)

–q (x)

a
X

y

–a

Figure 6: Schematic diagram of expansion of compression tensile
shear crack tip.
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According to mechanical related knowledge of materials,
σmax and τmax can be expressed as follows:

σmax =
M ′
Wz

= 6 M + ql/2ð Þx − 1/2ð Þqx2 + pω
À Á

bh2
,

τmax =
3Fs

2bh :

8>>><
>>>:

ð8Þ

Equations (7) and (8) were combined as follows:

3.2. Composite Breakage Criteria. In practical engineering,
almost all fractures are composite type. Many experts and
scholars in China and other countries have conducted
numerous studies on the judgment of crack expansion direc-
tion and critical loads of expansion. Among them, the max-
imum circumferential stress criteria are used mostly [23],
which posit the following:

(1) When ðσθÞmax reaches the critical value σc, cracks
begin to propagate

(2) The propagation direction of composite crack is the
direction when σθ is the maximum

Based on the aforementioned criteria, the initiation angle
θ0 of cracks is

θ0 = arcsin 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K1/K2ð Þ2 + 9

q − arctan 3K II
K I

: ð10Þ

The critical value of maximum circumferential stress
ðσθÞc is

σθð Þc =
K ICffiffiffiffiffiffiffiffi
2πa

p = cos θ0/2ð Þ KI cos2 θ0/2ð Þ − 3/2ð ÞK II sin θ0
Â Ã

ffiffiffiffiffiffiffiffi
2πa

p :

ð11Þ

3.3. Analysis of Fracture Propagation Parameters on
Roadway Roof. The composite roof of weakly consolidated
soft rock roadway in the first working face of the Bojianghaizi
mine was used in the case study. The breakage criteria
applied the maximum circumferential stress criteria. The first
working face of the Bojianghaizi mine was at 540m under-
ground, and the net section size of the rectangular roadway
was b = 5:6m in width and h = 3:6m in height. According

to the primary stress and experimental test, vertical stress,
lateral pressure coefficient, Poisson’s ratio of rocks, initial
cracking angle of rock beams, and uniformly distributed
loads on beams were σy = 14MPa, λ = 0:8, μ = 0:25, β = 5°,
and q = 500 kPa, respectively. The above numerical values
were brought into Equations (10) and (11), which lead to
the data in Figures 10–14.

Figure 10 shows that with the increase of strata thick-
ness, the positive and shear stresses on the fractures decrease
gradually. The fracture development angle in the strata
decreases, and the fractures present small-angle develop-
ment. Under this circumstance, the critical stress of fracture
development also declines. When the lithology of the upper
rock beam of the roadway is relatively weak, the bending and
sinking rock beam thickens and the direct roof of the road-
way easily develops connected fractures, thereby leading to
roof falling accidents. Thus, a supporting structure has to
be designed reasonably to prevent fracture propagation.

Figure 11 shows that with the increase of distance to the
ends of rock beams, the fracture propagation angle decreases
and the critical stress increases. In other words, fractures at
the ends of the rock beam are easier to propagate toward large
angles. Thus, an inclined anchor rod or cable has to be applied
at two ends of the roadway roof to prevent crack propagation.

Figure 12 shows that with the increase of distance to the
ends of rock beams, the fracture propagation angle decreases
and the critical stress increases. In other words, fractures at
the ends of the rock beam are easier to propagate toward
large angles. Thus, an inclined anchor rod or cable has to
be applied at two ends of the roadway roof to prevent crack
propagation.

As shown in Figure 13, the fracture development angle
increases gradually with the increase of the lateral pressure
coefficient, while the critical stress declines gradually. This
result reveals that with the increase of horizontal stress, the
risk of high-angle falling of the rock beam also increases.

𝛽 n

𝜎x𝜎x

𝜃

Figure 7: Schematic diagram of fracture tip expansion in
horizontal direction of rock beam.
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p sin β cos β,

K II =
3 M + ql/2ð Þx − q/2ð Þx2 + pω
À Á
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ffiffiffiffiffiffi
πa
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sin β cos β +

ffiffiffiffiffiffi
πa
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σy 1 − λð Þ sin β cos β −

3Fs

2bh
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πa
p cos 2β:

8>>><
>>>:
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4. Instability Mechanism Analysis of
Roadway Roof

The weakly consolidated roof has thin layers, and the inter-
layer cohesive force is weak. The roof begins to bend and
sink in response to the gravity of overlying stones and hori-

zontal stresses, thereby generating a shear force. Shear dislo-
cation occurs between layers when the shear force is larger
than the interlayer shear resistance. When the flexural rigid-
ity of the lower rock strata is higher than that of the upper
rock strata, it maintains coordinated movement and the
layer separation is not obvious; otherwise, the layers are

𝜎1

𝜎2
𝜎1

𝜎2

𝜏y 𝜏y

𝛽
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n

Figure 8: Schematic diagram of fracture tip expansion in level direction of rock beam.
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Figure 9: Equivalent diagram of composite fracture strength factor.
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separated. With the increase of layer separation, the roof is
further bent and great shear stress is easily generated at
the vertex angle of the roadway. Shearing failure occurs
when this shear stress exceeds the shear strength of the
rocks on the roof. When the shear failure forms cracks
at the vertex angle of the roadway, this crack belt extends
upward at an angle to the deep rock strata. Subsequently,
the crack belt connects with the soft bedding plane of
the separation stratum or soft weak interlayer, thus induc-
ing roof falling. This process is shown in Figure 14.

According to instability mechanism analysis, the thin-
layered roof is bent and deformed due to the dual actions
of dead loads and horizontal stress of the roadway,
thereby generating shear stress concentration at the vertex
angle and causing shear failure. Cracks are formed at the
vertex angle of the roadway. This crack belt extends
upward along the fracture propagation angle to the soft
bedding plane of the separation stratum of the soft weak
interlayer and then connects with them, finally causing
roof falling.
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5. Surrounding Rock Control and
Engineering Applications

5.1. Roadway Control Technology. Due to the collaborative
influences of primary deposit and diagenesis of weakly con-
solidated soft rock roadway, the degree of consolidation of
rock strata is low, accompanied with poor cementation or
rocks and weak interlayer adhesive force. Rocks have low
compressive and tensile strengths. Due to tectonic lifting
effect in the late stage, vertical and tensile fractures are
extensively developed in rock strata, thus making rocks brit-
tle and easy to crash. Based on the preceding analysis, the
key to control deformation and instability of weakly consol-
idated soft rock roadways is to maintain the continuity of
rock beams on the stratified roof and prevent softening of
the weak interlayer or bedding plane above the anchoring
body, controlling the separation layers and inhibiting the
vertex angle failures of the roadway.

To overcome the deformation failures of weakly consol-
idated soft rock roadway, this study proposes a high-
strength and high-preload “inverted trapezoidal” anchoring
mesh-beam string supporting structure + arched roadway
cross-section with vertical walls + full-section guniting cou-

pling optimization support structure (Figure 15). The self-
bearing capacity of surrounding rocks is used fully, which
not only allows deformation of surrounding rocks but also
restricts deformation. The roof becomes increasingly stable
in the process of collaborative action of surrounding rocks
and anchoring supporting structure.

5.2. Engineering Applications. To verify the reliability of
supporting technology after the optimization, this study
examines the applications of this technology during field
experiment in the return roadway of working face #113102
in coal seam #3-1. To further elaborate the effects of opti-
mized supporting scheme in the separation and deflection
control of the roof, the internal structure of the roadway roof
was studied by using a TS-C0601 drill imager after the road-
way was advanced for 10 months. Results are shown in
Figure 16.

Through the drill imaging, white cracks were detected
near 1.6m in the upper position of the roof, which were sep-
aration layers. The separation layer size was approximately
6–7mm. Furthermore, an annular black zone within a cer-
tain scope occurred on the porous wall, which is 6.2m near
the upper position of the roof, and the separation layer size

(a) (b)

(c) (d)

Figure 14: Evolution process of roof caving: (a) crack produce; (b) crack development; (c) fracture penetration; (d) roof caving.
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Figure 15: The new support parameter of the soft-rock coal roadway.
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Figure 16: Roof borehole peep view: (a) 1.6m; (b) 6.2m.
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was approximately 7–10mm. In the experimental section,
surrounding rocks on the roadway roof were relatively inte-
grals, without evident opening bedding and the separation
value of the roof was small. Cracks were not connected yet,
which further proved that the optimized supporting struc-
ture could effectively control the separation layers, fracture
development, and roof connection, thereby improving the
overall structure of the roof.

6. Conclusions

(1) According to the laboratory test of mineral composi-
tion and structural analysis of the roof, the weakly
consolidated rocks generally form a weak structure
and have low rock strength. Moreover, clay minerals
are the major mineral components. Kaolinite accounts
for the highest proportion and is a characteristic of
swelling and disintegration in water

(2) The mechanical model of fracture development in
the composite roof of the roadway is constructed,
thereby obtaining the initiation angle and critical
stress of fracture development. The critical cracking
angle (θ0) of the roof is obtained according to the
strain energy density factor of crack propagation

(3) Through an engineering case study, relations of rock
beam height, span of roadway, and fracture develop-
ment angles at the ends of rock beams with fracture
development trend and critical stress of crack propa-
gation are disclosed. On this basis, the instability
mechanism of roof falling in the roadway is summa-
rized. Shear failure occurs at the vertex angle of the
roadway, thereby forming cracks. The crack belt
extends along a certain angle to the soft bedding
plane of the separation stratum or weak bedding
plane and finally connects with them, which leads
to roof falling

(4) A high-strength and high-preload “inverted trape-
zoidal” anchoring mesh-beam string supporting
structure + arched roadway cross-section with verti-
cal walls + full-section guniting coupling optimized
supporting structure is proposed to solve the defor-
mation failure of weakly consolidated soft rock road-
way. According to field test results, this optimized
supporting structure can effectively control the sepa-
ration and deformation of the roadway, thereby sig-
nificantly increasing the stability of surrounding
rocks
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Coal-gas outburst is the one of most serious coal mine dynamic disasters which affects safety mining, with 39 deaths reported
during 2019 in China. The mechanism of coal-gas outbursts is complex, and the prediction methods are immature at present.
This article was based on previous research results. Firstly, the occurrence mechanism of coal-gas outburst disasters was
summarized. It is clear that the occurrence of coal-gas outburst disasters is jointly affected based on the stability of the static
structure of coal-rock, the gas parameters, and the release intensity of shock stress. Secondly, the stability evaluation models of
coal-rock static structure, gas parameters, and shock stress release intensity were built, respectively, based on the influence
factors. Then they were coupled and supposed to form a new prediction model. Finally, the prediction method was applied to
the Ji15-17200 working face of No.12 coal mine in Pingmei company. The working face was divided into three danger levels
including weak outburst danger area, medium outburst danger area, and strong outburst danger area. The accuracy of the
predicted results was analyzed based on the actual mining condition of the Ji15-17200 working face. The results show that
prediction accuracy is high, and it can be used for actual applications. The research results are of guiding significance to better
prevent and control coal-gas outburst accidents and ensure safe production in coal mines.

1. Introduction

Coal is the main source of energy in China. With the yearly
increase of coal mining depth, the coal seam gas pressure
and the in situ stress are also increasing, and the danger of
mine dynamic disaster is increasing especially coal-gas out-
burst [1–6]. At present, the requirements of coal precision
and intelligent mining pose more difficult challenges to the
effective prevention and control of dynamic disasters such
as coal-gas outburst [7–15]. Therefore, it is imperative to
research coal-gas outburst prediction methods with high
accuracy and suitable for engineering applications.

Domestic and foreign scholars have carried out a lot of
research results on coal-gas outburst predictions, forming a
series of commonly used coal-gas outburst danger prediction
technology, such as drilling cuttings method [16], drilling
gas inrush initial velocity method [17], etc. Meanwhile, geo-
physical methods have been gradually applied to coal-gas

outburst prediction in recent years, such as the acoustic
emission method [18], microseismic method [19], and elec-
tromagnetic radiation method [20]. In addition, according
to the time series feature of coal-gas outburst, prediction
indexes can be divided into dynamic prediction and static
prediction, and critical value was often used to judge the
danger of coal-gas outburst in static prediction; for dynamic
prediction, the method based on the change characteristics
of precursory information of monitoring indexes was used
to determine the danger of coal-gas outburst. Lama and
Bodziony [21] studied coal-gas outburst risk prediction tech-
nology and prevention and control measures based on man-
agement system, decision-making, and risk analysis; safety
mining process of outburst coal seam was put forward. Cyrul
[22] used data mining technology to study the prediction
method of outburst coal seam in Poland and has got good
application results. The development of data mining tech-
nology provides more theoretical support for the prediction
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of coal-gas outburst danger, such as the neural network
method [23], fuzzy comprehensive evaluation [24], gray the-
ory method [25], and extreme learning machine method
[26]. Song and Zhang [27, 28] predicted and visualized the
coal-gas outburst area based on geographical information
system technology. Zhang et al. [29–31] studied a new pre-
diction method of coal-gas outburst based on the η parame-
ter that was put forward on the basis of experimental study,
and its dangerous level was divided into five categories; the
method was compared with other traditional methods at
the same time. Liu et al.’s physical simulation system for
large coal-gas outburst had been developed, and the occur-
rence mechanism of coal-gas outburst was analyzed from
the perspective of energy, which laid a theoretical foundation
for the accurate prediction of coal-gas outburst disasters.

Some typical coal-gas outburst prediction methods were
listed above, and most of them use precursor information or
data mining technology to judge the possibility of outburst,
few studies on constructing prediction criteria of outburst
disasters from the perspective of outburst disaster mecha-
nism. In this article, we first elaborated the coal-gas outburst
disaster occurrence principle, and the prediction method
was constructed based on the outburst principle; finally,
the instance prediction and effect test are carried out, and
a new prediction method of coal-gas outburst disaster is
formed; it provides new approaches for the accurate predic-
tion of such disasters.

2. Shock-Type Coal-Gas Outburst
Occurrence Principle

According to relevant theories [32, 33], as shown in Figure 1,
the stress source of shock-type coal-gas outburst disaster
includes static stress of coal-rock, dynamic load stress
induced by mining, and gas pressure in cracks of coal-rock.
Higher static stress of coal-rock near mining working face,
the corresponding gas pressure, and ultimate strength are
low. The mechanism of coal-gas outburst is in the final anal-
ysis that the combined load of coal-rock exceeds its bearing
strength and destroys. When mining induced dynamic load
superimposed to the adjacent working face area and meets
the critical load of coal-rock dynamic disaster that will induce
coal-gas outburst disaster; the stress formula is shown in

σs + σd + σg ≥ σb min, ð1Þ

where σs is the static load stress of coal-rock, σd is the
dynamic load stress induced by mining, σg is the gas pressure
in fissure of coal-rock, and σb min is the critical load of coal-
gas outburst.

It can be known that when the sum of static load, dynamic
load, and gas pressure exceeds the critical load of dynamic
disaster, the dynamic disaster will occur, as shown in
Figure 2. Therefore, it is considered that the prediction of
shock-type stress release coal-gas outburst disaster should be
carried out from three aspects: stability of static excavation
structure of coal-rock, gas parametric strength, and shock-
type stress release strength.

3. New Method to Predict Shock-Type Coal-
Gas Outburst

3.1. Evaluation of Static Structure Stability. The complex
coal-gas outburst coal-rock structures are formed by the
geological conditions in the coal mining area and the under-
ground mining activities. The coal-rock structures of shock-
type coal-gas outburst are mainly controlled by the coupling
of geological conditions and mining activities. Geological
conditions mainly include coal seam and roof-floor litho-
logic characters and geological structure. After roadway
excavation or working face mining, coal-rock might form a
permanent or temporary static structure. When the coal-
rock structure is disturbed by external vibration, it is easy
to cause sudden stress distribution imbalance, to trigger
instability of coal-rock structure, and combined with gas
pressure effect, the shock-type stress release coal-gas out-
burst disaster occurs. Therefore, the prediction method of
coal-gas outburst based on shock-type stress release includes
four aspects: static coal-rock structure stability evaluation
technology, gas parameter strength evaluation technology,
working face disturbance strength evaluation technology,
and classification prediction criterion establishment. The
detailed description is as follows. The evaluation indexes of
coal-rock static structure stability mainly include mining
depth, ground stress level, coal-rock properties, geological
structure, and change of coal seam thickness.

3.1.1. Mining Depth. The mining depth of coal seam is an
important index for predicting coal-gas outburst disasters
and evaluating the static structure of coal-rock. According
to the analysis of mining depth and the latest comprehensive
index method [34, 35], the mining depth index is defined to
evaluate the stability of the static structure of coal-rock as
follows: when H ðthemining depthÞ > 1000m, the stability
index of the static structure of coal-rock is 4; when 700 <
H ≤ 1000m, the stability index of coal-rock static structure
is 3; when 400 <H ≤ 700m, the stability index of coal-rock
static structure is 2; when H ≤ 400m, the stability index of
coal-rock static structure is 1.

3.1.2. In Situ Stress. Coal-gas outburst is a dynamic phenom-
enon of rapid release of stress and energy. Therefore, the in

Critical stress

Stacking stress

Dynamic stress

Static stress

Gas pressure

Rock mass

Stress

0

Figure 1: Critical condition of shock-type coal and gas outburst
disaster.
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situ stress of coal mining area is an important index to eval-
uate the static structure of coal-rock. The in situ stress eval-
uation used in this paper includes two indexes of original
rock stress and mining stress, maximum principal stress
index is used in original rock stress, and stress concentration
coefficient index is used in mining stress. When the maxi-
mum principal stress σ1 > 30MPa, the static structural sta-
bility index of coal-rock is 4; when 24 < σ1 ≤ 30MPa, the
stability index of static structure of coal-rock is 3; when
18 < σ1 ≤ 24MPa, the stability index of static structure of
coal-rock is 2; when σ1 is less than 18MPa, the stability index
of the static structure of coal-rock is 1. When the stress con-
centration factor k > 2:8, the static structure stability index of
coal-rock is 4; when 2:3 < k ≤ 2:8, the stability index of static
structure of coal-rock is 3; when 1:7 < k ≤ 2:3, the stability
index of coal-rock static structure is 2; when k ≤ 1:7, the sta-
bility index of the static structure of coal-rock is 1.

3.1.3. Coal-Rock Mass Attribute. Coal-gas outburst and static
structure formation are also controlled by coal-rock proper-
ties. The index evaluation of the impact tendency of coal
seam and roof is adopted. The static structural stability index
of coal-rock corresponding to strong impact tendency of
coal seam and roof is 4, the static structural stability index
of coal-rock corresponding to medium impact tendency of
coal seam and roof is 3, the coal-rock static structural stabil-
ity index corresponding to the weak impact tendency of coal
seam and roof is 2, and the static structural stability index of
coal-rock corresponding to nonimpact tendency of coal
seam and roof is 1.

3.1.4. Geological Structure. Coal mining in geological struc-
ture area and nongeological structure area has great differ-
ence in forming static structure of coal-rock, because
geological structure is difficult to quantify, so according to
the geological structure, severity is strong, general, weak,
and no geological structure classification; the corresponding
static structural stability indexes of coal-rock are 4, 3, 2, and
1, respectively.

3.1.5. Variation of Coal Seam Thickness. The practice shows
that the stability of regional coal-rock structure is poor when
the coal thickness changes sharply. And coal-gas outbursts
occur frequently, which may be due to unbalanced stress
transfer. The change degree of coal thickness is summarized
into four categories: severe change, relatively severe change,
stable change, and almost no change; the corresponding
static structural stability indexes of coal-rock are 4, 3, 2,
and 1, respectively.

Based on the above coal static structure stability evalua-
tion index and index determination, evaluation results of
static structural stability of coal-rock Sta are shown in

Sta = S1 + S2 + L + Sn
n

, ð2Þ

where S1, S2, and Sn are the indexes of n indexes for evaluat-
ing stability of coal-rock static structure.

3.2. Evaluation of Gas Parameters. The gas parameter
strength of working face is mainly controlled by gas pres-
sure, gas content, absolute gas emission rate, and initial
velocity of gas release.

3.2.1. Gas Pressure. Original gas pressure in coal seam is the
key factor of coal-gas outburst disaster. The normal case,
multipoint gas pressure measurement in working face of
coal-gas outburst mine. But in general case, the part of gas
pressure parameters in the prediction unit can be collected.
The remaining uncollected unit grid gas pressure parameters
are calculated by interpolation method, calculation method
of interpolation method without detailed description. Divid-
ing gas pressure into four grades is as follows: when the gas
pressure is P ≤ 0:2MPa, the corresponding gas reflection
strength index is 1; when the gas pressure is 0:2 < P ≤ 0:4
MPa, the corresponding gas reflection strength index is 2;
when the gas pressure is 0:4 < P ≤ 0:74MPa, the correspond-
ing gas reflection strength index is 3; when the gas pressure
is P > 0:74MPa, the corresponding gas reflection strength
index is 4.

Dynamic load

Gas pressure
Stacking load

Static load Coal and
gas outburst

Figure 2: Model of shock-type coal and gas outburst disaster.
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3.2.2. Gas Content. Coal seam gas content is also the key factor
of coal-gas outburst disaster. The normal case multipoint gas
pressure measurement in working face of coal-gas outburst
mine, but general case the part of gas pressure parameters in
the prediction unit can be collected, the remaining uncollected
unit grid gas pressure parameters are calculated by interpola-
tion method, calculation method of interpolation method
without detailed description. Dividing gas content into four
grades is as follows: when the gas content is Q ≤ 5m3/t, the
corresponding gas reflection strength index is 1; when the
gas content is 5 <Q ≤ 12m3/t, the corresponding gas reflec-
tion strength index is 2; when the gas content is 12 <Q ≤ 20
m3/t, the corresponding gas reflection strength index is 3;
when the gas content is Q > 20m3/t, the corresponding gas
reflection strength index is 4.

3.2.3. Absolute Gas Emission Rate. Absolute gas emission
rate has a great effect on coal-gas outburst disaster. If the
absolute gas emission is not measured in the predicted grid
unit, the interpolation method is also used for calculation.
Dividing absolute gas emission rate into three grades is as
follows: when the absolute gas emission rate is U ≤ 10m3/
min, the corresponding reflection strength of gas parameters
is 1; when the absolute gas emission rate is 10 <U ≤ 30m3/
min, the corresponding reflection strength of gas parameters
is 2; when the absolute gas emission rate is U > 30m3/min,
the corresponding reflection strength of gas parameters is 3.

3.2.4. Initial Velocity of Gas Release. Initial velocity of gas
release is also an important index of coal-gas outburst disas-

ter. Interpolation method is also used to predict weak grid
cell without this index. Dividing absolute gas emission rate
into three grades is as follows: when the absolute gas emis-
sion rate is q ≤ 2:5 L/min, the corresponding reflection
strength of gas parameters is 1; when the absolute gas emis-
sion rate is 2:5 < q ≤ 4:5 L/min, the corresponding reflection
strength of gas parameters is 2; when the absolute gas emis-
sion rate is q > 4:5 L/min, the corresponding reflection
strength of gas parameters is 3.

Based on the above gas parameter strength evaluation
index and index determination, the gas parameter strength
evaluation result Sta is shown in

Gas = G1 +G2 + L + Gn

n
, ð3Þ

where G1, G2, and Gn are the indexes of n indicators for eval-
uating the static structural stability of coal-rock.

3.3. Evaluation of Vibration Stress Release Intensity. The dis-
turbance strength of working face is mainly affected based
on the mining thickness of coal seam, degree of fault activa-
tion, stability of residual coal pillar, and activity strength of
hard roof and the filling degree.

3.3.1. Coal Seam Thickness. The thickness of coal seam in
working face has great influence on roof caving and its shock
disturbance. Therefore, the mining thickness of coal seam is
regarded as an important index to evaluate the disturbance
strength of coal-rock. According to field observation and
practical experience, when the coal seam mining thickness
h > 6m was drafted, the coal-rock disturbance strength
index was 4; when 4 <H ≤ 6m, the coal-rock disturbance
strength index was 3; when 2 <H ≤ 4m, the coal-rock dis-
turbance strength index was 2; when H ≤ 2m, the coal-
rock disturbance strength index was 1.

3.3.2. Fault Activation Degree. Working face mining results
in the activation of faults near the face. The fault activation
would easily induce high energy shock disturbance near
the working face. According to relevant research results
[36] judge the disturbance strength index of the fault to
the shock-type stress release coal-gas outburst. When the

Table 1: Disturbance intensity index of shock-type coal and gas
outburst by hard roof.

Serial
number

Thickness,
m

Compressive
strength,
MPa

Distance
between hard
rock and coal

seam, m

Disturbance
intensity
index

1 ≥30 ≥60 <20 6

2 15~30 ≥60 <20 5

3 <15 ≥60 <20 4

4 ≥30 ≥60 20~40 5

5 15~30 ≥60 20~40 4

6 <15 ≥60 20~40 3

7 ≥30 ≥60 ≥40 4

8 15~30 ≥60 ≥40 3

9 <15 ≥60 ≥40 2

10 ≥30 35~60 <20 5

11 15~30 35~60 <20 4

12 <15 35~60 <20 3

13 ≥30 35~60 20~40 4

14 15~30 35~60 20~40 3

15 <15 35~60 20~40 2

16 ≥30 35~60 ≥40 3

17 15~30 35~60 ≥40 2

18 <15 35~60 ≥40 1

Table 2: Static structure calculation process of coal and rock.

S1 S2 S3 S4 S5 S6 Sta

1 2 4 1 2 1 1 1.83

2 2 4 1 2 1 1 1.83

3 2 4 1 2 1 1 1.83

4 2 4 1 2 1 1 1.83

5 2 4 1 2 1 1 1.83

6 2 4 1 2 1 1 1.83

7 2 4 1 2 1 1 1.83

8 2 4 1 2 1 1 1.83

9 2 4 2 2 1 1 2

10 2 4 2 2 1 1 2
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coal wall is 62~39m away from the fault, the coal-rock dis-
turbance strength index is 2; when the coal wall is 40~18m
away from the fault, the coal-rock disturbance strength
index is 3; when the coal wall is 18~0m away from the fault,
the coal-rock disturbance strength index is 4; when the coal
wall crosses the fault 0~40m, the coal-rock disturbance
strength index is 2; when the coal wall crosses the fault
40~80m, the disturbance strength index is 1.

3.3.3. Mining Speed. Mining speed is also a key factor affect-
ing the occurrence of high energy shock. The increase of
mining speed will induce the violent activity of roof, and
the frequency and energy of mine earthquakes will increase.
According to the corresponding relationship between min-
ing speed and the occurrence of high energy mine earth-
quake, the disturbance strength index of shock-type stress
release coal-gas outburst caused based on proposed mining
speed is as follows: when the mining speed is greater than
6m/d, the coal-rock disturbance strength index is 4; when
the mining speed is 4~6m/d, the coal-rock disturbance
intensity index is 3; when the mining speed is 2~4m/d, the
coal-rock disturbance strength index is 2; when the mining
speed is less than 2m/d, the coal-rock disturbance strength
index is 1.

3.3.4. Residual Coal Pillar Stability. Coal mining in working
face, the residual coal pillars near the working face for vari-

ous reasons. The residual coal pillar causes higher degree of
stress concentration. Therefore, the index of disturbance
strength of shock-type stress release coal-gas outburst
caused based on the coal pillar size is proposed. When the
coal pillar width is greater than 80m, the coal-rock distur-
bance strength index is 1; when the coal pillar width is
60~80m, the disturbance strength index is 2; when the coal
pillar width is 40~60m, the disturbance strength index is 3;
when the coal pillar width is 20~40m, the disturbance
strength index is 4; when the coal pillar width is 10~20m,
the disturbance strength index is 3, when the coal pillar
width is 0~10m, the disturbance strength index is 2.

3.3.5. Hard Roof Activity Strength. The fracture of hard roof
is another key factor to induce high energy shock. But the
disturbance effect of hard roof is the result of three indexes
including the distance between hard rock and coal seam.
The thickness of hard rock and the compressive strength
of hard rock. The disturbance intensity index caused by
the comprehensive effects of the three indexes is shown in
Table 1.

3.3.6. Goaf Filling Degree. After the working face is mined,
the roof caving above the gob with different conditions will
occur to different degrees. The disturbance strength exerted
on the static structure of coal-rock based on different degrees
of caving is bound to be different. The filling degree of gob
after roof caving is divided into four categories: complete fill-
ing, basic filling, few filling, and basically no filling; the cor-
responding coal-rock disturbance strength index is 1, 2, 3,
and 4, respectively.

Based on the above shock-type stress release coal-gas
outburst disturbance strength index and index determina-
tion, the disturbance strength index evaluation result Dis is
shown in

Dis = D1 +D2 + L +Dm

m
, ð4Þ

where D1, D2, and Dn are the indexes of m indicators for dis-
turbance intensity evaluation.

Table 3: Gas parameter strength calculation process.

G1 G2 G3 G4 Gas

1 3 2 1 2 2

2 3 2 1 2 2

3 3 2 1 2 2

4 3 2 1 2 2

5 3 2 1 3 2.25

6 3 2 1 3 2.25

7 2 1 1 3 1.75

8 2 1 1 3 1.75

9 2 1 1 3 1.75

10 2 1 1 3 1.75

Table 4: Disturbance strength calculation process.

D1 D2 D3 D4 D5 D6 Dis

1 3 0 3 2 5 2 2.5

2 3 0 3 2 5 2 2.5

3 3 0 3 2 5 2 2.5

4 3 0 3 2 5 2 2.5

5 3 0 3 2 5 2 2.5

6 3 0 3 2 5 2 2.5

7 3 0 3 2 5 2 2.5

8 3 0 3 2 5 2 2.5

9 3 0 3 2 5 2 2.5

10 3 0 3 2 5 2 2.5

Table 5: Coal and gas outburst risk index.

Sta Gas DIS ODI

1 1.83 2 2.5 6.33

2 1.83 2 2.5 6.33

3 1.83 2 2.5 6.33

4 1.83 2 2.5 6.33

5 1.83 2.25 2.5 6.58

6 1.83 2.25 2.5 6.58

7 1.83 1.75 2.5 6.08

8 1.83 1.75 2.5 6.08

9 2 1.75 2.5 6.25

10 2 1.75 2.5 6.25
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3.4. Prediction Criterion. According to the above analysis
results, the static structural stability of coal-rock, the
strength of gas parameters, and the strength of coal-rock dis-
turbance in a certain area of working face can be dynami-
cally evaluated; the superposition of the three evaluation
results can constitute the danger evaluation index ODI of
shock-type stress release coal-gas outburst, namely:

ODI = Sta +Gas +Dis: ð5Þ

The criteria for classification of prominent risk levels are
defined as follows: when ODI is <2.8, for no outstanding
danger; when 2:8 ≤ODI < 5:0, for weak outburst danger;
when 5:0 ≤ODI < 7:2, for moderate outburst danger; when
7:2 ≤ODI, for strong protruding danger.

Shock-type stress release coal-gas outburst danger classi-
fication prediction process is as follows:

(1) The prediction area is divided into 5m, 10m, or
20m grid cells as required

(2) According to the actual situation, the coal-rock static
structure stability index, gas parameter strength
index, and disturbance strength index are filled in
each grid unit

(3) The Sta index, Gas index, and Dis index in each grid
cell were calculated, and then the shock-type stress
release coal-gas outburst danger index ODI was
calculated

(4) Classification of outburst hazards based on calcula-
tion results, complete classification prediction of
coal-gas outburst

4. Engineering Application and Its Validation

4.1. Basic Information of Coal Face. The No.12 coal mine of
Pingmei company is a typical coal and gas outburst mine in
Henan, China, which is south adjacent gob of the working
face Ji15-17200, untapped areas in the north, east adjacent
to downhill, west adjacent well field boundary. The ground
elevation of the working face is +170~+220m, elevation of
working face -483m~-574m. The average dip angle is 19°,
the inclination length is 225.3m, the strike length 762.5m,

the coal seam thickness 2.2~3.7m, the gas content
15.256m3/t, the gas pressure 1.5MPa, the relative gas emis-
sion 7.8~11.9m3/t, and the absolute gas emission rate
4.47~8.8m3/min. Siltstone with thickness of 2.45~4.11m
and 0.76~1.95m at direct top and bottom, respectively, the
basic roof is medium sandstone with a thickness of
11.51~16.82m, the basic bottom is 7.83~11.52m flour fine
sandstone. A total of 7 typical faults were exposed in the
tunneling process of transportation and return air along
the working face; faults are FD35 (H = 0 ~ 8m), FD36
(H = 0 ~ 10m), LF10 (H = 1:1m), LF11 (H = 2:5m), LF12
(H = 3:0m), LF13 (H = 1:9m), and LF14 (H = 2:6m).

4.2. Prediction Results and Its Analysis. Based on the above
prediction method of coal-gas outburst disaster, combined
with the actual geological condition of the Ji15-17200 work-
ing face in the No.12 coal mine in Pingmei company. And
the risk of coal and gas outburst during the working face
mining is classified and predicted. Firstly, the Ji15-17200
working face was divided into a square grid with a side
length of 20m. Secondly, the parameter data from each grid
was collected on site. Thirdly, the static structural stability
index of coal-rock in each grid was calculated, respectively,
as gas parameter strength index and disturbance strength
index. Then the coal-gas outburst danger index of each grid
was calculated according to the prediction criterion. Because
of the large amount of data, only some grid data are enumer-
ated in the calculation process, as shown in Tables 2–5. In
Table 2, S1 ~ S6 represent the indexes which affect the static
structure of coal-rock, respectively, which are coal seam
mining depth, maximum principal stress, stress concentra-
tion coefficient, coal seam impact tendency, geological struc-
ture strength degree, and coal thickness change degree. In
Table 3, G1 ~ G4 represents gas pressure, gas content, abso-
lute gas emission rate, and initial velocity of gas release. In
Table 4, D1 ~D6 represent the indexes that affect the distur-
bance strength of coal-rock, respectively, which are the
thickness of coal seam once stopping, degree of fault activa-
tion, mining speed, remaining coal pillar, hard roof, and fill-
ing degree of gob. Figure 3 is the classification prediction
results of coal-gas outburst danger in the Ji15-17200 working
face of No.12 coal mine in Pingmei company. Comparing
the prediction results with coal-gas outburst in actual min-
ing, serious crown drill occurred when mining to strong

Ji15-17200 headgate

J15-17200 tailgate

Weak outburst risk
Moderate outburst risk
Strong outburst risk
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Figure 3: The classification prediction result of coal and gas outburst risk of the Ji15-17200 working face.
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outburst danger area during mining of the Ji15-17200 work-
ing face, and drill cuttings increased significantly compared
with other areas. The possibility of coal-gas outbursts has
greatly increased. It shows that the prediction result has a
certain accuracy, and it can be used for field practical
applications.

5. Conclusions

Based on the principle of coal-gas outburst occurrence, a
new prediction method of coal-gas outburst disaster was
developed and has been applied on the No.12 coal mine in
Pingmei company, China. The actual application effects
were well. The main conclusions are as follows:

(1) The principle of shock-type coal-gas outburst disas-
ter was expounded. It was considered that the pre-
diction of shock-type coal-gas outburst disasters
should be considered from three aspects: static struc-
ture of coal-rock, gas parametric strength, and dis-
turbance strength.

(2) The prediction of shock-type coal-gas outburst was
divided into three aspects: static structure evaluation
of coal-rock, gas parameter strength evaluation, and
disturbance strength evaluation. The corresponding
evaluation criteria were constructed, respectively.
Finally, the prediction criterion of shock-type stress
release coal-gas outburst was proposed

(3) Based on the shock-type coal-gas outburst prediction
method, the actual prediction was carried out in the
Ji15–17200 working face of the No.12 coal mine in
Pingmei company, China. The prediction results
were verified and analyzed; the results show that
the prediction method has good accuracy and can
be popularized and applied
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The process of roadway surrounding rock deformation and instability is always accompanied by energy changes, and the energy
transformation of surrounding rock directly drives its deformation and failure. In order to realize the stability control of mining
roadway, the distribution of elastic strain energy and plastic strain energy of surrounding rock was analyzed by using FLAC3D

numerical simulation software on the basis of the energy transformation law of sandstone under different confining pressures
revealed by indoor triaxial compression test. Based on this, combined with the energy transformation, the principle of roadway
surrounding rock stability control technology is proposed. One is to reduce the elastic strain energy of surrounding rock, that
is, by increasing the extension of support body, part of the roadway energy is transferred to the support body, so as to improve
the energy release of surrounding rock, or by optimizing the layout of roadway to reduce the energy accumulation of
surrounding rock. The second is to increase the plastic strain energy of surrounding rock, that is, to increase the energy
dissipation of surrounding rock by setting weak structure. The above research results are applied to the surrounding rock
control of the right second transport roadway in the 91st coal of Xinjian coal mine. After the optimization of support
measures, the roadway surface displacement and its increase rate decreased significantly, roof subsidence decreased from
247mm to 62mm, floor heave decreased from 120mm to 26mm, and the right rib shrinkage decreased from 292mm to
94mm, that is, the floor heave control effect was particularly obvious. The deformation of surrounding rock gradually
stabilized after 45 days.

1. Introduction

The rapid development of China’s economy is inseparable
from energy. Coal accounts for about 70% of the primary
energy consumption structure. Therefore, the safe produc-
tion of coal mines is of great significance to economic devel-
opment [1–3] in coal mine safety accidents, the accidents
caused by deformation and instability of surrounding rock
account for a large proportion [3]. Ensuring the stability of
surrounding rock is the premise of coal mine production.
In the study of surrounding rock stability, scholars often
analyzed the surrounding rock stability from the perspective
of mechanics, but the complex geological conditions (large
buried depth, faults, soft rock, etc.) often made the mechan-
ical analysis process become complicated [4–8]. In fact, the

deformation and failure process of surrounding rock is a
process with energy changes from local deformation to over-
all damage and finally failure. Due to energy accumulation
caused by roadway excavation, the energy may be higher
than its energy storage limit, which causes deformation of
the surrounding rock, and this part of energy will be released
concentratedly, resulting in the failure of the surrounding
rock. Energy change is the external performance of material
physical change, and the great change will cause material
damage. Therefore, energy transformation directly drives
deformation and failure of surrounding rock, from the
perspective of energy interpretation of surrounding rock
can reflect its essence [9–11].

For the study of surrounding rock stability related to
energy, scholars have done a lot of research from laboratory
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experiments and numerical simulation. On the one hand,
laboratory experiments are mainly conducted to explore
the characteristics and laws of rock energy evolution through
rock mechanics experiments under different stress paths.
From the perspective of energy, Xu et al. [12] analyzed the
deformation and damage process of sandstone under the
action of circulating pore water pressure, and discussed the
evolution law of energy absorption and release in this pro-
cess. Zhao et al. [13] carried out three confining pressure
unloading tests under different unloading paths to study
the energy evolution characteristics and evolution rate of
rock under unloading conditions. By carrying out triaxial
cyclic loading and unloading experiments, Yang et al. [14]
discussed the energy evolution characteristics of postpeak
stress drop stage and postpeak residual stress stage. Liu
et al. [15] studied the energy evolution law and linear storage
law of red sandstone in the creep process by conducting uni-
axial graded creep test and uniaxial cyclic loading and
unloading test after creep. Meng et al. [16] carried out triax-
ial cyclic loading and unloading tests of limestone under six
kinds of confining pressures, revealing the confining pres-
sure effect of energy evolution process and distribution law
of loaded rock samples.

On the other hand, the numerical simulation mainly
carries out the energy characteristics of surrounding rock
under different working conditions. Hao et al. [17] used
FLAC3D to simulate the advance process of working face,
analyzed the morphological characteristics and energy dis-
tribution characteristics of roadway plastic area within
100m of the front working face when the advance was
400m, and revealed the relationship between the morpho-
logical distribution and energy of roadway plastic area. By
using discrete element simulation software PFC, Yu et al.
[18] analyzed the energy and dynamic acoustic emission
evolution law of roadway excavation, and discussed the
influence of different vertical stresses and lateral pressure
coefficients on roadway excavation energy evolution. Shi
et al. [19] used FLAC3D to simulate the process of working
face, analyzed the energy evolution and release law of sur-
rounding rock in stope, and pointed out that the roof and
the front of coal wall were the key areas of energy accumula-
tion or release. Wang et al. [20] used FLAC3D simulation
software to analyze the evolution law of elastic energy of
the roof, two ribs and driving face under different driving
speeds, which was used as the basis for establishing the
evolution mechanism of rock burst energy zoning. Huang
et al. [21] used FLAC3D to simulate the stress distribution
before and after filling gangue in goaf, and then obtained
the distribution of elastic strain energy before and after
filling. Ma et al. [22] used UDEC to analyze the energy
evolution law of roadway surrounding rock under roof of
different thickness, and optimized roadway support parame-
ters according to the simulation results, effectively solving
the problem of large deformation of roadway.

Based on the analysis of the above studies, the study of
surrounding rock stability related to energy mainly focuses
on the laboratory study of rock energy evolution law and
the numerical simulation study of surrounding rock energy
characteristics, while the study of roadway surrounding rock

stability control based on energy characteristics is relatively
insufficient. In this paper, the mining roadway of Xinjian
coal mine is taken as the engineering background. Triaxial
compression tests were carried out in the laboratory to
reveal the energy evolution law of sandstone under different
confining pressures. FLAC3D numerical simulation software
was used to analyze the distribution law of elastic strain
energy and plastic strain energy of roadway surrounding
rock. Based on this, combined with the energy transfroma-
tion, the principle of roadway surrounding rock stability
control technology is proposed. The monitoring results
showed that the roadway surface displacement and its
increasing speed decreased obviously after the optimization
of support measures, which effectively solved the roadway
control problem and provided reference for roadway sur-
rounding rock stability control under similar conditions.

2. Energy Evolution Characteristics of Rock
Deformation and Failure Process

2.1. Test Scheme. In order to obtain the characteristics of
energy evolution during the deformation and failure of the
rock specimens, the conventional triaxial loading test was
conducted on the sandstone samples from Xinjian Coal
Mine in Qitaihe in China with TOP INDUSTRIE Rock
600-50 automatic servo rock rheometer (see Figure 1). The
rock specimen was a standard cylinder (50mm in diameter
and 100mm in height). Axial pressure was applied at a rate
of 0.1mm/min and confining pressure was applied at a rate
of 0.05MPa/s. The predetermined confining pressure was
5MPa, 10MPa, 15MPa, and 20MPa.

2.2. Energy Calculation Method Based on Test Data. The
loading process of the rock specimens is always accompa-
nied by the storage and dissipation of energy. Both of the
variables representing the energy storage and dissipation
inside rock are elastic energy and dissipated energy. In the
experiment, these two variables cannot be recorded in real
time. Therefore, they are calculated through stress-strain
curves that are easily accessible. Figure 2 shows the calcula-
tion method. The shaded area denotes the elastic strain
energy (Ue) stored by the deformation of the rock speci-
mens, and Eu denotes the unloading modulus of the rock
specimens. The dissipated energy (Ud) is the area con-
strained by the unloading modulus, the stress-strain curve
and the horizontal axis.

According to the first law of thermodinamics, supposing
the experiment system is a closed system ignoring the ther-
mal energy dissipation in the experiment, the total energy
U generated by the work done by external force is [23–27]

U =Ue +Ud =
ð
σ1dε1 = 〠

n

i=0

1
2

ε1i+1 − ε1ið Þ σ1i + σ1i+1ð Þ, ð1Þ

where Ue is elastic strain energy, Ud is dissipated energy and
σ1i, ε1i, σ3i, and ε3i are axial stress, axial strain, circumferen-
tial stress, and circumferential strain, respectively.
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The expression of triaxial compression elastic energy is

Ue =
1
2Eu

σ1
2 + 2σ32 − 2μ 2σ1σ3 + σ2σ3ð ÞÂ Ã

, ð2Þ

where Eu is unloading modulus and μ is about 50%~60% of
the peak strength [28–30].

2.3. Characteristic Law of Rock Energy Evolution. It is
assumed that the loading system is a closed system with
no heat exchange with the external environment. In the
loading system, external load input mechanical energy is
absorbed by rock specimens, the rock specimens elastic
deformation occur in the form of elastic strain energy
stored within rock specimens. As the load goes on, the
elastic strain energy stored by the rock specimens become
less and less, and the energy absorbed at this time is
mainly used to produce microcracks inside the rock spec-
imens, namely, the part of energy is dissipated. In order to
compare and analyze the law of energy evolution corre-
sponding to different stages of stress-strain curves, axial
strain is used as the horizontal axis, axial stress as the left
axis, and energy density as the right axis. The energy evo-
lution curves of the conventional triaxial compression test
sandstone under different confining pressures are shown
in Figure 3.

It can be seen that the energy evolution process can be
divided into prepeak stage and postpeak stage according to

the stress-strain curve in Figure 3 and that different energy
evolution curves under different confining pressures have
similar characteristics.

(1) As axial strain increases, total energy U increased
exponentially before the axial stress peak and the
growth rate decreased slightly after the stress peak.
The growth rate is correlated with the properties of
stress and strain. The maximum of U varied under
different confining pressures. It increased with the
increase of confining pressure

(2) Elastic strain energy Ue indicates the releasable
energy stored in the rock specimens, the evolution
law is consistent with the stress-strain curve. In the
prepeak stage, the difference between Ue and U
was not great. After reaching the peak, Ue dropped
rapidly. Also, the difference increased as the axial
strain increased. The law of Ue is consistent with
the stress-strain curve, which is positively associated
with the confining pressure

(3) Dissipated energy Ud indicates the energy con-
sumed by the rock specimens during plastic defor-
mation, crack expansion and energy release, which
is irreversible. The evolution trend of Ud was slow
growth before the peak but rapid growth after the
peak. It grew almost exponentially and quickly
became a major component of energy. The maxi-
mum of Ud varied under different confining pres-
sures and increased with the increase in confining
pressure. After the peak, the growth rate of Ud also
increased slightly with the increase in confining
pressure

To study the transformation of the energy in differ-
ent stages, the corresponding energy characteristics of
each stage are drawn in the bar graphs, and Figure 4
shows the energy distribution characteristics of different
stages.

As can be seen in Figure 4(a), the energy absorbed in the
prepeak stage was mainly converted to elastic strain energy,
accounting for about 72%~80% of the total energy, while
dissipated energy remained 18% to 20%. As confining pres-
sure increased, the amount of the stored elastic strain energy
became larger. The elastic strain energy was 464 kJ·m-3 when
confining pressure was 5MPa, and when the confining
pressure increased to 20MPa, the elastic strain energy was
1102.6 kJ·m-3, with an apparent confining pressure effect.
At this stage, the elastic strain energy generated by rock
specimen’s deformation can be continuously stored, while
energy is consumed for the closure of cracks inside the rock
specimens and the initiation and propagation of micro-
cracks. As can be seen From Figure 4(b), the vast majority
of the energy absorbed in the postpeak stage was transferred
to dissipated energy, accounting for about 87% of the total
energy. As the confining pressure increased, dissipated
energy also increased. When confining pressure was 5MPa,
dissipated energy was 787 kJ·m-3. When confining pressure

Figure 1: TOP INDUSTRIE Rock 600-50 automatic servo rock
rheometer.

O

𝜎

𝜀

Ud
Ue

Eu

Figure 2: Energy calculation method.
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Figure 3: Continued.
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increased to 20MPa, elastic strain energy was 1733 kJ·m-3.
Elastic strain energy only accounted for a very small propor-
tion. In this stage, a large number of macroscopic cracks
form in the rock specimens and the total energy is mainly
used for the formation and penetration of the macroscopic
cracks. However, due to the existence of confining pres-
sure, the rock specimens have certain residual strength,
so a small amount of elastic strain energy can still be
stored.

3. Energy Transformation of Roadway
Surrounding Rock Numerical Simulation
Method and Its Implementation

3.1. Energy Model of Roadway Surrounding Rock. Figure 5
shows the mechanical model diagram of the roadway
surrounding rock. Figure 5(a) is the schematic diagram of
the roadway excavation, Q1 represents the underground
space; Q2 represents roadway surrounding rock; and Q3 is
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Figure 3: Energy evolution curve of sandstone under different confining pressure. (a) Confining pressure 5MPa. (b) Confining pressure
10MPa. (c) Confining pressure 15MPa. (d) Confining pressure 20MPa.
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roadway. The stress state of arbitrary point of surrounding
rock is shown in Figure 5(b), which is represented by the
stress component of the three orthogonal faces of the unit
body. Ti indicates the stress component on arbitrary side.
τij is the stress state of the surface, μj is the normal unit
vector of the surface, and the relationships among the three
satisfies Ti = μj τij ði, j = 1, 2, 3Þ.

Supposing the stable state before the roadway excavation
is State I, and the stable state of the roadway surrounding
rock after the stress adjustment is State II. The energy
transfornation process of roadway surrounding rock from
State I to State II is shown in Figure 6. Energy input con-
sists of two parts. One part is the work done by under-
ground space Q1 on surrounding rock Q2, which is called

the external force work. The other part is the work done
by physical strength in the unit body of surrounding rock
Q2, which is called internal work. Energy accumulation
consists of elastic strain energy, and the main source is
the difference between the elastic strain energy before and
after the excavation, namely, the difference between U I
and U II. Energy dissipation consists of two parts. The first
part is elastic strain energy Um stored in the excavated part
of roadway surrounding rock Q2 and the second part is the
plastic energy generated by the plastic deformation of sur-
rounding rock.

3.2. The Energy Model in FLAC3D. In FLAC3D the elastic
strain energy and the dissipated plastic energy of the
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Figure 4: Energy distribution characteristics at different stages. (a) Prepeak stage. (b) Postpeak stage.
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Figure 5: Mechanical model of roadway surrounding rock. (a) Schematic diagram of roadway surrounding rock. (b) The stress state of any
point of surrounding rock.
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unit body containing mechanical model can be calculated.
The whole process is solved incrementally: the motion
equation of grid points and the stress strain of the region
are solved in each time step. In the process where the sys-
tem reaches equilibrium, the increment of the energy com-
ponent can be determined by the stress-strain equation
[31–33]. Elastic strain energy We of the unit body can
be expressed as

We =
V
2

σdijσ
d
ij

2G
+

�σ

K

 !
, ð3Þ

where V is volume, σd ij is partial stress, �σ is mean stress,
and G and K are bulk modulus and shear modulus,
respectively.

Elastic strain energy increment ΔWe is the difference
between the elastic energy in successive time steps, which
can be divided into shear elastic energy increment ΔWes
and volume elastic energy increment ΔWev. The expression
is as follows:

ΔWe =We ′ −We = ΔWes + ΔWev: ð4Þ

Total shear strain energy increment ΔWTs and total vol-
ume strain energy increment ΔWTb can be obtained through
average stress, respectively

ΔWTs =
V
2

σii + σii′
� �

eii + 2 σij + σij′
� �

eij
h i

,

ΔWTv =
3V
2

�σ + �σ′
� �

�e:

ð5Þ

Plastic strain energy increment ΔWp can be divided into
shear plastic energy increment ΔWps and volume plastic
energy increment ΔWp, which is the difference between total
strain energy and elastic strain energy. The expression is
shown as follows:

ΔWp = ΔWps + ΔWpv = ΔWTs − ΔWesð Þ + ΔWTv − ΔWevð Þ:
ð6Þ

The above energy formula is edited and transferred in
the fish language built in FLAC3D so as to obtain such energy
evolution characteristics of roadway surrounding rock as
elastic strain energy and plastic strain energy.

3.3. Case of Study. Take the left fourth coal ventilation road-
way in the 93rd coal of Xinjian coal mine as an example. A

State I State II

(a)

Um

Ud

Um

State I

UI

State II

Ud

UII

UI

UII

(b)

Figure 6: Schematic diagram of surrounding rock energy evolution. (a) Schematic diagram of energy input. (b) Schematic diagram of energy
accumulation and dissipation.
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calculation model is established. In order to ensure the
accuracy of the model, the stratigraphic parameters are
appropriately simplified. The histogram of each stratum is
shown in Figure 7. The left fourth coal ventilation roadway
is a rectangular roadway which is 3m in width and 2m in
hight. The dimensions of the model are

x × y × z = 35m × 20m × 30m. The x-axis direction is
trend, the y-axis direction is inclination, and the z-axis
direction is gravity. There are 57576 nodes and 52400 unit
bodies.

The constitutive relationship of the model adopts Mohr-
Coulomb criterion. Displacement constraints are made on
the four sides and bottom surface of the model. According
to the stress test report and other data, σz = 10:34MPa and
σx = 12:36MPa are applied to the model. Model schematic
and boundary conditions is shown in Figure 8. The mechan-
ical parameters of surrounding rock are shown in Table 1.

Figure 9 shows the nephogram of the distribution of the
rock plastic zone of roadway surrounding rock. The shear
failure of the two ribs and the top and bottom corner of
the roadway appeared in different degrees and distributed
roughly symmetrically. Compared with top corners, the des-
tructed range on bottom corners was larger. That is because
the stress on the two ribs of roadway is transferred to the
bottom corners, causing worse shear damage to bottom
corners.

In the process of roadway excavation, the initial stress
state of surrounding rock changes and the energy also

changes accordingly. Figure 10 is energy distribution nepho-
gram of surrounding rock. As can be seen from Figure 10(a),
the elastic strain energy of surrounding rock spreaded
around the boundary of roadway. The spread range on the
roof and floor was longer, which was roughly in the shape
of strip with round ends. Both of ribs spreaded roughly in
a circular way. The maximum of elastic strain energy density
was 68.5 kJ·m-3, located in the position 1.2m away from the
two ribs of the roadway. As can be seen in Figure 10(b), the
distribution range of plastic strain energy was consistent

Title

Medium
sandstone

Thickness Lithologic description

Offwhite. locally broken with coal
dust

Gray-light gray, with carcarbonized
plantiemnants

Black, mainly bright coal, block

Gray-offwhite, locally taupe

Offwhite, containing coal dust, locally
containing thin layer of coarse

sandstone

Light gary, coarse containing thin
layer of calcite and siltstone
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Figure 7: Histogram of coal strata.
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with plastic failure area, mainly distributing on the two ribs
of the roadway, in the shape of semicircle, with a slightly
larger bottom corners. Plastic strain energy spreaded from
the both of ribs of the roadway. The spread range was about
1.2m. The maximum of plastic strain energy density was
15.2 kJ·m-3, located in the boundary position of the two ribs.
In fact, energy distribution of the roadway surrounding rock
corresponds to plastic zone, which arises after surrounding
rock reaches the yield state. This shows that, under those
geological conditions, two ribs are the main sources of
energy accumulation and dissipation.

Figure 11 shows energy characteristic change curve of
the roadway ribs. The elastic strain energy density located
within 1.2m from the roadway surface was in the increase
stage, rapidly increasing from 16.6 kJ·m-3 to 68.6 kJ·m-3. As
the distance from the two ribs increased, elastic strain energy
density decreased rapidly. When the distance increased to
6m, the trend became stable gradually. Within the range
1.2m from the surface of the roadway, plastic strain energy
density decreased rapidly from 15.1 kJ·m-3 to about zero.
That is because plastic deformation of the roadway arises
on the two ribs. The range of plastic zone was roughly
1.2m from the roadway surface. Plastic deformation of the
roadway arose in this area, generating larger elastic strain
energy and plastic strain energy. The deformation of sur-

rounding rock outside the plastic zone decreased gradually
and the elastic strain energy decreased gradually while the
plastic strain energy was zero.

4. Roadway Surrounding Rock Control
Technology Based on Energy Transformation

Roadway is in a stable state before excavation, while stress
distribution of roadway is adjusted after excavation. Stress
concentration may occur in some positions, where a lot of
energy may accumulate. According to the energy balance
law [34–36], the accumulated energy is released substan-
tially; plastic failure may arise in surrounding rock. The
energy in this process is irreversible. The internal energy
conversion of the fully elastic rock mass can be expressed as

Wc +Um =Uc +Wr , ð7Þ

where Wc is the work done on rock mass by roadway exca-
vation stress. Um is the strain energy generated from the
excavated rock mass; Uc is the strain energy accumulated
for roadway excavation; andWc is the elastic energy released
by roadway excavation.

In the incompletely elastic roadway, Wr is approximate
constant and Um and Uc are fixed values, which are related
to the geological conditions of roadway surrounding rock.
Therefore, the internal energy transformation of incom-
pletely elastic rock mass can be expressed as

Um =Uc +Wr +Wn +Wf , ð8Þ

where Uc is the strain energy accumulated by the incom-
pletely elastic roadway excavation, Wn is the energy released
when the roadway is damaged and Wf is the energy
absorbed by the support.

Based on the energy characteristics and rock energy evo-
lution process, the control technology principle of roadway
surrounding rock stability is proposed, as is shown in
Figure 12. The first is reducing the elastic strain energy of
surrounding rock. (1) By increasing the extension amount
of the support. Part of the roadway energy is transferred to
the support body, thus improving the energy release of
surrounding rock; (2) By optimizing the layout of the road-
way. Select the positions with good geological conditions for
roadway construction, try to avoid the areas with such stress

Table 1: Mechanical parameters of surrounding rock.

Rock formation
Bulk

modulus/GPa
Shear

modulus/GPa
Cohesion/MPa

Internal
frictional angle/°

Tensile
strength/MPa

Density/kg·m-3

Medium sandstone 7.2 5.4 4.46 32 3.09 2568

Siltstone-fine sandstone interbedding 8.5 6.3 3.54 31 3.03 2640

93# coal 5.3 3.1 2.36 28 1.68 1395

Midfine sandstone 10.3 7.8 3.25 32 2.62 2608

Medium sandstone 9.5 7.3 3.89 30 4.20 2568

Fine sandstone 9.8 6.2 4.02 32 2.89 2614

None
Shear-n shear-p

Shear-p
Tension-p

Figure 9: Plastic distribution nephogram of surrounding rock.
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concentration as faults and geological structures to avoid
stress concentration, thus reducing the energy accumulation
of surrounding rock. The second is increasing the plastic
strain energy of surrounding rock by setting weak structures,
such as borehole pressure relief and other measures, to con-
sume part of the energy in the coal body, thus improving the
energy dissipation of surrounding rock.

5. Industrial Tests

5.1. Project Overview. The strike length of the right second
working surface of the 91st coal of Xinjian coal mine is
800m in depth, and the average dip length is 130m. The
average thickness of the coal seam is 1.4m and the mean
obliquity is 11°. Obliquity changes less and it tends to
become larger from the east to the west. The occurrence
of coal seam is stable and the coal type is 1/3 coking coal,
which has stable structure and clear layer structure. The
roof and floor is sandstone, which is gray and has high
hardness.

The cross section of the transport roadway is trapezoidal,
4.0m wide and the central axis height of 3.2m. Joint
anchor bolt-cable support is adopted. The anchor cable is
5.0m long, the diameter is 17.8mm and the row spacing
is 2:0m × 1:2m. The bolt is 2.4m long, with a 20.0mm
diameter and 1:0m × 1:2m row spacing. The section sup-
port diagram is shown in Figure 13.

5.2. Stability Control Scheme of Roadway Surrounding Rock.
In the actual roadway engineering, the optimization of road-
way layout is greatly limited by the geological conditions and
excavation influence, which is only applicable to the initial
stage of roadway construction. It is difficult to set weak
structures for construction, which has high requirements
for the size, height, and angle of weak structures. The energy
release in roadway surrounding rock is mostly released in
the form of deformation energy. For the roadway with
specific geological conditions, the total amount of released
energy is certain. Energy can be released on the support to
reduce the energy amount on surrounding rock. Therefore,
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Figure 10: Energy density nephogram of roadway surrounding rock. (a) Elastic strain energy. (b) Plastic strain energy.
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roadway stability control is conducted mainly in terms of
improving the energy release of surrounding rock.

5.2.1. Roadway Support Measures. (1) Control roof stability
with high-density long anchor cable. On the basis of the
original support, adjust the parameters of the support,

strengthen the supporting role of the anchor cable, and
improve the integrity of surrounding rock so that the sur-
rounding rock and the support body can form a complete
bearing structure. Adopt high density long anchor cable,
7300mm long, with a diameter of 21.8mm, whose row
spacing is 1000mm × 1000mm, arranged alternatively with

Realize the stability of roadway surrounding rock

Roadway control technology principle based on energy transformation

Reduce the elastic strain energy of surrounding rock Increase plastic strain energy of surrounding rock

Reduce energy accumulation Improve energy release Improve energy dissipation

Optimize roadway layout Increase the extension amount of the support Set weak structures

Figure 12: Roadway control technology principle based on the energy transformation.
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Figure 11: Energy change curve of ribs of roadway.
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bolts. (2) Replace the ribs bolt with the short anchor cable
with a large diameter. Due to the limitation of length, the
control range to the two ribs of the ordinary bolt is limited.
The ordinary short bolt is replaced with the short anchor
cable with a large diameter. Its length is greater than the
ordinary short bolt, which can increase the control range
of the surrounding rock on the ribs. The pretightening force
of the large-diameter anchor cable is higher than the ordi-
nary anchor cable, which can effectively control the loosen-
ing and destruction of the surrounding rock on the ribs.
The short anchor cable is 3000mm long and its diameter
is 21.8mm and row spacing is 1000mm × 1000mm

According to the above support measures, the support
parameters are designed. The support map of the optimized
roadway section is shown in Figure 14.

5.2.2. Analysis of Support Optimization. Take the ventilation
roadway in the 91st coal of Xinjian Coal Mine as the
engineering background. According to the data of the
mine, a calculation model is established. In order to
ensure the accuracy of the model, the strati parameters
are appropriately simplified. The roadway is 4.0m wide
and the central axis is 3.2m high. The dimensions of
the model are x × y × z = 40m × 20m × 30m. The consti-
tutive model adopts the Mohr-Coulomb criterion. Dis-
placement constrains are conducted on the four sides
and the bottom of the model. According to the geological
data, in suit stress σz = 10:34MPa, σx = 11:63MPa, σy =
7:15MPa is applied to the model. The mechanical param-
eters of the surrounding rock are shown in Table 2.

Figure 15 shows the energy nephograms before and after
the support optimization. The energy distribution of the roof
and floor of roadway was relatively uniform, and the energy
distribution range of the roof was slightly greater than floor.
The high energy area connection of the roadway ribs was
roughly the same as the seam inclination, and the high
energy area on the right rib was larger. Before and after the
support optimization, the maximum of elastic strain energy
decreased significantly and the maximum of elastic strain
energy of the two ribs decreased from 193.3 kJ·m-3 to
159.0 kJ·m-3, and the maximum of elastic strain energy on
the roof and floor decreased from 114.2 kJ·m-3 to 95.3kJ·m-3,
decreasing 17.7% and 16.5%, respectively. After the support
optimization, the extension amount of the support increased,
and the energy of roadway surrounding rock can be trans-
ferred to the support body. Thus, the energy release of road-
way surrounding rock improves and the elastic strain energy
is also reduced.

5.3. Validation of Effect. In order to verify the rationality of
the supporting parameters, monitoring points were selected
on the right rib, roof, and floor of the roadway to monitor
the deformation amount. They were monitored every 3 to
5 days, which lasted 60 days. The displacement change curve
of the surface before and after the roadway was optimized is
shown in Figure 16. The surface displacement amount of the
roadway before and after the optimization dropped appar-
ently. Before the optimization, the displacement amount of
the roadway surface showed a growth trend. The floor had
an obvious slowing trend while the roof and the right rib still
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Figure 13: Roadway section support map.
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had a growth trend. The maximum of roof subsidence, floor
heave and shrinkage of the right rib were 247mm, 120mm,
and 292mm, respectively. After the optimization, the
increase rate of roadway surface displacement became slow
on the whole, and the effect of floor was particularly obvious,
which gradually became stable after 45 days. Each dis-
placement amount decreased apparently: roof subsidence
decreased to 62mm, floor heave dropped to 26mm, and
right rib shrinkage dropped to 94mm.

6. Discussion

In this paper, based on elastic strain energy and plastic strain
energy, the evolution law of sandstone energy characteristics
and roadway surrounding rock energy evolution law were

obtained, respectively, through laboratory test and numeri-
cal simulation, and the stability control technology principle
of roadway surrounding rock based on energy transforma-
tion is proposed. According to the geological conditions,
the stability control of roadway surrounding rock was car-
ried out. It shows that the technique principle is suitable
for surrounding rock stability control, and the technique of
surrounding rock stability control is a supplement to
mechanics from the perspective of energy, and has a good
application prospect.

In the process of rock deformation and failure under
external force, the energy changes all the time. In this paper,
the energy evolution law of rock specimens in the process of
failure is studied by elastic strain energy and dissipation
energy, ignoring energy characteristic parameters such as

Table 2: Mechanical parameters and thickness of surrounding rock.

Rock formation
Bulk

modulus/GPa
Shear

modulus/GPa
Cohesion/MPa

Internal
frictional angle/°

Tensile
strength/MPa

Density/kg·m-3 Thickness/m

Fine sandstone4 17.2 10.4 4.46 32 2.18 2568 2.35

Siltite2 18.5 11.3 3.54 31 2.35 2640 1.09

Middle sandstone3 19.8 12.1 2.36 28 1.98 1395 4.55

Fine sandstone3 10.3 9.8 3.25 32 2.62 2608 3.2

Siltite1 19.5 11.3 3.89 30 3.20 2568 1.38

91Coal 7.4 3.5 2.38 25 1.68 1398 1.35

Middle sandstone 2 19.8 12.1 2.36 28 1.98 1395 1.56

Fine sandstone 2 10.5 9.5 3.25 32 2.62 2608 2.2

90 coal 7.3 3.4 2.19 26 1.52 1396 0.85

Middle sandstone 1 19.8 12.1 2.36 28 1.98 1395 1.0

Fine sandstone 1 10.2 9.3 3.25 32 2.62 2608 5.95
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Figure 14: Optimized roadway section support map.
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frictional dissipation energy used between cracks in the pro-
cess of energy evolution, thus there are some errors in the
description of energy evolution in the whole process of
deformation and failure.

The stability of roadway surrounding rock can be
reflected by the energy transformation of surrounding
rock. The numerical model of roadway surrounding rock
energy established in this paper is based on the elastic
strain energy and plastic strain energy of surrounding

rock, which has good application effect, but lacks the ver-
ification of field application. Therefore, the energy of road-
way surrounding rock can be quantified by combining
seismological principle.

From the perspective of energy transformation, the
principle of roadway surrounding rock stability control
technology is put forward. Due to the limitation of geolog-
ical conditions, this paper only carried out field construc-
tion aiming at improving the energy release principle of
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Figure 15: Elastic strain energy nephogram before and after optimization. (a) Original support. (b) After optimization.
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surrounding rock, and achieved good application effect. The
effect of improving the energy dissipation of surrounding
rock, reducing the energy accumulation, and the synergistic
effect of each other have not been verified in the field, so
corresponding research should be carried out.

7. Conclusion

In this paper, based on the research of the energy evolution
regularity of sandstone samples, the surrounding rock
energy numerical model was established, and then the
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Figure 16: Surface displacement curve of roadway. (a) Before the optimization. (b) After the optimization.

15Geofluids



principle of roadway surrounding rock stability control
technology is put forward. Field industrial test results show
that the control effect is good. The main conclusions are as
follows:

(1) In the process of rock deformation and failure,
the total energy increased exponentially before
the axial stress peak, mainly transferred to elastic
strain energy, accounting for about 72%~80% of
the total energy and the dissipated energy remained
18%~20%. The total energy growth rate decreased
slightly in the postpeak stage. The vast majority of
energy was transferred to dissipated energy, account-
ing for about 87% of the total energy

(2) Combined with energy transformation, put forward
the principle of roadway surrounding rock stability
control technology: one is to reduce the elastic strain
energy of surrounding rock. On the one hand, by
increasing the extension amount of support body,
part of roadway energy is transferred to support
body, thus improving the energy release of sur-
rounding rock. On the other hand, by optimizing
roadway layout, stress concentration is avoided and
energy accumulation of surrounding rock is reduced.
The second is to increase the plastic strain energy
of surrounding rock, that is, to increase the energy
dissipation of surrounding rock by setting weak
structure

(3) After the optimization of support measures, the
roadway surface displacement and its increase rate
decreased significantly, roof subsidence decreased
from 247mm to 62mm, floor heave decreased from
120mm to 26mm, and the right rib shrinkage
decreased from 292mm to 94mm, that is, the floor
heave control effect was particularly obvious. The
deformation of surrounding rock gradually stabilized
after 45 days
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Mining under the sea is a challenging task in China. Affected by blasting, tunneling, and other engineering disturbance,
surrounding rock is often in a state of cyclic loading and unloading stress. In this study, in order to investigate the effect of
cyclic loading and unloading on the deformation and damage characteristics of sandstone underneath the Bohai Sea, the GCTS
test machine is used to conduct cyclic loading and unloading tests on sandstone. The results show that under cyclic loading
and unloading compression, the stress-strain curves of sandstone form a hysteresis loop. The axial residual deformation first
decreases, then increases with the increase of cycle number and unloading stress level. Both the circumferential residual strain
and volumetric residual strain decrease with the increase of cycle number and unloading stress level. The axial elastic
deformation increases with the increase of the cyclic number and cyclic load. The volume deformation first increases, then
decreases, and the circumferential strain gradually decreases. In the process of cyclic loading and unloading, the loading elastic
modulus gradually increases. Affected by damage, the unloading stress difference of sandstone initially increases with the
increase of cycles. Next, the effects of cycle number and unloading stress level on the damage parameters of sandstone are
analyzed. Before brittle failure of the specimen, the absolute damage parameters of axial, circumferential, and volume show an
increasing trend, and the increase rates of circumferential damage parameters and volume damage parameters suddenly
increase, which is also the precursor of the sandstone specimen’s instability failure.

1. Introduction

In the process of underground coal mining, the surrounding
rock of roadway of the working face is mostly affected by
various mining-induced stresses. Some accidents, including
rock burst and environmental problems, have been caused
by underground coal mining [1–5]. In addition, its deforma-
tion behavior, strength characteristics, and failure mode are
essentially different from those under conventional uniaxial
and triaxial loading [6, 7]. Affected by mining and blasting,
roadway surrounding rock is often in a state of cyclic loading
and unloading stress. For these reasons, exploring the
change of rock mechanical parameters under cyclic loading

and unloading is of great significance for safe and efficient
coal mining and mine disaster prevention.

Cyclic loading and unloading tests are typically used to
study the fatigue and damage characteristics of materials.
The existing experimental research has confirmed that the
mechanical properties of rocks under cyclic loading and
unloading differ significantly from those under monotonic
loading [8–11]. Zoback and Byerlee [12] conducted cyclic
loading and unloading tests on Westerly granite and
observed that the dilatancy point of rock was not affected
by the number of cycles under the confining pressure of 50
to 200MPa. Elliott and Brown [13] studied recoverable
deformation and unrecoverable deformation of rock under
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cyclic loading and unloading and distinguished elastic and
plastic components of rock. Singh [14] studied the fatigue
characteristics and strain hardening phenomenon of sand-
stone and found that when the fatigue stress amplitude was
reduced, the fatigue life of rock increased, and the higher
the number of cycles, the greater the proportion of strain
hardening. Yoshinaka et al. [15] carried out cyclic loading
and unloading tests on Ohya tuff, Yokohama sandstone
and mudstone, and Kobe mudstone and sandstone. They
also analyzed the deformation behavior, and dilatancy char-
acteristics of these four soft rocks were analyzed. It was
found that the deformation modulus was exponentially
related to plastic strain, and the relationship model between
internal friction angle and dilatancy angle and plastic strain
was given. Li et al. [16] studied the fatigue damage character-
istics of frozen rock containing cracks, obtained the fatigue
failure law of frozen rock, and pointed out that the fatigue
effect of rock containing cracks is stronger than that of intact
rock under freezing conditions. Bagde and Petroš [17] car-
ried out uniaxial cyclic loading and unloading tests on sand-
stone and studied the influence of loading frequency on
mechanical parameters. It is considered that Young’s modu-
lus, secant modulus, and uniaxial compressive strength
increase with the increase of loading frequency. Zhou et al.
[18] studied the mechanical properties of red sandstone
under cyclic loading and found that the fatigue life of red
sandstone decreased first and then increased with the
increase of loading frequency and lower limit load ratio. It
can be seen that cyclic loading has a significant effect on
the damage of rock.

In terms of rock deformation and strength characteris-
tics under cyclic loading and unloading, Fuenkajorn and
Phueakphum [19] carried out cyclic loading and unloading
tests on rock salt and analyzed the influence of cycle times
on the strength and elastic behavior of rock salt. The results
showed that the compressive strength of rock salt decreased
with the increase of cycle times. In the early cycle, the elastic
modulus first decreased, then remained basically unchanged
until failure. Liu et al. [20] studied the deformation and fail-
ure characteristics of sandstone under cyclic loading and
unloading. The test results showed that the axial strain of
sandstone under cyclic loading and unloading was larger
than that under static loading when dilatancy occurred.
The sandstone mainly underwent shear failure. Compared
with static loading, the local failure shear band under cyclic
loading was wider. Using triaxial cyclic loading and unload-
ing tests, Wang et al. [11] studied the mechanical properties
of granite. In the volumetric compression stage, axial resid-
ual strain and volumetric residual strain decreased with the
increase of cycles, while the deformation modulus gradually
increased. However, in the volumetric dilatancy stage, with
the increase of cycles, the axial residual strain and volumet-
ric residual strain gradually increased, and the deformation
modulus gradually decreased. Qiu et al. [21] studied the
damage characteristics of marble based on irreversible defor-
mation and considered that the damage increased with the
increase of confining pressure unloading increment. Zhang
et al. [22] carried out triaxial cyclic loading and unloading
tests on mudstone with different bedding angles and ana-

lyzed the influence of plastic deformation on the inelastic
deformation of anisotropic mudstone. They considered that
the elastic modulus was negatively correlated with the cumu-
lative plastic strain, while Poisson’s ratio was opposite. Yang
et al. [23, 24] carried out triaxial cyclic loading and unload-
ing tests on sandstone and marble, respectively. They found
that the strength of sandstone under cyclic loading and
unloading was higher than that under monotonic loading
at low confining pressure, and the strength was basically
equal when the confining pressure exceeded 20MPa. Before
the peak, the axial damage was larger than the circumferen-
tial damage, while after the peak, the circumferential damage
was larger than the axial damage. They also found that
with the increase of cycles, the elastic strain of marble first
increased, then decreased, and the plastic strain showed a
nonlinear growth trend. Meng et al. [25] carried out uni-
axial cyclic loading and unloading tests on red sandstone
and analyzed the acoustic emission and energy characteris-
tics. It was found that the number of acoustic emissions
reached the maximum at each peak of cyclic stress, and
the energy density increased with the increase of loading
stress. Song et al. [26, 27] studied the deformation field
and damage evolution of sandstone under cyclic loading
and unloading by the digital image correlation method.
The results showed that the damage of rock can be
reflected by the maximum tensile strain on the surface of
the sample. When the cyclic load reached the critical
value, the cumulative damage of rock would evolve into
a high local damage area corresponding to the macro-
scopic failure crack of rock, resulting in rock failure. Wang
et al. [28] investigated the characteristics of rock deforma-
tion and failure under cyclic loading and unloading and
found that compared with the uniaxial compression test,
cyclic loading and unloading had a certain strengthening
effect on the strength of the rock samples.

In summary, many studies have focused on the deforma-
tion, damage, and strength characteristics of rock under
cyclic loading and unloading and have achieved good results.
However, there have been few studies on mechanical proper-
ties of surrounding rock in seabed mining. Based on this, in
this study, taking sandstone as the research object, the failure
mechanics test of sandstone under cyclic loading and
unloading is carried out by the GCTS testing machine, and
the deformation damage characteristics of sandstone under
cyclic loading and unloading are analyzed. The research
conclusions provide theoretical reference for the failure
behavior and stability analysis of surrounding rock in seabed
mining.

2. Test Overview

2.1. Test Sample. The rock used in the test is sandstone,
which is taken from the Beizao Coal Mine in the Longkou
Mining Area, Shandong Province. The buried depth is
approximately 400m. The sandstone in the roof of coal 4
is layered light gray and white, with an average thickness
of 68.02m. According to X-ray diffraction test results, the
sandstone material is composed of 33.97% quartz, 24.28%
albite, 5.290% white mica, 16.98% dolomite, 2.100% calcite,

2 Geofluids



and 17.38% kaolinite. The porosity of the sandstone material
is approximately 9.1%, with a coarse grain size varying from
0.25 to ~1mm.

After drilling, sawing, and grinding, the sandstone was
processed into a cylinder sample with a diameter of 50mm
and a height of 100mm. In the machining process, it was
ensured that the two ends of the sample are parallel and
smooth without large scratches. The nonparallel degree of
the two ends is greater than 0.01mm, and the diameter devi-
ation of the two ends is not greater than 0.02mm, so as to
make the two ends of the sample meet the requirements of
the measurement method. The basic mechanical properties
of the sandstone have been investigated in Ref. [29]. The
respective uniaxial compressive strength and elastic modulus
of the sandstone are approximately 23.35MPa and 8.32GPa.

2.2. Test Scheme. The test equipment adopts the GCTS RTR-
1000 rock triaxial test system of the State Key Laboratory of
Coal Resources and Safety Mining of China University of
Mining and Technology (Beijing). The GCTS RTR-1000
rock triaxial test system is a closed-loop digital servo control
device, which can be used for simple and rapid uniaxial
loading test and seepage test of rock samples. The stress-
strain curve of rock and a series of mechanical parameters

such as elastic modulus, Poisson’s ratio, and compressive
strength can be measured. The maximum axial load is
1000 kN, the stiffness is 1750 kN/mm, the maximum confin-
ing pressure is 140MPa, and the resolution is 0.01MPa. The
pressurization device is a double piston pressurization sys-
tem. The axial and circumferential deformations of the rock
samples are tested by a 5mm extensometer.

The axial strain control is used in the process of cyclic
loading and unloading, and the loading and unloading rates
are 0.02%/min. The interval between each cycle is controlled
by strain, which is 0.03%. The loading and unloading
scheme is as follows: 0→0.03%→0→0.06%→0→0.09%…
until failure is reached.

3. Test Results

3.1. Stress-Strain Curves of Sandstone under Cyclic Loading.
The stress-strain curves of the sandstone under uniaxial
cyclic loading and unloading are shown in Figure 1. It can
be seen from the axial stress-axial strain curve that the post-
peak curve of sandstone has no obvious strain softening
stage, thus forming a typical type II curve. Figure 2 shows
the failure modes of sandstone specimens under uniaxial
cyclic loading and unloading compression. Compared with
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Figure 1: Complete stress-strain curves of sandstone under cyclic loading: (a) UC-C-1; (b) UC-C-2.
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Figure 2: Failure modes of the sandstone specimens: (a) UC-C-1; (b) UC-C-2.
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the failure modes of the sandstone under conventional uni-
axial and triaxial compression in Ref. [30], under the cyclic
loading and unloading compression, the cracks of the sand-
stone specimens increase obviously.

The calculation method of deformation parameters of
sandstone is shown in Figure 3. Figure 3(a) shows the ninth
cycle of the axial stress-axial strain curve of sandstone UC-
C-1, while Figure 3(b) shows the ninth cycle of the axial
stress-radial strain curve of sandstone UC-C-1. It can be
seen from Figure 4 that each cyclic sandstone forms a hyster-
esis loop, which is mainly due to the internal microcracks.
The distance between the loading starting point and unload-
ing end point is an irreversible strain, namely, residual
strain. Among them, εri1 and εri3 are the axial and circumfer-
ential residual strains, respectively. The deformation under
the unloading curve is recoverable deformation, namely,
elastic strain, where εei1 and εei3 are the axial and circumferen-
tial elastic strains, respectively. The sum of the residual
strain and elastic strain is the deformation under the loading
curve under this cycle, namely, the total strain, where εi1 and
εi3 are the axial and circumferential total strains under this
cycle, respectively. The elastic modulus is the slope of the
straight line of the loading and unloading curve. The elastic
moduli of loading and unloading are expressed by Ei

L and E
i
U

, respectively.

4. Discussion

4.1. Effect of Cycles on Sandstone Deformation

4.1.1. Relationship among Residual Strain, Elastic Strain, and
Number of Cycles. The residual deformation and elastic
deformation of sandstone under different cycles are shown
in Figure 5. Figure 5(a) shows the relationship between
residual strain and cycles, while Figure 5(b) shows the rela-
tionship between elastic strain and cycles. The total strain
of sandstone under each cycle is the sum of the cyclic elastic

strain and residual strain. The ratios of residual strain, elastic
strain, and total strain are shown in Figures 5(c) and 5(d),
where Rr

1 and Re
1 are the ratios of axial residual strain and

axial elastic strain to total strain, respectively. The ratios of
circumferential residual strain and circumferential elastic
strain to total strain can be expressed as Rr

3 and Re
1.

It can be seen from Figure 5(a) that the axial residual
strain first decreases and then increases with the increase
of cycles. The residual strains of specimens UC-C-1 and
UC-C-2, respectively, reach the minimum values at the tenth
and seventh cycles, namely, 0:042 × 10−3 and 0:062 × 10−3.
Both the circumferential residual strain and volumetric
residual strain decrease with the increase of cycles. With
the continuous increase in the number of cycles, the
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Figure 3: Calculation method of deformation parameters of sandstone under cyclic loading: (a) axial strain; (b) radial strain.
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microcracks in the sandstone first produce a closure effect,
resulting in the axial residual strain gradually decreasing.
Then, with the continuous increase in the graded load, the
stress concentration occurs at the tip of the microcracks;
then, the crack initiation and propagation occur, thus result-
ing in the gradual increase of the irreversible deformation.

It can be seen from Figure 5(b) that with the increase of
cycles, the axial elastic strain showed a linear growth trend
before the peak. The circumferential elastic strain decreases
with the increase of the number of cycles, and the decreasing
rate increases gradually. In the first six cycles, the volumetric
elastic strain of sandstone increases linearly with the number
of cycles. Then, with the number of cycles, the increase rate

of volumetric elastic strain gradually decelerates. The bulk
elastic strain of UC-C-1 and UC-C-2 samples reaches the
maximum value after the tenth and ninth cycles, namely,
1:185 × 10−3 and 1:165 × 10−3, respectively. Then, with the
increase of cycles, the volume elastic deformation gradually
decreases.

Figure 5(c) illustrates the relationship among the Rr
1, R

r
3,

and cycle times of specimens UC-C-1 and UC-C-2. It can be
seen that, with the increase of cycle times, the Rr

3 decreases
gradually. For example, specimen UC-C-1 sample reaches
the minimum in the tenth cycle and then increases gradually
with each cycle. The relationship between Rr

3 and cycle times
first decreases, then increases. Among them, specimens UC-
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Figure 5: Residual (elastic) strain and their ratios of sandstone under uniaxial cyclic loading-unloading compression: (a) residual strain,
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C-1 and UC-C-2 reach the minimum at the fourth and fifth
cycles, respectively, and then gradually increase. Figure 5(d)
shows the relationship among Re

1, R
e
3, and the number of

cycles. It can be seen that Re
1 increases gradually with the

increase of cycles. On the contrary, Re
3 first increases, then

decreases.
During the cyclic loading and unloading process, due to

the gradual closure of the primary crack, the axial residual
strain gradually decreases, and the ratio of residual strain
to total strain gradually decreases. Then, with the increase
of the cyclic load, the stress concentration occurs at the tip
of the original crack, and the crack initiation occurs, result-
ing in the increase of the axial residual strain.

4.1.2. Relationship between Loading and Unloading Elastic
Modulus and Cycles. The relationship between the loading
and unloading elastic modulus of sandstone and the number
of cycles under cyclic loading and unloading is shown in
Figure 6. It can be seen from the figure that, with the
increase of cycles, the loading elastic modulus increases
gradually. Specimen UC-C-1 reaches the maximum value
of 8.965GPa at the tenth cycle, while specimen UC-C-2
reaches the maximum value of 10.48GPa at the eleventh
cycle, then begins to decrease.

The loading elastic modulus gradually increases. This is
mainly because, in the process of cyclic loading, the micro-
cracks inside the rock gradually close, and the rock matrix
bears large deformation, resulting in the elastic modulus
gradually increasing. In the early stage of loading, the
unloading elastic modulus of specimen UC-C-1 gradually
decreases, but overall, the relationship between the unload-
ing elastic modulus and the number of cycles is not obvious,
and its value changes little.

4.2. Effect of Unloading Stress Level on Deformation. The
unloading stress level refers to the starting point when each
cyclic stress begins unloading. The unloading stress differ-
ence refers to the difference between the unloading stress
level of this cycle and that of the previous cycle, which is
expressed as follows:

Δσiu = σi+1u − σiu: ð1Þ

In the formula, σi+1u is the unloading stress level of the
i + 1-th cycle, σiu is the unloading stress level of the i-th
cycle, Δσi

u is unloading stress difference, and i is the num-
ber of cycles. The magnitude of unloading stress difference
can reflect the damage degree of rock samples during
cyclic loading and unloading. The unloading stress differ-
ence gradually decreases, indicating that the rock con-
tinues to undergo damage. The smaller the unloading
stress difference, the greater the damage will be.

The unloading stress level and unloading stress differ-
ence of sandstone in each cycle are shown in Figure 4. It
can be seen from the figure that, with the increase of the
number of cycles, the unloading stress level increases gradu-
ally. The UC-C-1 and UC-C-2 samples reach the maximum
value in the 12th cycle, which are 19.23MPa and 19.78MPa,
respectively. Then, the failure occurs in the 13th cycle, and

the peak values are 18.31MPa and 19.36MPa. The unload-
ing stress difference of specimens UC-C-1 and UC-C-2 ini-
tially increases with the increase of cycles and reaches the
maximum value at the ninth and tenth cycles, respectively,
i.e., 2.303MPa and 2.635MPa. After that, with the continu-
ous action of the cyclic load, the unloading stress difference
gradually decreases, reaching a negative value in the 13th
cycle.

Figure 7 illustrates the relationship between the unload-
ing stress level and deformation parameters of sandstone
under cyclic loading and unloading. It can be seen from
Figure 7(a) that, with the increase of the unloading stress
level, the axial residual strain gradually decreases. Then,
when the unloading stress levels of UC-C-1 and UC-C-2,
respectively, reach 16.25MPa and 18.58MPa, the axial resid-
ual strain begins to increase. The circumferential residual
strain and volume residual strain decrease with the increase
of the unloading stress level, and the decrease rate increases
gradually. With increase of the cyclic number, the stress
unloading level increases and the damage of the sandstone
will be more server. And it produces more internal cracks
in the sandstone. These cracks are residual deformation.
Therefore, with the increase of the cyclic number, circumfer-
ential and volume deformations increase.

The influence of the unloading stress level on the axial
elastic strain is shown in Figure 7(b). It can be seen that
the axial elastic strain is positively correlated with the
unloading stress level. With the increase of the unloading
stress level, the circumferential elastic strain gradually
decreases, and the reduction rate gradually increases.

4.3. Damage Evolution Law of Sandstone under Cyclic
Loading and Unloading. Damage refers to the deterioration
process of materials or structures caused by mesostructural
defects, which is manifested as the weakening of cohesion
of materials and even the destruction of volume elements
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under external loads. It is an irreversible process of energy
dissipation. Eberhardt et al. [31] proposed the following
method for calculating damage parameters suitable for the
cyclic loading and unloading process:

ωax =
εri1

∑n
i=1ε

ri
1
,

ωlat =
εri3

∑n
i=1ε

ri
3
,

ωvol =
εriv

∑n
i=1ε

ri
v
,

ð2Þ

where ωax, ωlat, and ωvol are the axial, circumferential,
and volumetric strain damage parameters, respectively,
which are the absolute damage parameters under each cycle,
and n is the number of loading and unloading cycles.

The relationship between the damage parameters of
sandstone and unloading stress level under cyclic loading
and unloading is shown in Figure 8. In the figure, Tax, T lat,
and Tvol are the axial, circumferential, and volume cumula-
tive damage parameters, respectively. Their values are the
sum of all the absolute damage parameters under a certain
cycle. For example, the cumulative damage parameters of
the sixth cycle are the sum of the absolute damage parame-
ters of these six cycles. Taking UC-C-1 as an example, it
can be seen from Figures 8(a) and 8(c) that, with the increase
of the unloading stress level, the axial absolute damage
parameter ωax of sandstone first decreases gradually, reaches
the minimum value after about 16MPa, then increases. The
circumferential absolute damage parameter ωlat of sandstone
first gradually decreases, reaches the minimum value after
4MPa, then gradually increases, and the increase rate is

accelerated, indicating that the sandstone will soon fail.
The volume absolute damage parameter ωvol of sandstone
first decreases, then increases with the increase of the
unloading stress level. When the unloading stress level is
about 12MPa, it reaches the minimum, then increases, and
the increase rate gradually accelerates. The absolute damage
parameters of sandstone specimen UC-C-2 are similar to
those of specimen UC-C-1. Based on the same phenomenon
of sandstone specimens UC-C-1 and UC-C-2, it can be con-
sidered that during the cyclic loading and unloading, the
absolute damage parameters (including axial, circumferen-
tial, and volume) of sandstone first decrease and gradually
increase with the increase of unloading stress level, and the
increase rate gradually increases. The main reason for this
is that the rock itself undergoes initial damage, including a
large number of primary cracks or pores and other defects.
In the early stage of loading, the load bears a compaction
effect on the microcrack inside the rock. The cracks gradu-
ally close, and the initial damage decreases; thus, the abso-
lute damage parameter of the rock first decreases. Then,
with the gradual increase of the graded load, the stress con-
centration occurs at the tip of the microcracks inside the
rock, after which the crack initiation and propagation occur.
The damage to the rock increases; thus, the absolute damage
parameter of the rock begins to increase before the failure.

It can be seen from Figures 8(b) and 8(d) that with the
increase of the unloading stress level, the cumulative damage
parameters of specimens UC-C-1 and UC-C-2 have similar
laws. Taking specimen UC-C-1 as an example, the axial
cumulative damage parameter Tax of sandstone increases
with the increase of the unloading stress level, but the
increase rate first increases, then decreases. The relationship
between the circumferential cumulative damage parameter
T lat of sandstone and the unloading stress level exhibits
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obvious nonlinearity; i.e., with the increase of the unloading
stress level, T lat increases nonlinearly. With the increase of
the unloading stress level, the variation of cumulative dam-
age parameter Tvol of sandstone can be divided into three
stages. The first is the slow growth stage, the cycle number
of which is 1~5, and Tvol gradually increases, but the
increase rate gradually decelerates. The second stage is sta-
tionary, and Tvol basically remains unchanged with the
increase of the number of cycles, which are 0.32 (UC-C-1)
and 0.17 (UC-C-2); the third stage is the accelerated damage
stage, in which, with the increase of the unloading stress
level, the increase rate of Tvol gradually increases and almost
increases vertically.

The relationship between the absolute damage parame-
ters and cumulative damage parameters of sandstone under
cyclic loading and unloading and the number of cycles is
shown in Figure 9. It can be seen from the figure that the
damage parameters of UC-C-1 and UC-C-2 are basically
consistent with the evolution trend of cycles. The axial abso-
lute damage parameter ωax of sandstone first shows a
decreasing trend with the increase of cycles, but the decrease
is not obvious; then, it begins to increase. The circumferen-
tial absolute damage parameter ωlat of sandstone increases
with the increase of cycles, thus indicating that the circum-
ferential residual deformation increases with the loading
and unloading cycles. With the increase of cycles, the
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Figure 8: Damage parameters of sandstone with different unloading stress levels: (a) absolute damage parameter of UC-C-1; (b)
accumulated damage parameter of UC-C-1; (c) absolute damage parameters of UC-C-2; (d) accumulated damage parameters of UC-C-2.
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variation law of the absolute volume damage parameter ωvol
of sandstone can be divided into two stages. The first is the
gradual decrease stage, at which time the ωvol gradually
decreases with the increase of the cycle number. Among
them, specimen UC-C-1 reaches the minimum in the eighth
cycle, while specimen UC-C-2 reaches the minimum in the
seventh cycle; the respective values are 0.0019 and 0.0015.
Then, ωvol gradually increases with the increase of cycles,
and the respective maximum absolute volume damage
parameters of UC-C-1 and UC-C-2 are 0.381 and 0.507.

Comprehensively viewing Figures 8 and 9, it can be seen
that the absolute and cumulative damage parameters of the
axial, circumferential, and volume show increasing trends
before brittle failure occurs. In addition, the increase rate
of circumferential damage parameters and volume damage
parameters suddenly increases, which is also the precursor
of instability failure of the sandstone specimens. In the
underground coal mine, the instability failure of surround-
ing rock may induce roof fall, rock burst, coal bump, or
other accidents. Therefore, we must figure out the cyclic
loading properties of the sandstone to give some references
for supporting the roadway.

5. Conclusions

(1) Under cyclic loading and unloading, the cyclic
stress-strain curve forms a hysteresis loop due to
the influence of microcracks in sandstone. In the
early stage, due to the closure of microcracks in
sandstone, the axial residual deformation decreases
with the increase of the number of cycles and
unloading stress level. Then, with the increase of
the grading load, the stress concentration at the tip
of the primary crack occurs, and the crack initiation
occurs, resulting in the axial residual deformation
gradually increasing. The circumferential residual
strain and volume residual strain bear a decreasing
trend with the increase of the cycle number and
unloading stress level; i.e., with the increase of the

cycle number and unloading stress level, the circum-
ferential residual deformation and volume residual
deformation gradually increase. The axial elastic
deformation increases with the increase of the cyclic
number and cyclic load. The volume deformation
first increases, then decreases, and the circumferen-
tial strain gradually decreases

(2) During the cyclic loading process, the microcracks
inside the rock gradually close, and the rock matrix
undergoes large deformation. Therefore, during the
cyclic loading and unloading process, the loading
elastic modulus gradually increases. Affected by
damage, the unloading stress difference of sandstone
initially increases with the increase of cycles. The
effects of the cycle number and unloading stress level
on the damage parameters of sandstone are ana-
lyzed. Prior to the brittle failure of the specimen,
the absolute damage parameters of axial, circumfer-
ential, and volume exhibit an increasing trend, and
the increase rates of circumferential damage param-
eters and volume damage parameters suddenly
increase, which is also the precursor of instability
failure of the sandstone specimen
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Based on the compound soft rock movement law, the rock formation structural features for a mining roadway were examined.
Furthermore, the presplitting, extension, and coalescence mechanism of rock formation and the engineering needs for reusing
an abandoned underground roadway were studied. According to engineering and geological conditions, an analytic expression
of the inertial force, the moment of inertia, and the vertical stress acting on the breakage are obtained by constructing a
structural mechanical model of the overlying strata. The transfixion law, the tensile shear failure characteristics, the release rate
in the fracture expansion process of presplitting fissures, and the evolution law of the plastic zone in reused roadway
surrounding rock on conditions of 0m, 0.5m, 1m, 1.5m, and 2m fissure intervals are analyzed by creating a three-
dimensional numerical model. The stress distribution and deformation laws of the roadway under mining disturbance are
obtained. The results show that when the fissure interval is 1m, the peak value of the horizontal stress reaches 10~12MPa, and
the stress concentration factor is 1.8~2.2, which promotes fracture expansion and transfixion and controls plastic damage
development on both sides of a fracture. The elastic strain energy of the reused roadway is reduced to 32.7% of the peak value.
The deformation of the roof is coordinated and deformed. It is helpful for the compound soft rock strata to fall and plug the
area, forming a stable composite reused roadway surrounding the rock structure. A 1m presplitting fissure interval is adopted
for field testing, and the monitoring results show that 0~3.0m behind the mining face, presplitting fissures will be connected
and begin to fall. Moreover, 3.0~6.0m behind the mining face, compound soft rock strata will fall and plug the area fully,
forming a reused roadway structure. Severe deformation of reused roadway was reduced, and the stability of surrounding rock
was improved by implementing the roof presplitting approach.

1. Introduction

In China, coal resources are dominated by underground
mining and result in large abandonment problems in under-
ground spaces such as roadways or underground chambers.
These areas are of widespread concern while satisfying the
rapid development of social economy requirements. Aban-
doned underground spaces waste resources and bring hid-
den dangers such as water bursts, gas outbursts, and strong

mine pressures [1–3]. For the resource development of adja-
cent areas, a series of environmental problems such as
ground subsidence may also occur. Therefore, it is undoubt-
edly the best solution to solve the above problems by taking
full advantage of existing abandoned underground spaces
according to local conditions to perform afterheat reuse of
the abandoned underground spaces [4, 5]. The abandoned
underground spaces of mines include two parts: the leftover
and abandoned roadways of the production mine and the
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underground mine chamber. Mines are equipped with pro-
duction systems such as transport, aeration, and pedestrian
conditioning systems. Use of the abandoned underground
space will more effectively take full advantage of the service
functions of every mine production system on the basis of
good production and safety. The abandoned roadway and
chamber systems in the last mining section can be used as
a warehouse for storing production materials or a provi-
sional substation, and water storage increases the use ratio
of resources and the length of mine service and reduces envi-
ronmental pollution. Reused roadways are different from the
general mining roadways in that one side lateral wall of the
reused roadway is coal-rock mass, while another side is
gob, which includes large deformations in the surrounding
rock. The superimposed stress of double roadway mining
and the adjacent slope is held up by the gob, supporting tre-
mendous mine ground pressure, and is extremely compli-
cated engineering technology [6, 7]. The stability of the
surrounding reused roadway rock depends on the degree
of stress concentration during mining, and the stress con-
centration also depends on factors such as the top and bot-
tom mining coal seam slate structure and its mechanical
properties and the roof structure after caving. To ensure
the stability of the surrounding reused roadway rock, the
supporting design and high safety factor and the size and
strength enhancing the support inside or adjacent to the
roadway are generally adopted [8]. The expected effect is
hard to achieve due to the influence of normal production
and safety, and they cause unnecessary economic losses
[9]. Meanwhile, coal seams with a compound soft roof are
widely found; each rock formation is small in thickness with
joint and fracture development. There are weak bond forces
and low overall strength among rock formations and lower
overall strength, so separation rock formations become
larger under the surrounding rock pressure. The pressure
could easily cause inbreak, and it is hard to form a bearing
structure. Thus, there are greater stability requirements for
the surrounding reused roadway rock [10, 11].

To solve the above problems, automatic broken roof
stowboard technology is developed from compound soft
rock, which simplifies the retained roadway technique,
improves the retained roadway efficiency, and provides reli-
able technical support for taking full advantage of the
remaining abandoned underground space. In the above
technical system, the advance presplitting of the roof forma-
tion is an important step [12, 13], since continuous
advanced presplitting of the roof on one side of the roadway
along with the mining side is required, and the length of the
presplitting fissure is up to 1,000 meters. Meanwhile, the
influence on mining must be taken into consideration. Thus,
there are stringent requirements on the time and structure of
advanced presplitting. As a key parameter of roof presplit-
ting, the presplitting fissure intervals have a significant influ-
ence on the stress distribution of the roadway surrounding
rock, the roof cutting result, and the falling position and
state [14]. The intervals become a key factor of whether
the reused roadway plays a normal role. In the paper, the
5# coal seam with a compound soft rock roof of the mining
area in Linfen, Shanxi, was selected to study the propagation

and coalescence effect of rock presplitting fissure and the
stress and deformation law of surrounding rock. Addition-
ally, the plastic zone distribution characteristics of the reused
roadway presplitting rock fissure under different presplitting
rock fissure intervals were analyzed to provide a basis for the
stability of the surrounding reused roadway rock.

2. Study on the Reused Roadway
Stratum Structure

2.1. Engineering Background. The coal seam 5# at a mine has
an average thickness of 2m, belonging to medium-thickness
coal seams. As shown in the geology columnar Figure 1, the
immediate roof stratum of the coal seam is black mudstone
with the average thickness of 3.3m, weak carrying capacity,
and crushing and abscission of strata are liable to occur. The
main roof stratum is sandy mudstone with the average thick-
ness of 3.1m, with good stability, and having direct impact on
the roadway pressure. The main roof stratum has sandy mud-
stone with the average thickness of 7.7m at the top. The over-
lying rock of coal seam 5# is the thick-stratum soft compound
rock strata, mainly mudstone strata and sandy mudstone
strata. It has low strength and weak carrying capacity. Under
the effect of mining disturbance, fracture development and
severe deformation may occur (Figure 2), so the roadway is
hard to maintain. In order to make full use of abandoned
roadway in the 5203 mining face, the air return roadway of
the 5203 mining face as air return roadway is near the 5205
working face, and the transport roadway for the production
material storage warehouse is in 52 mining section.

2.2. Analysis of Presplitting Structure of Composite Soft Rock
Strata. The gob side of the compound soft rock roof is bro-
ken to cut the connection of the roadway roof and the over-
lying rock on the gob side. This process also shortens the
hanging length of the roof rock beam at the roadway gob
and weakens the superimposed pressure caused by mining
disturbances. Meanwhile, under the effect of its own gravity,
the overlying rock pressure, and the mining disturbance, the
compound soft rock strata will be cut along the presplitting
fracture. Using the bulking collapsed rock characteristics,
the roadside gob is filled to form the retained roadway of
the gangue wall, and contact is made with the overlying sta-
ble rock. The bearing structure is formed at the area of gob
side to support the overlying rock pressure and form a coor-
dinated control structure of the roadway surrounding rock
by “roof breaking+pressure releasing+filling with collapsed
rock,” as shown in Figure 3.

The roof presplitting will weaken the boundary con-
straint of A, as shown in Figure 3(a).

The curvature of the compound soft rock formation
group axis after deformation appeared as follows [15]:

1
ρ
= M0
EIz

: ð1Þ

M0 is the bending moment of the compound soft rock
under the mine pressure effect, E refers to the rock forma-
tion elasticity modulus, and Iz is the rock formation inertia
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moment; among them, EIz is the flexural rigidity of the rock
formation. At the time of rock formation presplitting, the
roof flexural rigidity EIz reaches a maximum; as the presplit-
ting fissure interval decreases, the controlling effects of the
surrounding rock formation on the gob roof formation
diminish, the sinking bending becomes obvious, the curva-
ture increases, and when the presplitting fissure interval is
0, that is, when the presplitting fissure is mutually con-
nected, the flexural rigidity is minimal. If the weakening
degree of the rock formation flexural rigidity after presplit-
ting is large, M0 drops rapidly, and compound soft rock will
undergo drastic bending, subsidence, and reversal falling.
The lower rock formation as well as the overlying and com-
paratively complete rock formation cannot deform synchro-
nously and coordinately, or the dynamic loading effect will
occur and threaten the surrounding roadway rock stability.
If the weakening degree of the rock formation flexural rigid-
ity after presplitting is small, the compound soft rock cannot
break along the fissure in time, the roof exposed area
increases, the stress concentration occurs on the solid coal-
rock side of the roadway, and the plastic damage scope of
the surrounding rock increases. Hence, the optimizing fis-
sure width parameter can control the rock formation struc-
ture, the caving position, and the presplitting roof state;
improve stress conditions of the roadway surrounding rock;
and ensure the stability of the reused roadway.

The compound soft rock strata fall along the presplitting
fissure and form the supporting structure in the gob side of
the reused roadway, as shown in Figure 2(b). The upper sta-
ble rock B will rotate and bend at point O, and the support
strength of the filling support structure for the high top plate
B is as follows [16, 17]:

E ⋅ l − að Þ ⋅ sin θ = P0, ð2Þ

where E is the caving gangue supporting elasticity modulus;
P0 is the loose gangue strength; θ is the upper rock forma-

tion angle; l is the suspended roof length, basically being
the same as that of the periodic fracture of the rock stratum
and could be monitored on field; and a is the roadway width.
It is known from Equation (2) that when the angle is larger,
the holding power borne by the filled rubble is larger, and
the cantilever beam caves easily on the kerf after presplitting,
which effectively reduces the acting force of the upper rock
formation bending deformation on the caving support and
enhances the stability of the reused roadway surrounding
rock structure.

IB is the moment of inertia of the upper stable rock B. lB
is the hanging length of rock B on the gob side. α0 is the
rotational acceleration of rock B. The inertia force FB and
inertia moment of couple MB acting on the base point O
are [18, 19]

FB =mα0 =m
lB
2 α,

MB = JBα =
1
3ml2Bα,

ð3Þ

whereαo = ðL/2ÞαandqðxÞis the equation of vertical load dis-
tribution for rockBand is the vertical shear stress of the key
blockBat the gob side. According to the force balance in
the vertical direction, the vertical force FO acting on B at O
point is

FO = f o +
ðl
0
q xð Þdx +mg −

αmlB
2 : ð4Þ

Therefore, when the compound soft rock strata are fall-
ing, the dynamic pressure of the upper strata B causes the
rapid pressurization of the support structure collapse and
is one of the key factors affecting the stability of surrounding
rock of the reused roadway.

B

q(x)

Reuse
roadway

M0

O Pre-splitting line

A

𝜃

(a) Before roof presplitting

Reuse
Roadway

The falling rock
in gob

(b) After roof presplitting

Figure 3: Mechanical model of the presplitting structure of compound soft rock strata.
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2.3. Determination of Roof Breaking Height. The height of
rock stratum caving after compaction will depend on the
bulking coefficientKp of the rock. The rock caving at the
roof soft rock caving zone in the working face is irregular.
After recompaction, the loosening coefficient is low and
the residual breaking expansion coefficient Kp is taken as
1.2 [20]. When the caving thickness of the overlying rock
stratum is ∑h, the accumulation height after caving is
Kp∑h. The possible gap remaining with the overlying sta-
ble rock stratum is [21, 22]

Δ =〠h +M − Kp〠h =M−〠h Kp − 1
� �

, ð5Þ

where M is the mining height, taken as 2m, and Kp is the
residual bulking coefficient of rock, taken as 1.2.

According to Equation (5), whenM =∑hðKp − 1Þ, Δ = 0,
i.e., the falling overlying rock will fill up the gob to support
the load of overlying rock. Thus, the required thickness of
the overlying rock to fill up the gob is

〠h = M
Kp − 1 : ð6Þ

The parameters are entered into Equation (6) to obtain
∑h. For the 5203 panel, the coal seam mining height is
2m, and the height of the caved zones is 9.9m based on
field measurement. According to above equation, the bulk-
ing coefficient is 1.2 and the fracturing height of the roof
strata is 10m.

3. Analysis of the Presplitting Fissure Extension
and Presplitting Roof Stability

3.1. Model Establishment. According to the field monitoring
results, the effective fracture length is 2m. In order to study
the migration law and the presplitting effect of the roof rock
under different presplitting fissure intervals, the continuous
element numerical model is established for the presplitting
fissure intervals of 0, 0.5m, 1m, 1.5m, and 2m, respectively.
Ahead of the presplitting with the mining at the same time,
the establishment of the model is shown in Figure 4.

m,n,φ, andh, respectively, are for the resplitting length,
intervals, deflection angle, and height. The direction of m,
n is consistent with the mining direction of the 5203 work-
ing face in the numerical model.

The size of model is 85m × 45m × 37m. The equivalent
load is applied to the upper boundary of the model. The lat-
eral displacement of the model is limited, and the vertical
movement is restricted by the bottom surface. The Mohr-
Coulomb strength criterion is used to judge the yielding
state of coal and rock mass [23, 24]:

f s = σ1 − σ3
1 + sin φ

1 − sin φ
+ 2C

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + sin φ

1 − sin φ

s
, ð7Þ

where σ1 and σ3 are the maximum and minimum main
stress, respectively.C and φ are the bonding force and fric-

tional angle of the rock, respectively. Whenf s > 0, the mate-
rial will experience shear failure, according to the law of
tensile strength (σ3 ≥ σt) to analyze whether there is rock
tensile deformation. See Table 1 for the physical and
mechanical parameters of the rock stratum. In the numerical
model, before extraction of the 5203 panel, a roof presplit-
ting line is arranged in the roof strata of reused roadway.
This was performed by adopting null element representing
the roof fracturing line.

3.2. Distribution Horizontal Stress Characteristics. The pre-
splitting fissure is an opening-type fracture that induces
the roof rock formation to extend and cut along the prede-
termined direction. The superimposed stress caused by min-
ing disturbance plays a leading role on the presplitting
fissure extension [25]. Under static-dynamic loading, the fis-
sure tip stress is concentrated. When the horizontal stretch-
ing stress of the rock formation on both sides of the fissure
exceeds the extension strength of the rock formation, the
rock formation will break along the fissure tip and the com-
pound soft roof on the gob side will experience large hori-
zontal displacement. The bearing capacity of the sandy
mudstone at 0.5-3.5m above the reused roadway is strong,
which is close to the roadway and has a strong control effect
on the caving of the compound soft rock formation. The
average breaking distance period of intact rock formations
is 25-30m. The slice at 3m above the reused roadway is
taken as the main object of study in the model, and the sur-
vey line is set at 2m away from the presplitting fissures in
the roadway. Figure 5 shows the horizontal stress nepho-
gram for both sides of the presplitting fissures and the hori-
zontal stress curve at the survey line.

The development and coalescence of the presplitting fis-
sure are accompanied by the stress evolution of rock mass
around the fracture. Figure 5 shows a presplitting interval
of 0m, and the presplitting fissures coalesced in the initial
section of the retained roadway. When mining 0-6m, the
rock with presplitting fissures is in an unstable state because
the roof loses the binding force on one side. The surround-
ing horizontal stress is then concentrated in the ends of the
fracture, and the horizontal stresses reaches 8-12MPa, while
the stress concentration factor is 1.45-2.18. When mining to
6-9m, the horizontal tensile stress is drastically attenuated
from the peak and remains stable. The average horizontal
tensile stress is kept at 1MPa. If the slope of the stress curve
is large, fissures dramatically occur and spread horizontally
in a short time, effects that are not beneficial for the stability
control of the rocks with presplitting fissures.

Figures 5(b) and 5(c) show that the presplitting fissure
intervals are 0.5m and 1m, which are short in distance.
When mining to 0-6m, the rock is weakened under the cut-
ting action of rock formation. The presplitting fissures are
not penetrated, so there is no momentary instability and
the stress concentration is eased; stress around the presplit-
ting fissures is 6-7MPa, and its concentration factor is
reduced to 1.1-1.3, which is better to ensure the integrity
of its surrounding rock and fully engage the self-bearing
rock capacity. When mining to 6-9m, the tension stress
among rocks in fractures overlaps to form an “O” ring with
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a radius of 0.5-1m. The horizontal stress peak of rocks in the
fissure interval reaches 10-12MPa, and expansion and coa-
lescence occur in the ends of the presplitting fissures. When
mining to 9-12m, the horizontal tensile stress starts to
become stable, and the stability remains between 6 and
6.5MPa. A large displacement occurs on the presplitting fis-
sure in the short range, which benefits the timely caving of
the compound soft rock formation, plugging of the gob side
of the reused roadway, and rapid building of the reused roof
cutting stowboard structure.

Figures 5(d) and 5(e) illustrate that the presplitting fis-
sure intervals are 1.5m and 2m, and the distance between
presplitting fissure interval rocks increases. When mining
to 0-9m, the control forces on both sides of the presplitting
fissure become stronger. The horizontal tension stresses of
both sides increase to 8-10MPa, and the concentration fac-
tors are 1.45-1.8. The stress of the fractured interval rock is
elliptical, and the stress concentrations at the fissure ends
do not overlap. The central position of the horizontal tensile
stress peak decreased to 8-9MPa. When mining to 10-15m,
the horizontal displacement reaches its peak value, and the

slope of the stress curve is small and represents a cyclical
fluctuation. The timely cutting effects of caving and plugging
into the gob of the compound soft rock formation are not
ensured, which influences the quick roadway construction
effect.

3.3. Plastic Damage Evolution Law of Presplitting Fissure
Zones. As shown in Figure 6, in the vicinity of the fracture
tip, the plastic zone is formed due to stress concentration
and relaxation. Under mining disturbance action, the dam-
age plastic zone is distributed along the axial direction of
the reused roadway, the rock mass around the fracture
decreased, and the plastic zone expanded.

As shown in Figure 6(a), the reused roadway is reserved
and set as 0-9m. Both sides of the fissure and the roof at the
gob side are mainly shear damage. If 9-27m is reserved, the
shear stress is drastically attenuated from the peak, and fric-
tional slip occurs between the fractures. Dilatancy displace-
ment is restricted by the side, and the secondary fissure
development is induced, which exacerbates the damage
range of the fissure sidewall. In Figures 6(b) and 6(c), 0-

Table 1: Physical and mechanical parameters of rock stratum.

Parameters Bulk (GPa) Shear modulus (GPa) Tension (MPa) Cohesion (MPa) Friction (°) Density (kg·m-3)

Sand mudstone 12 8.6 2.1 1.2 32 2600

5# coal seam 1.5 2.0 1.2 0.9 24 2450

Mudstone 4.3 8.6 1.7 1.4 30 2200

Fine sandstone 36 12.6 7.2 1.45 31.5 2600

Siltstone 25 4.6 3.6 1.0 33 2500

2# coal seam 1.5 2.0 1.2 0.9 24 2450

Mining direction 5203 mining

section

h

m n

Reuse roadway

𝜑

Figure 4: Numerical model of reused roadway.
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9m is reserved in the reused roadway, and both sides of the
fracture show damage. Due to the roof suspension area
increase, the roof at the gob side is bent and sunken under
the upper overlying stratum pressure and mining distur-
bance actions; the segregated rock is mainly subject to shear,
and dilatant plastic damage occurs. When 0-18m is
reserved, the plastic area at both sides of the presplitting fis-
sure has a sustainable development within 10m from the
initial end of the roadway. The force of the roof is from
the shear stress to tension stress, the tensile and plastic dam-
age areas increase, and the fissure interval accelerates the
expanding and coalescence. The plastic areas are also con-
nected to each other afterwards. When 27m is reserved,
the above evolution process proceeds in the roof presplitting
fissures at the gob side; therefore, the expansion and coales-
cence cycle of its presplitting fissure is 8-10m. In
Figures 6(d) and 6(e), the fracture expansion is further lim-
ited when the presplitting fissure enlarges, and 0-18m is
reserved in the roadway. The suspension rock formation at
the gob side does not experience large shear damage except

in the small area where shear dilation as well as tensile and
plastic damages occurs; the presplitting fissure does not
show an expansion trend. The retained roadway is 27m. It
reaches the intact cycle caving distance of the roof rock,
and the overburden pressure is transferred to the compound
soft rock formation. The roof shows dramatic bending, sub-
sidence, instability, and collapse, and the presplitting fissure
has large expansion and coalescence as well as shear dilation
at the gob side. The tension and plastic damage areas inter-
mingle. The presplitting fissure does not have a better con-
trol effect on the caving of the compound soft rock
formation, and the expansion and coalescence cycle of the
fissure reaches 18-25m.

3.4. Energy Dissipation of Presplitting Fissure Features. Coal
bump occurs in a very short period of time, and there is
no sign before it occurs. In order to eliminate the occurrence
of coal bump, many researches on the strain energy distribu-
tion characteristics were conducted. Energy is considered the
internal variable through the presplitting fissure opening
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Figure 5: Horizontal tensile stress curve and stress nephogram of the presplitting zone.
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Figure 6: Continued.
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and spreading. The damage process of the surrounding rock
damage and the evolution process can thus reflect the pre-
splitting effect [26]. In the fracture propagation process,
the energy is released at the fracture tip, part of which will
be used to form a new fracture area, and the other produces
plastic deformation. The energy release rate G of the pre-
splitting fissure end region is greater than the surface free
energy γs of the interval rock mass against fracture propaga-
tion, i.e., G > γs; the presplitting fissure will continue to
expand and cross. According to the energy balance theory,
the crack energy release rate G is as follows [27, 28]:

G = 1
2B

d W −Uð Þ
da

, ð8Þ

where W is external work done on the presplitting fissure
structure, U is stored strain energy, B is thickness of the pre-
splitting strata, and a is length of the presplitting fissure.
According to Equation (8), when the strain energy U , the
thickness of presplitting strata B, and the length of the pre-
splitting fissure are certain, the presplitting fissure is sub-
jected to the work W of the mining disturbed rock mass in

the horizontal direction as

W =
ð
l
p xð Þs xð Þdx: ð9Þ

Monitoring lines are set in the gob side from the prefab-
ricated fissure as 3m. The horizontal tensile stress distribu-
tion pðxÞ and the horizontal displacement sðxÞ are fit into
the polynomial equation and integrated into Equation (9),
as shown in Figure 7. The dispersion curves of the strain
energy dissipation in the horizontal direction of the fracture
zone are then obtained.

The expansion and coalescence of a presplitting fissure
are the exchange process of energy absorption, transforma-
tion, and release. As shown in Figure 7(a), when the
retained roadway is 9m, the slope of the curve becomes
larger with the side roof of the gob cutting down along
the fissure, and the sliding energy accelerates to release
with a value of 1172.5 kJ. When the retained roadway is
18m and 27m, respectively, the curve changes from index
variation to linear variation. The overlapping range of the
upper and lower surfaces increases, which leads to the
dilatancy effect. Large amounts of friction are created in
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Figure 6: Plastic damage evolution process of rock mass in the presplitting area.
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Figure 7: Continued.
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Figure 7: Continued.
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the gap interfaces, and the energy consumption rate
decreases to 550 kJ, which is 47% of the initial rate. In
Figures 7(b) and 7(c), the retained roadway is 0-18m,
and the presplitting fissure remains in a stable expansion
stage while the elastic strain energy release curve presents
an exponential form and steady growth. The strain energy
of the rocks around the presplitting fissure has sustainable
growth, and the average peak value reaches 1,650 kJ when
the retained roadway is 9-18m. At this point, the accumu-
lated ability of the elastic strain energy release reduces
because the initial fissure occurs. When the retained road-
way is 27m, the fissures continually expand and link, so
the energy consumption rate of the surface shows a linear
increase. Meanwhile, the peak values decrease to 319 kJ
and 576 kJ, which are 19.3% and 32.7% of the peak,
respectively, and the shear friction weakens and quickly
achieves that of the stowboard. In Figures 7(d) and 7(e),
no cutting downward or sinking occurs along the presplit-
ting fissure of the soft rock formation at the gob side.
However, the overall bending subsidence occurs based on
the solid roadway rock. When the retained roadway is
9m, the plastic deformation of the solid rock is large,
the strain energy rapidly accumulates, the broken rock
zone of the surrounding roadway rock is enlarged, and
the elastic strain energy release decreases to a peak value
of 1,100 kJ. Compared with the presplitting fissure inter-
vals of 0.5m and 1m, the slope of the curve flattens and
decreases greatly to 66%, seriously weakening the fracture
expansion capacity. When the retained roadway is 9-
27m, the elastic strain energy curve presents a linear var-
iation, of which the mean peak value is 360 kJ. The energy
consumption rate decreases, and the linkage cycle period is
prolonged, causing difficulties in achieving quick stow-
board after mining.

4. Analysis on the Stability of Roadway

4.1. Deformation and Plastic Damage Characteristics of
Surrounding Roadway Rock. Rocks have strain softening
and dilatancy characteristics. The failure zone of the sur-
rounding rocks is the cause of increased pressure and defor-
mation of the surrounding rock [29, 30]. In reused
roadways, during the initial excavation process, the
medium-term mining disturbance, and the latter part of
the maintenance and reuse process, the elasticity, plasticity,
and rupture of the surrounding rock have an evolutionary
process. The occurrence, development, and stability gener-
ally cause an unstable state of destruction. The larger the
damage area is, the greater the amount of convergence
deformation is [31]. Therefore, the size of the surrounding
rock damage rupture zone is a measure of the degree of
instability of the surrounding rock key factors.

As shown in Figure 8, the presplitting fissure interval is
0m and 0.5m, since the lateral diastrophism limit of the
compound soft rock formation is greatly weakened, and
the fissure interfaces overlap during collapse, the rock integ-
rity is destroyed, and the bearing capacity is weakened. The
friction action between the interfaces enlarges the shear and
plastic damage around the fissures, which easily leads to a
rapid collapse due to the sudden instability on the side rock
mass of the reused roadway. The upper stable rock suddenly
loses the support of the lower rock to create a stress concen-
tration and a large range of tension damage occurs. The 1m
presplitting fissure weakens the flexural rigidity of the road-
way soft rock mining side as a tensile fracture. The falling
rock formation inversion alleviates the dilation friction
between fractures. Meanwhile, the plastic zone of the road-
way gob side soft rock formation has a wedge distribution
with a large end towards the bottom, which is advantageous
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(e) Presplitting interval 2 m

Figure 7: Strain energy accumulation and dissipation curve of presplitting fissure propagation.
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for the successive, coordinated caving of low and median
rock formations. A stable supporting structure at the gob
side of roadway is then formed. In the case of presplitting fis-
sure intervals of 1.5m or 2m, the fracture effect will slightly
weaken the flexural rigidity of the rock formation, with the
roofs of both sides being sidewise limited. The compound
rock formation is not easily cut downwards along the pre-
splitting fissure, resulting in the whole roadway tiling down
sharply and going against the stability of surrounding rocks.

4.2. Study on the Roadway Roof Stratum Stability. One side
of the reused roadway is the solid coal, and the other side
is the filling body. The roof deformation is asymmetric, so
the roof to the gob side rotation subsides, and the roof
above the gob produces a wide range of shear failure.
Thin, weak, soft rocks exist in the overlying roadway
strata, the stratum movement is severe, and the shear slip
range and tear propagation increase [32]. The roof separa-
tion and separation stratum increases cause the bearing
capacity of the rock stratum to be greatly reduced, which
threatens the stability of the surrounding rock. The upper
roadway section of 10m is the cut-off section of the pre-
splitting fracture. The distribution range of the composite
soft rock, the presplitting cracks on the upper reused road-
way at 10m, and the composite soft rock distribution
influence the stability of the surrounding rock. As shown
in Figure 8, the distribution curve of the upper 3m, 6m,
and 9m shows vertical stress.

Different interrock formation properties including the
stiffness, intensity, and joint development occur in the struc-
tural plane and are prone to separation under high stress.
According to the comprehensive geological histogram, the
upper sections that are 3m and 6m higher than the roadway
are composed of thick and well-bearing sandy mudstone and
mudstone; sections 9m higher than the road are close to the
upper section of the compound soft rock, which is adjacent
to the upper stable rock. Upper, lower, and middle rocks
are mingled with several types of soft rock strata, making it
prone to separation and instability. Figures 9(a) and 9(b)
show that with an increase in retained roadway distance,
the 3m and 6m high rock formations are close to the gob
side. The vertical slope of the vertical stress curve increases,
and the sloping deformation is obvious on the gob side; the
shear slippage on the structural plane is intense. The shear
stress increases as its distance away from the solid coal seam
of roadway increases, resulting in an increase in local curva-
ture and the formation of an isolated instability zone. A ver-
tical stress of 9m high rock appears high in the middle and
bottom of both ends. Deflection appears when bending, and
the maximum vertical stress reaches 10.3MPa and 7.6MPa
at the gob side. The rock section is in a nonlinear state of
rotation, buckling, etc., which leads to the separation and
instability of the upper stable roadway rock. In Figure 9(c),
the average change in the vertical stress range of the 3m,
6m, and 9m high rocks is smaller. The deformation deflec-
tion remains consistent, and coordinated roof deformation
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develops, restricting the separation and dislocation of the
rock formation surface and assuring the integrity of the
compound soft rock and the stability of the surrounding
roadway rocks. Therefore, the stress concentration weak-
ened, and the pressure change eased. In Figures 9(d) and
9(e), the vertical stresses of the gob and solid coal-rock sides
of the 3 and 6m high rock formations decrease and increase,
respectively; as increasing gap of the retained roadway

increases, the vertical stress difference on both sides
increases sharply, and the roadway roof stress concentration
coefficient is larger, increasing the shear slip and immedi-
ately tearing the fissure growth at the two ends of the 9m
rock formation and structural plane The separation range
of the middle section of the structural plane is enlarged
and is prone to local separation and instability, making it,
difficult to maintain the surrounding roadway rock.
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Figure 9: Stress distribution of the Reused roadway roof at the heights of (1) 9m, (2) 18m, and (3) 27m.
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5. Field Test

Based on the simulation results, the optimal presplitting
interval of roof is 1m. In field test, the roof presplitting line
could be arranged at about 1m from the presplitting side of
the roadway roof and the purpose is to facilitate the con-
struction of drilling equipment. At the same time, it is also
convenient to maintain the integrity of reused roadway sur-
rounding rock. The presplitting interval 1m of roof fracture
is implemented in the field test, as shown in Figure 10. The

whole process of the formation, development of the presplit-
ting cracks, and the deformation of the overlying strata is
observed by the method of drilling.

In front of the mining work, the roof of the reused road-
way is presplitting fractures. Behind the mining working face
of 0~3.0m, the fractures appear on the roof of the roadway
and finally connect each other and begin to fall. Behind the
mining working face of 3.0~6.0m, the upper strata show
coordinated deformation. Compound soft rock strata fall
and plug fully at the gob side to form the reused roadway
structure. Through drilling observation, there is no obvious
separation and dislocation; the roof rock is more complete.
Three deformation monitoring stations are arranged in the
roadway, each 50m apart. After mining face for 40 days,
the deformation of roadway roof is effectively controlled
and surrounding rock tends to be stable, as shown in
Figures 11 and 12.
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Figure 10: Expansion and penetration field test of roof presplitting fractures.
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Figure 12: The stable reused roadway surrounding rock after roof
presplitting.
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6. Conclusions

(1) Based on the engineering needs of compound soft
rock, the characteristics of overlying stratum mecha-
nisms, presplitting, extension, and coalescence of
rock formation are examined. The compound soft
rock stratum breaking and falling process is estab-
lished, and the dynamic pressure of the upper strata
causes the rapid pressurization and collapse of the
support structure. This is one of the key factors
affecting the stability of the surrounding rock of
reused roadways

(2) A three-dimensional model with fissure interval con-
ditions of 0m, 0.5m, 1m, 1.5m, and 2m is estab-
lished to analyze the horizontal stress around the
presplitting fissure, the plastic damage evolution
rule, and energy dissipation features associated with
fissure extension. In the case of presplitting fissure
intervals of 0.5m and 1m, the stress concentration
of the initial section of the retained roadway is
removed, and the presplitting fissure is expanded
and cut through, effectively controlling the dilatancy
and damage of the surrounding rock mass and the
energy dissipation process. This control is also bene-
ficial to the coordinated caving of rock formations

(3) When the presplitting fissure interval is 1m, the
stress transfer caused by mining disturbance is
obstructed and the flexural rigidity of side soft rock
formation of roadway mining side is weakened. By
avoiding the dilatancy friction, the plastic zone of
the roadway gob side weak strata has a wedge distri-
bution with the big end down, which is advantageous
for the successive, coordinated caving of low and
median rock formations. This type of caving limits
the separation and dislocation of the roadway roof
rock surface and helps to form a stable supporting
structure on the gob side of the roadway and
increases the self-bearing capacity of the upper rocks

(4) A 1m presplitting fissure interval is adopted to be
used in field test and on the monitoring surface: if
the reused roadway is reserved and set as 3-6m,
the presplitting fissures will connect. If the reused
roadway is reserved and set as 9-12m, the roadways
will be constructed after being plugged and cut
downwards along the coalescence fractured from
top to bottom. After mining 40 days, the surround-
ing rock deformation of reused roadway tends to
be steady
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The deep coal mining in the North China type of coalfield is generally threatened by the underlying limestone water of Taiyuan
Formation and Ordovician. The occurrence of water inrush can be avoided effectively by applying grouting reinforcement
technology to the coal floor. However, the reinforcement treatment of the coal floor belongs to underground concealment
engineering, and it is of great significance for the safe production of the coal mine by scientifically and comprehensively
evaluating the technical method of the grouting effect on the working face floor. In this study, the optimal transfer matrix is
used to construct the judgment matrix that meets the consistency requirements; the analytic hierarchy process is improved;
and the grouting effect of the working face floor is evaluated by fuzzy comprehensive evaluation based on several factors of the
grouting effect. Taking the grouting engineering of the 15092 working face of the Guhanshan Mine as an example, the
evaluation of the grouting effect based on four evaluatory indices have been refined: dynamic hydrological features, grout
amount, grouting inspection hole, and geophysical prospecting have been refined. Based on the improved analytic hierarchy
process (AHP), the result of the grouting effect can be divided into four levels: distinction, good, average, and poor. The study
would play a very important role in the evaluation of the grouting reinforcement of the working face floor and the practice of
coal mine production safety.

1. Introduction

With complex hydrogeological conditions, the coal-bearing
strata in the North China type of coalfield are mainly the
Permian Shanxi Formation and the Lower Shihezi Forma-
tion [1]. As coal resources in the shallow part of coalfields
are exhausted, the threat to the mining of lower coal groups
threatened by confined karst aquifers is increasing, and the
danger of mine water inrush is gradually increasing [2, 3].
The mining of the lower coal seams of the Shanxi Formation
is generally seriously threatened by the limestone water of
the underlying Taiyuan Formation and the Ordovician lime-
stone water [4–6]. The Ordovician water pressure on the
coal seam floor of many mines has exceeded 10MPa, and
the risk of Ordovician limestone inrush into the coal seam
floor is increasing [7]. In order to mine the lower coal group

safely, the coal seam floor must be grouted and reinforced,
which can increase the thickness of the effective water-
resistant layer and eliminate or reduce accidental karst water
inrush accidents [8, 9]. However, grouting on the coal seam
floor is an underground concealed project. Furthermore,
grouting mainly considers the weak water content within
the water barrier, the depth of bottom plate mining damage,
and the development of bottom plate fissures, but the pre-
mise ensures that the water control by-laws are within the
safety factor of water burst, and cannot be measured by the
head pressure size alone. The scientific and effective evalua-
tion of the grouting effect is related to the success or failure
of the grouting project [10–13]. Therefore, it is of great sig-
nificance to carry out grouting effect evaluation research.

In recent years, the evaluation of the grouting effect on
the coal floor has mainly focused on various detecting
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methods, including water quantity, water temperature, post-
grouting pressure, water absorption, P-Q curve analysis, cor-
ing inspection, and geophysical exploration results. Based on
the fact that the permeability and mechanical strength of the
rock mass are important parameters reflecting the grouting
effect of the rock mass, Liu et al. [14] proposed the high-
pressure water pressure test method for the quantitative
evaluation of the grouting effect of plugging the Taiyuan for-
mation limestone. On the basis of carrying out the single-
hole water discharge experiment, Li et al. [15] combined it
with the dominant surface theory of water inrush to put for-
ward the floor classification grouting technology. Based on
the data set of grouting drilling, Xie et al. studied the case
of water inrush in the grouting reinforcement of the working
face and the data at the point of mine water inrush and com-
bined it with the study of factors such as geological struc-
tures, hydraulic pressure of underlying water, floor water-
conducting properties, and grouting amounts, and estab-
lished the risk evaluation for floor water inrush in the
grouted working face [16–18]. The novel technique of eval-
uating grouting techniques such as the artificial neural net-
work (ANN) is also used for consolidation grouting quality
assessment of dam foundation [19]. But the evaluation sys-
tem of dam foundation is different from grouting of the
working face floor. There is a certain limitation to the grout-
ing effects evaluatory methods because these evaluatory
methods were either based on a single evaluatory factor [3,
5] or did not contain the different evaluatory factors which
covered the whole of grouting engineering [9]. Even though
a combination of several factors is used, if the weight of each
factor is not settled scientifically, it will lead to a low reliabil-
ity of the overall evaluation as a result. It is dangerous to
make a decision concerning coal mine production based
on a wrong or an incomplete grouting evaluatory result.

Fuzzy comprehensive evaluation is a fuzzy concept with
multiple indicators and levels, which is an effective way for
evaluating targets affected by multifactor. It has been widely
used in many fields, such as the safety management of petro-
chemical company, medicine, construction, urban develop-
ment. and the environment, quality supervision, water
quality assessment, and feed safety assessment. The analytic
hierarchy process (AHP) is a decision analysis method that
combines qualitative and quantitative methods. It is good
at solving complex problems with multiple goals. The weight
of each evaluatory factor can be calculated by the analytic
hierarchy process method, and the comment set and evalua-
tory results can be gotten by fuzzy concepts [20, 21]. By
combining the two methods, more scientific and reliable
evaluatory results can be obtained.

In order to overcome the shortcomings of evaluating the
grouting effect by a single index, this paper classifies major
evaluatory indices of the grouting effect. With the improved
analytic hierarchy process, the fuzzy comprehensive evalua-
tion method for the evaluation of the grouting effect of the
working face floor is studied. The grouting effect of the
15092 working face floor of the Guhanshan Mine of the
Coking Coal Group has been evaluated by the studied
method, and the science and validity of the studied method
have been verified.

2. Calculation Method and the Study Area

2.1. Improved AHP Method. The analytic hierarchy process
(AHP) is a practical multischeme or multiobjective system
analysis and decision-making method which was proposed
by Professor Thomas L. Saaty, an operations researcher at
the University of Pittsburgh in the United States. AHP
method combines qualitative and quantitative analyses.
The goal of the combined weight of each level is calculated
through the establishment of a hierarchical structure or
model, the construction of a judgmental matrix, single-
level ordering, total level ordering, a consistency check, etc.
and is a systematic method of objective and optimized
decision-making [22–24].

The consistency of the judgmental matrix established by
the analytic hierarchy process must be tested. There are
some difficulties in the consistency test of the judgmental
matrix, and the standard CR < 0:1 for testing lacks a scien-
tific basis. In order to solve the problem, this research
improves the method of constructing the judgment matrix
and uses complementary ideas for its construction, which
can automatically meet the consistency requirements of the
judgment matrix.

2.2. Constructing a Complementary Judgment Matrix. Con-
structing a complementary judgment matrix Q based on
the importance of impact factors, that is,

Q =

q11 q12 ⋯ q1m

q21 q22 ⋯ q2j

⋯ ⋯ ⋯ ⋯

qm1 qm2 ⋯ qmn

2
666664

3
777775: ð1Þ

The elements in matrix Q meet the following condition:

qmn = qmk − qnk + 0:5, ð2Þ

where m represents the number of factors involved in the
evaluation, 0 ≤ qmn ≤ 1, qmn + qnm = 1, qmn represents the
importance of membership that the factor qm has when
compares to qn. The higher the qmn shows that qm is more
important than qn. qm and qn have the same importance
when qmn equals 0.5.

2.3. Calculating the Complementary Consistent Judgmental
Matrix. Fuzzy complementary matrix Q = ðqijÞn×n, summed
by line, marked as

bi = 〠
n

k=1
qik, i = 1, 2,⋯, n, ð3Þ

then the following further transformation

bij =
bi − bj
a

+ 0:5, ð4Þ

2 Geofluids



where a = 2 ∗ ðn − 1Þ and B = ðbijÞn×n is the complementary
consistent judgmental matrix.

2.4. Weighting Calculation. Weighting calculation formula:

wi =
β 1/nð Þ∑n

j=1ri j

∑n
k=1β

1/nð Þ∑n
j=1rkj

, ð5Þ

where w represents weight and β is the parameter used for
adjusting the resolution. The value is a positive integer
greater than 1, and the larger the value of β, the higher the
resolution of the weight calculated by formula (5).

In the general analytic hierarchy process (AHP) method,
when constructing the pairwise comparison judgmental
matrix, the fuzziness of human judgment is usually not con-
sidered. Experts often give some fuzzy amount, so the fuzzy
comprehensive evaluation theory is introduced.

2.5. Fuzzy Comprehensive Evaluation Method. The fuzzy
mathematics theory is the basis of fuzzy comprehensive eval-
uation, applying the principle of fuzzy relationship synthesis,
quantifying some difficult quantitative factors, and compre-
hensively evaluating the status of the evaluated affairs by
multiple factors.

2.6. Determining the Domain of Factors of the Evaluated
Object. According to the evaluatory research of the grouting
effect, the evaluatory factors U = fdynamic hydrological
characteristics of grouting holes, grouting characteristics,
inspection holes, geophysical prospectingg.
2.7. Determining the Comment Set. Determining the com-
ment set is essential to the grade division of the grouting
effect, which can generally be divided into four grades. The
comment set is V = fdistinction, good, average, poorg.
2.8. Constructing the Fuzzy Complementary Consistent
Judgmental Matrix. Since the judgmental matrix is not
complementary and consistent, the fuzzy complementary
consistent judgmental matrix B is further established by
formula (4):

B =

b11 b12 ⋯ b1n

b11 b22 ⋯ b2n

⋯ ⋯ ⋯ ⋯

bm1 bm2 ⋯ bmn

0
BBBBB@

1
CCCCCA, ð6Þ

where bijði = 1, 2,⋯,m ; j = 1, 2,⋯, nÞ represents the
degree of membership of bi to bj.

(1) Determining the fuzzy weight vector of the evalua-
tory factor

Using the weight calculation formula (3), the weight
factor wi ði = 1, 2,⋯,mÞ is calculated based on the judg-
mental matrix, wi meets the conditions, which are wi ≥ 0
and Σwi = 1. The weight set W consists of a fuzzy set of

weights. With the second-level weight vector and the
single-factor evaluatory matrix, the second-level evaluation
matrix E can be obtained.

(2) Fuzzy comprehensive evaluation by multifactor

The fuzzy synthesis operator of the matrix is used to syn-
thesize the first-level weight factor W and the second-level
evaluatory matrix E. The fuzzy comprehensive evaluatory
vector can be calculated by

A =W ∘ E = w1,w2,⋯,wmð Þ

e11 e12 ⋯ e1n

e21 e22 ⋯ e2n

⋯ ⋯ ⋯ ⋯

em1 em1 ⋯ emn

0
BBBBB@

1
CCCCCA = a1, a2,⋯, anð Þ:

ð7Þ

In formula (7), ° is a fuzzy operator, and aj represents the
degree of membership of the rated object to the fuzzy subset
element vj of the evaluatory level as a whole. The principle
of maximum degree of membership is adopted to process
the fuzzy comprehensive evaluatory vector, that is, if the fuzzy
comprehensive evaluation result vector A = ða1, a2,⋯, anÞ, if
ar = max

1≤j≤n
fajg, the evaluating result is the rth level as a whole.

2.9. Geological Profile. The Guhanshan Mine is located in the
eastern section of the Jiaozuo Coalfield and is under the
jurisdiction of Xiuwu County, Jiaozuo City, 15 km south of
Xiuwu County, and 42 km east of Huixian City. The mine-
field is 15 km south of the Xinjiao Railway, and the mine is
connected to the Daiwang Station of the Xinjiao Line by
the special coal mine railway. The transportation is conve-
nient, and the regional geological structure is complex. The
large faults around the minefield include the Jiulishan Fault,
the Mafangquan Fault, and the Fenghuangling Fault, which
are shown in Figure 1.

The main mining strata of the Guhanshan Mine is the II1
coal in the lower part of the Shanxi Formation. The coal
thickness is 2.79-9.13m, with an average of 4.86m. The roof
is gray to dark gray mudstone, sandy mudstone, and fine-
grained sandstone or partial siltstone. The floor is gray-
black to dark gray mudstone, sandy mudstone, or siltstone.
According to the bed thickness, lithology, water-bearing
conditions, and water yield properties, the aquifers in the
study area could be divided into three types: (1) The Ordo-
vician limestone aquifer is the sedimentation base of the coal
measure strata. The osmotic coefficient of the aquifer is 1-
30m/d. (2) The Carboniferous limestone aquifer, which is
mainly composed of the Taiyuan Formation limestone and
the L2 and L8 limestone. The osmotic coefficient is 1-3m/d.
The thickness of the aquiclude between the aquifer and the
II1 coal seam is relatively stable, with an average of
35.55m. There is an aquiclude (aluminous mudstone)
between the Ordovician limestone and L2 aquifers. The
direct water-filled rock layer on the floor is the L8 limestone
fissure-karst aquifer in the upper part of the Carboniferous
Taiyuan Formation. The L2 limestone and Ordovician
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limestone karst water aquifers in the lower part of the Car-
boniferous Taiyuan Formation are indirect water-filled aqui-
fers mined in the II1 coal seam, with strong water-bearing
aquifers, as shown in Figure 2. Due to the thin layer of the
L8 aquifer and the long-term regional drainage effect, it is
not harmful to the coal mining of the II1 coal seam. If the
lower L2 limestone aquifer is recharged, the risk of water
inrush will increase. (3) the Quaternary porous aquifer is
mainly consist of the sandy gravel layer or fine sand layer.
The supply sources of the water are atmospheric precipita-
tion and infiltration from canals and rivers.

The 15092 working face has a strike length of 984m, an
inclination width of 127.7m, a coal seam strike of 50°, an
inclination of 140°, an inclination angle of 12-15°, an average
of 13°, an average coal thickness of 2m, and a recoverable
reserve of 396,000 tons. The geological conditions of the
15092 working face are relatively simple. The coal seams
are stable and fold in a wide and gentle manner. The occur-
rence of the strata changes slightly under the influence of
faults. The hydrogeological conditions of the working face
are simple.

3. Evaluation of Grouting Effect on the
Working Face Floor

3.1. Index System Construction. The impact indicator of the
grouting effect evaluatory grade is complex are interrelated
but poorly correlated. Therefore, based on the analysis of
the influence of each factor on the effect evaluation, com-
bined with the characteristics and construction require-
ments during the grouting construction period, the
grouting effect evaluatory hierarchy is established, as shown
in Figure 3. In this paper, a comprehensive evaluation of the
grouting at the working face of the Jiaozuo coalfield is car-
ried out, and four first-level index evaluatory systems,
namely, U = fu1, u2, u3, u4g, are constructed for the
dynamic hydrological characteristics of grouting holes,
grouting characteristics, inspection holes, and geophysical
prospecting, respectively.

According to the requirement of coal mine production
safety, the grouting effect evaluatory level is divided into four

evaluatory sets: distinction, good, average, and poor. The
grouting effect evaluation set is shown in Table 1.

4. Factor Weight Determination

Weight is a measure of the relative importance or contribu-
tion of a specific evaluatory factor in determining the set of
reviews. In the fuzzy comprehensive evaluation, the weight
has an important influence on the final evaluatory result,
and different weights will even lead to completely different
conclusions. At present, the main methods for determining
weights are the weighted average method, the analytic hier-
archy process, the expert survey method, the eigenvalue
method, etc. The analytic hierarchy process has the charac-
teristics of strong objectivity and strong reliability of the eva-
luatory results, which ensure the judgmental matrix. In this
study, the improved analytic hierarchy process was used to
determine the weight of the evaluatory factor. The weight
setting is shown in Table 2.

5. Determination of the Weight of the Primary
Evaluation Factor

First-level evaluation factor set U = fu1, u2, u3, u4g = f
dynamic hydrological characteristics of grouting hole,
grouting feature, inspection hole, geophysical prospectingg
, considering that the weight difference of the first-level eval-
uation factor should not be too large, take α = 810, β = 100,
from Table 2 and considering the importance membership
degree between factors, the judgment matrix is obtained:

Q =

0:5 0:6035 0:7675 0:7906
0:3965 0:5 0:7403 0:7675
0:2325 0:2597 0:5 0:664
0:2094 0:2325 0:336 0:5

0
BBBBB@

1
CCCCCA: ð8Þ

Based on Q, constructing a fuzzy complementary consis-
tent judgment matrix according to formula (4):
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Figure 1: Regional tectonic profile and sketch of mine geological structure.
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B =

0:5 0:5429 0:6676 0:7306
0:4571 0:5 0:6246 0:6877
0:3324 0:3753 0:5 0:5631
0:2694 0:3123 0:437 0:5

0
BBBBB@

1
CCCCCA: ð9Þ

From the calculation formula of the weight vector, the
resolution of the combined factor, the β value is 100, then
the weight of each factor:

W = 0:38, 0:31, 0:18, 0:13ð Þ: ð10Þ

6. Determination of the Weight of Secondary
Evaluation Factors

The secondary evaluation factor of the judgmental matrix of
the calculation process and the fuzzy complementary consis-
tent judgmental matrix is omitted. Due to limited space, the
result of the fuzzy complementary consistent judgmental
matrix is directly given. The calculation process and param-
eter settings are the same as the primary evaluation factor.

The evaluatory matrix of the dynamic hydrological char-
acteristics of the grouting hole is

B1 =

0:5 0:5072 0:4861 0:6448
0:4928 0:5 0:4789 0:6376
0:5139 0:5211 0:5 0:6587
0:3552 0:3624 0:3413 0:5

0
BBBBB@

1
CCCCCA: ð11Þ

Weight vectorW1 = ð0:28, 0:27, 0:30, 0:15Þ.

The evaluatory matrix of grouting characteristics is

B2 =

0:5 0:5791 0:5413 0:3797
0:4209 0:5 0:4622 0:3006
0:4587 0:5378 0:5 0:3384
0:6204 0:6994 0:6616 0:5

0
BBBBB@

1
CCCCCA: ð12Þ

The weight vector of the grouting feature W2 = ð0:23,
0:16, 0:20, 0:41Þ.

The evaluatory matrix of the inspection hole is

B3 =

0:5 0:5134 0:3597 0:3107
0:4867 0:5 0:3463 0:2973
0:6403 0:6537 0:5 0:451
0:6894 0:7027 0:549 0:5

0
BBBBB@

1
CCCCCA: ð13Þ

The weight vector of the inspection hole W3 = ð0:16,
0:15, 0:31, 0:38Þ.

The evaluatory matrix of the geophysical method is

B4 =
0:5 0:436
0:564 0:5

 !
: ð14Þ

The weight vector of the geophysical method W4 =
ð0:43, 0:57Þ.

7. Evaluation of Grouting Effect

7.1. Constructing Single-Factor Evaluatory Matrix. Based on
the actual grouting data of the 15092 working face of
Guhanshan Mine, multiple experts independently voted on
each index of evaluating the grouting effect. The number of

Evaluation of grouting effect (A)

Dynamic hydrological characteristics
of grouting hole (B1)

Water
absorption (C1)

Discharge (C2) Water
temperature

(C4)

Relationship of
pressure, quantity

of water and
grouting amount

Pressure after
grouting (C8)

Rock
density (C10)

Osmotic
coefficient

(C12)

DC (C14)

Hydraulic
(C3)

P-Q-T
curve (C5)

Grouting of
faults (C7)

Porosity
(C9)

Compressive
strength (C11) TEM

(C13)

Grouting characteristics (B2) Inspection hole (B3) Geophysical
prospection (B4)

Figure 3: Architecture of multilayered evaluatory factors.

Table 1: Fuzzy comment set.

Level Distinction Good Average Poor

Value 0 < v ≤ 0:25 0:25 < v ≤ 0:5 0:5 < v ≤ 0:75 0:75 < v ≤ 1
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experts’ votes for each index is used as the evaluation of the
factor, as shown in Table 3.

7.2. Single-Factor Evaluatory Matrix. Combining the voting
results of the experts in Table 3, the normalized value of
the votes obtained by each secondary evaluatory factor is
used as the element in the corresponding single-factor eva-
luatory matrix. Thus, the single-factor evaluatory matrix of
four first-level evaluation factors u1, u2, u3, and u4 can be
obtained as

E1 =

0:3 0:4 0:2 0:1
0:5 0:3 0:1 0:1
0:4 0:4 0:1 0:1
0:3 0:3 0:3 0:1

0
BBBBB@

1
CCCCCA,

E2 =

0:3 0:4 0:2 0:1
0:4 0:3 0:2 0:1
0:3 0:3 0:3 0:1
0:4 0:3 0:2 0:1

0
BBBBB@

1
CCCCCA,

E3 =

0:4 0:5 0:0 0:1
0:2 0:4 0:2 0:2
0:3 0:3 0:1 0:3
0:4 0:3 0:1 0:2

0
BBBBB@

1
CCCCCA,

E4 =
0:3 0:3 0:2 0:2

0:4 0:2 0:2 0:2

 !
:

ð15Þ

7.3. Single-Factor Evaluation. According to the improved
analytic hierarchy process, using the fuzzy evaluatory theory
to calculate the weight of the secondary evaluation factor is

W1 = 0:28, 0:27, 0:30, 0:15ð Þ,
W2 = 0:23, 0:16, 0:20, 0:41ð Þ,
W3 = 0:16, 0:15, 0:31, 0:38ð Þ,

W4 = 0:43, 0:57ð Þ:

ð16Þ

The fuzzy operator Fð·, ⊕Þ is used to get the secondary
evaluatory matrix:

E =

W1 ∘ E1

W2 ∘ E2

W3 ∘ E3

W4 ∘ E4

0
BBBBB@

1
CCCCCA =

0:384 0:358 0:158 0:1
0:357 0:323 0:22 0:1
0:339 0:347 0:099 0:215
0:357 0:243 0:2 0:2

0
BBBBB@

1
CCCCCA:

ð17Þ

7.4. First-Level Comprehensive Evaluation. The weights of
the first-level evaluatory factors u1, u2, u3, and u4 are

A =W ∘ E = a1, a2, a3, a4ð Þ = 0:38, 0:31, 0:18, 0:13ð Þ

∘

0:384 0:358 0:158 0:1

0:357 0:323 0:22 0:1

0:339 0:347 0:099 0:215

0:357 0:243 0:2 0:2

0
BBBBBB@

1
CCCCCCA

= 0:37 0:33 0:17 0:13ð Þ:

ð18Þ

Finally, the first-level evaluation vector is obtained:
ð0:37, 0:33, 0:17, 0:13Þ.

According to the criterion of the maximum degree of
membership, the largest of the comprehensive evaluatory
vector A is the final evaluation result, that is, the grouting
effect of the 15092 working face of the Guhanshan Mine is
good.

Table 2: The meaning of membership degree of fuzzy uniform matrix and its comparison table.

Degree of membership Definition Semanteme

0.5 Equal importance The importance of two index to the goal is equal

logα3 + 0:5 Slight importance
The importance of two index to the goal is that index 1 is slight

importance to index 2

logα5 + 0:5 Obvious importance
The importance of two index to the goal is that index 1 is obvious

importance to index 2

logα7 + 0:5 Strong importance
The importance of two index to the goal is that index 1 is strong

importance to index 2

logα9 + 0:5 Extreme importance
The importance of two index to the goal is that index 1 is extreme

importance to index 2

logαi + 0:5, i = 2, 4, 6, 8 Compromise value of
adjacent scale

Represents the degree of membership when adjacency
factor compromising

The degree of membership of
the above is complementary

Complementation
The degree of membership of scheme Ai to scheme Aj is rij,

otherwise 1 − rij
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8. Conclusion

(1) The method of judgmental matrix construction of
the analytic hierarchy process has been improved.
The evaluatory result is divided into four grades: dis-
tinction, good, average, and poor. According to the
method, the grouting effect of the coal floor in the
15092 working face of Guhanshan Mine in the Jiao-
zuo Coalfield was evaluated and classified

(2) The evaluation of the grouting effect of the work-
ing floor is an important issue for the safety of coal
mine production. The use of the fuzzy evaluatory
method to quantitatively study the grouting effect
is an active attempt in the evaluation of the grout-
ing effect. Compared to single-factor or multifactor
qualitative evaluation, this evaluatory method is
simple, easy to implement, and convenient to guide
the practice of grouting effect evaluation. The coal
mining production shows that the evaluatory result
is reliable

(3) This study has extracted four first-level evaluation
factors and fourteen second-level evaluatory factors
from the grouting effect evaluation indicators. The
scientific nature of the weight setting of the corre-
sponding index factors needs to be further verified
by more engineering practices
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Due to the transfer of Lannigou gold mining from shallow to deep, a series of stability problems of surrounding rock have been
caused. The drilling pressure relief technology has unique advantages in the control of mine pressure in high-stress roadways. In
order to explore the damage effect of borehole pressure relief technology on rock, uniaxial compression and acoustic emission tests
were carried out on siltstone specimens with borehole diameters of 8mm, 12mm, and 16mm, respectively, and the acoustic
emission signals of the whole process were collected simultaneously to explore the uniaxial compression of siltstone specimens
with prefabricated holes in this paper. According to the statistical characteristics of acoustic emission, the damage law of
siltstone specimens with prefabricated holes was explored from the microscopic point of view and the damage effect of drilling
on siltstone specimens reflected by the acoustic emission phenomenon was revealed. The research results show that there are
multiple stress drops before the deformation and failure of the rock sample with prefabricated drill holes; there is a positive
correlation between the diameter of the drill hole and the power law index of the stress drop distribution; the acoustic
emission activity of the rock during the deformation and failure process can be indirectly reflected the evolution of
microfractures; the energy probability density function under different borehole diameters conforms to the power law
distribution; the critical exponent obtained by the maximum likelihood estimation has an optimal plateau value, which can
accurately characterize the power exponent of the energy distribution; the launch waiting time and aftershock sequence have a
good power-law distribution in logarithmic coordinates. The research results provide a certain theoretical basis for the
application of drilling pressure relief technology in southwestern Guizhou.

1. Introduction

The geological structure of the southwestern Guizhou region
is complex, which makes the Lannigou gold mine show the
characteristics of high in situ stress when it is gradually
mined to the deep. With the increase of mining depth, the
in situ stress of the Lannigou gold mine will reach 30MPa,
which leads to frequent occurrence of dynamic disasters
such as the roof falling of the roadway. The mechanical envi-
ronment of surrounding rock in high-stress roadways is
more complex, showing a series of engineering response
problems such as discontinuity, noncoordinated large defor-
mation, and large-scale instability and damage [1]. For some
high-stress roadways that are difficult to maintain, pressure
relief technology can achieve better mine pressure control

effect than strengthening support and surrounding rock
reinforcement [2, 3]. Compared with other pressure relief
technologies, drilling pressure relief technology has its
unique advantages. Compared with blasting pressure relief,
drilling pressure relief does not require charging. Compared
with water injection pressure relief, drilling pressure relief
saves a lot of water resources. The construction process is
simple, and pressure relief effect is good [4, 5].

However, the drilling pressure relief technology will
weaken the strength of the surrounding rock mass. The
application of the drilling pressure relief technology in
underground engineering does not consider this damage
effect, resulting in problems such as unsatisfactory drilling
parameters design. Acoustic emission technology, as a non-
destructive testing method [6], can monitor the deformation
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and failure process of rocks in real time, dynamically, and
continuously, thus reflecting the development of internal
fractures in rocks [7]. Since the absolute energy of acoustic
emission and the number of acoustic emission events can
span multiple orders of magnitude, some scholars have intro-
duced statistical theory and used statistical methods such as
histogram method, least square method, and maximum like-
lihood estimation to study acoustic emission signals, so as to
reversely understand compression failure characteristics of
rock materials [8–10]. The moment tensor of major events
can be obtained by the full waveform inversion of the acous-
tic emission signal, which can be used to evaluate the tunnel
ground vibration caused by underground mines and study
the focal mechanism of large earthquakes [11, 12]. At pres-
ent, the research on the statistical characteristics of acoustic
emission signals mainly focuses on the rock material and
the stress environment. In terms of rock materials, there are
mainly sandstone [13], granite [14], calcareous shale [15],
goethite [16], and coal and sandstone combination rocks
[17]. In terms of stress environment, scholars’ research
mainly focuses on uniaxial compression [18], triaxial com-
pression [19], triaxial shearing [20], and wetting-drying cycle
[21].While the above studies mostly focus on intact rocks,
there are few studies on the statistical characteristics of
acoustic emission signals during the deformation and failure
of rocks with prefabricated cavities.

Therefore, it is of great significance to study the deforma-
tion and failure characteristics and acoustic emission charac-
teristics of rocks with prefabricated holes for the rational
design of drilling parameters to achieve a good pressure relief
effect. Based on avalanche dynamics and acoustic emission as
a monitoring method, this paper studies the statistical char-
acteristics of acoustic emission of siltstone specimens with
prefabricated cavities in the process of uniaxial compression.
The influence of borehole diameter on the stress drop and
avalanche dynamic activity of siltstone specimens with
prefabricated cavities is investigated from a microscopic
perspective. The stress drop of the specimen and the influ-
ence law of avalanche dynamic activity reveal the instability
and failure mechanism of rock with prefabricated boreholes
reflected by the acoustic emission phenomenon. This
research reveals the instability failure mechanism of rock
with prefabricated boreholes reflected by acoustic emission
phenomenon.

2. Test Overview

2.1. Geological Background. It can be seen from Figure 1,
Lannigou gold mine, as the largest fault-controlled Carlin-
type gold deposit in a triangular district of the junction of
Yunnan, Guizhou, and Guangxi Provinces in southwestern
China, has a complex geological structure and complex ore
body shape. The ore-hosting rock and surrounding rock
are mainly sandstone and siltstone, which have the engineer-
ing characteristics of being weak and broken, easily weath-
ered and argillized by water. Now it has been mined to
-200m horizontal elevation. Due to the influence of high
ground stress, the surrounding rock of the deep roadway
has challenges such as large deformation and difficulty in

supporting [22]. For this purpose, nine rock samples were
collected in the tunnel. Due to the influence of mineraliza-
tion (silicification) alteration, the rock samples are dense
and hard in texture. In order to more accurately identify
the lithology, the collected rock samples were observed and
identified by microscope. The magnification of the scanning
electron microscope is 100 times. As shown in Figure 2, the
particle size of the debris in the rock is generally between 0.1
and 0.4mm. And the debris has high roundness and spheric-
ity, good sorting. The debris is cemented by silica. It is thus
determined that the lithology is siltstone.

2.2. Sample Processing. The siltstone with good homogeneity
in the Lannigou gold mine was selected as the test material.
After cutting and grinding, it was processed into a cuboid
specimen of 50mm × 50mm × 100mm. A round hole with
a diameter of D was cut on the top. The parameters are
shown in Table 1. Each group of tests used 3 specimens.
The processed specimens are shown in Figure 3.

2.3. Test Plan. The test adopts the servo medium control sys-
tem to carry out the uniaxial compression test on the sam-
ple. The loading method adopts displacement loading. The
loading rate is 0.01mm/min.

In the process of uniaxial compression, the DISP type
acoustic emission system is used to simultaneously collect
the whole process acoustic emission signal of the specimen
during the loading process. Parameter setting: the monitor-
ing threshold is 40 dB, the peak definition time is 50μs, the
bump definition time is 200μs, the bump blocking time is
300μs, and the acquisition frequency is 140 kHz. To ensure
the reliability of the acoustic emission test data, two acoustic
emission probes were arranged symmetrically in the middle
of the left and right sides of the cuboid specimen during the
test. Vaseline was smeared between the probe and the spec-
imen to enhance the coupling effect between the two.

3. Results and Discussion

3.1. Mechanical and Failure Characteristic Analysis. Accord-
ing to Figure 4, when the borehole diameter is 8mm and
12mm, with the increase of the axial stress, the axial stress-
strain curve shows multiple stress drops, and there are two
obvious stress drops. When the first obvious stress drop
occurs, the specimen still has a certain bearing capacity, indi-
cating that the specimen has no overall instability and failure.
There is a certain time interval between two obvious stress
drops in the axial stress-strain curve. When the borehole
diameter is 16mm, the axial stress-strain curve also shows
multiple stress drops, but there is no obvious stress drop phe-
nomenon. When the borehole diameter is 16mm, the rock
transforms from brittle failure to ductile deformation, and
no stress drop or significant stress drop occurs at this time.
Stress drop is a range of individual variations, the brittle-
ductile transition state. At the same time, the higher the
strength of the rock fracture, the greater the stress drop, the
lower the strength, and the smaller the stress drop [24]. The
specimen exhibits plastic flow characteristics by comparing
and analyzing the stress and strain corresponding to the peak
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point 1 and the peak point 2 of the stress drop phenomenon,
it is found that with the increase of the borehole diameter, the
stress difference and strain between the two peak points grad-
ually increase. The stress of peak point 1 is 98.6% and 94% of
the stress of peak point 2, respectively, and the strain of peak
point 1 is 98% and 93% of the strain of peak point 2, respec-
tively. The fast propagation point of the rock crack gradually
moves away from the peak strength. This means that the like-
lihood of rock instability occurring increases with borehole
diameter.

The stress drop of rock specimen under the action of
force can be used as avalanche signal [25]. To further
understand the stress drop phenomenon of rock compres-
sion failure with prefabricated boreholes, the probability
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Figure 1: Regional structural geological map [23].
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Figure 2: Micrograph of siltstone.

Table 1: Geometry parameters of samples.

Sample no. L (mm) W (mm) H (mm) D (mm)

1-1 50.0 50.1 100.0 8

1-2 50.2 50.0 100.1 8

1-3 50.0 50.2 100.1 8

2-1 50.0 50.1 100.0 12

2-2 50.1 50.2 100.1 12

2-3 50.1 50.0 100.2 12

3-1 50.0 50.2 100.1 16

3-2 50.0 50.1 100.1 16

3-3 50.1 50.0 100.2 16
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density of stress drop obtained during the whole process of
compression failure of prefabricated borehole specimens
was statistically analyzed. The statistical results of the proba-
bility density of the stress difference are shown in Figure 5. In
Figure 5, Δσ is the adjacent axial stress difference, and PðΔσÞ
is the probability density function of the adjacent stress
difference. Its expression is as follows:

Δσ = σ1i − σ1i+1: ð1Þ

Among them, Δσ needs to satisfy the relation of Δσ > 0;
σ1i, i = 1, 2, 3,⋯, n is the observed value of axial stress.

According to Figure 5, the probability density map of the
adjacent axial stress difference has a good linear relationship
in the double logarithmic coordinate. This result shows that
the distribution law of the stress drop phenomenon obtained
during the compression failure process of the prefabricated
drilled specimen follows the power law distribution. At the
same time, as the borehole diameter increased from 8mm
to 16mm, the power-law exponents of the stress drop distri-
bution were -1.00, -0.81, and -0.72, respectively. It can be
seen that there is a positive correlation between the borehole
diameter and the power law exponent of the stress drop
distribution.

The occurrence of stress drop phenomenon usually
means the initiation or unstable propagation of macroscopic
cracks. In this paper, the probability density statistics
method is used to obtain that the distribution law of the
stress drop phenomenon follows the power law distribution,
which directly proves that the deformation and failure of the
rock with prefabricated boreholes need to go through a grad-
ual process from instability to failure.

3.2. Basic Characteristics of Acoustic Emission Energy. The
intensity of an acoustic emission event is related to the
amount of energy released. The absolute energy of acoustic
emission is defined as the integral over the duration of the
square of the acquired signal voltage. Its expression is as fol-
lows:

E = 1
R

ðt j
ti

U2 tð Þdt: ð2Þ

Among them, ti is the time when the acoustic emission
event signal starts, t j is the time when the acoustic emission
signal ends; R is the internal resistance value; the unit of
absolute energy is aJ.

It can be seen from Figure 6 that the overall trend of the
σ − t curve for different borehole diameters is relatively con-
sistent. The energy signal is disordered and spans multiple
orders of magnitude over time. As the borehole diameter
increases, the number of acoustic emissions decreases. Espe-
cially when the hole diameter is 16mm, the number of
acoustic emissions is greatly reduced and the strength to
the specimen is significantly reduced. The reason may be
that when the borehole diameter is 16mm, the weakening
effect of the drilling technology on the strength of the rock
specimen is obvious, which greatly reduces the strength of
the rock, and which greatly shortens the fracture process of
the specimen and reduces the acquisition of acoustic emis-
sion signal collection time. The whole process can be divided
into the following stages.

Combined with the number of acoustic emission events
reflected in the rock and the corresponding energy, each
loading stage has different acoustic emission characteristics.
In the fracture compaction stage, the acoustic emission
events are less and more sparse and the energy value is rela-
tively stable. This is mainly due to the end effect and the
closure of the initial internal microcracks. In the linear elas-
tic stage, the acoustic emission energy is briefly in a quiet
period. At this time, the microcracks inside the sample have
been compacted, and there are not new cracks generated. In
the stage of microcrack generation and propagation, as the
stress increases, microcracks begin to appear inside the sam-
ple. The crack gradually expands, and high-energy acoustic
emission events increase. When the loading reaches the
failure stage, the crack continues to expand violently, the
energy accumulated inside is released, and the number of
acoustic emission events increases sharply. The energy value
of the acoustic emission event expands rapidly and is densely
distributed, spanning multiple orders of magnitude. Due to
the continuous accumulation of energy, the peak intensity
of the specimen is reached and rupture occurs. At this time,
the acoustic emission energy value is the largest, the event
frequency is the largest, and the stress drops instantly.
According to Figure 6, the evolution law of the acoustic
emission energy of the rock during the deformation process
with time reflects the change trend of its stress with time to a
certain extent. This feature is not affected by the change of
the diameter of the borehole, which indirectly proves that
the acoustic emission activity can reflect the microfracture
evolution activity.

3.3. Statistical Characteristics of Acoustic Emission Energy.
Since both the AE energy and the AE event number span
multiple orders of magnitude, they can be expressed in log-
arithmic coordinates. For acoustic emission signals spanning
multiple orders of magnitude, it is an appropriate and effec-
tive analysis method to introduce avalanche theory and use
statistical methods to study.

(1) Gutenberg-Richter law

Figure 3: The processed siltstone specimen.
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The acoustic emission energy data obtained during the
whole process of compression failure of the specimen with
prefabricated drilling holes were counted by the histogram
method, and the acoustic emission energy probability den-
sity map of the specimen was obtained. The result is shown
in Figure 7. The acoustic emission energy of the specimen
with prefabricated holes obeys a power-law distribution [26]:

p xð Þ = x−r

τ r, xminð Þ : ð3Þ

In the formula, r is the critical exponent characterizing
the entire probability density distribution; τ is the Huiwiz-
zeta function.
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It can be seen from Figure 7 that the acoustic emission
energy probability density map has a good linear relation-
ship in the double logarithmic coordinate, and the inherent
property of the acoustic emission energy distribution follows
a power-law distribution and is not affected by the change of
the borehole diameter. The absolute value of the slope of the
fitted straight line in Figure 7 can be expressed as the magni-
tude of the power-law exponent of the acoustic emission
energy. The power exponent can reflect that the damage of
rock originates from the development process [27].

When using maximum likelihood estimation, the distri-
bution index r of the absolute energy of acoustic emission
can be expressed as [28]

r xminð Þ = 1 + n 〠
n

i=1
ln xi
xmin

 !−1

, ð4Þ

where xi, i = 1⋯ n are all observations that satisfy the
inequality xi ≥ xmin.

It can be seen from equation (4) that the number of crit-
ical exponent r and histogram units is independent of the
length. There are not artificial parameters introduced in
the whole calculation, and the result is only related to its
own data structure.

However, using different energy intervals as the esti-
mation basis will result in different power exponents r,
that is, the power exponent as a function of the energy
interval r = f ð½Xlow, Xhigh�Þ. Therefore, each different sam-
ple interval ½Xlow, Xhigh� can get a power exponent estimate

r’. Sample interval is selected according to the following
rules. In the case of fixed Xhigh, the corresponding power
exponent is estimated by sliding Xlow. Research shows
(J.BAR), when Xhigh = Xmax, the distribution of the power
exponent r corresponding to different sample intervals is
the most concentrated by sliding Xlow. Therefore, by set-
ting Xhigh = Xmax, a more accurate power exponential
dynamic distribution curve can be obtained by changing
the size of the sample interval.

The maximum likelihood method is used to calculate
and analyze the absolute energy of acoustic emission gener-

ated by the specimen in the process of compression failure
by using MATLAB software. The calculation results are
shown in Figure 8.

According to Figure 8, the plateau value of the power-
law exponential curve can represent the best estimate of
the power-law of the probability density curve. The power-
law exponent r at this stage can well represent the energy
distribution of the entire process. For 8mm, 12mm, and
16mm different drill hole diameters, the value range of the
power law index is r8mm = 1:62 ± 0:05,r12mm = 1:54 ± 0:05,
and r16mm = 1:5 ± 0:05. The absolute energy of acoustic
emission generated during the compression failure process
of rock specimens with prefabricated cavities can better
satisfy the G-R law. The power-law exponent decreases grad-
ually as the borehole diameter increases. The trend of nega-
tive correlation is between borehole diameter and absolute
energy power law exponent of acoustic emission. The
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acoustic emission energy power-law index obtained by the
maximum likelihood method is roughly the same as the
acoustic emission energy power-law index obtained by the
histogram method. Therefore, the absolute energy power-
law index of acoustic emission obtained in this study has
high reliability.

(2) Distribution of waiting time

The time interval between adjacent acoustic emission
events is regarded as the waiting time, denoted by the sym-
bol δ.

For the compression failure of rock materials, the calcu-
lation results are shown in Figure 9 through statistical anal-
ysis of the waiting time of adjacent acoustic emission events.
In Figure 9, PðδÞ represents the probability density function
of the waiting time of adjacent acoustic emission, δ repre-
sents the waiting time of adjacent acoustic emission events,
and <n > represents the unit time of the absolute energy
of acoustic emission under the diameter of the borehole
average number of acoustic emission events. For acoustic
emission events with waiting time less than 0.1 s, the power
critical exponent is 1 − ν, while the power critical exponent
for acoustic emission with waiting time greater than 0.1 is
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2 + ζ. According to Figure 9, it can be seen that the waiting
time distribution of the three specimens with different bore-
hole diameters shows a good power-law distribution in the
double logarithmic coordinate. The waiting time distribu-
tion of the siltstone specimens with the three borehole diam-
eters is basically the same, which shows that the time
distribution of AE signal generation is not affected by the
diameter of the borehole.

(3) Distribution of aftershock sequences

The relationship between the main shock and after-
shocks can be described by Omori’s law, that is, the number
of aftershocks decreases exponentially with the time from
the main shock [29]. For the data analysis of Omori’s law,
artificially divided energy intervals 101 aJ~102 aJ, 102
aJ~103 aJ, and 103 aJ~104 aJ are used, and the main shock
is selected in the above energy interval. Count the frequency
rAS of aftershocks in the time interval ΔtAS from the main
shock.

Figure 10 shows the statistical results of aftershock
sequences for sandstone specimens with three borehole
diameters. For the sandstone specimens with three different
borehole diameters, their aftershock sequences show good
power-law distribution in the above three orders of magni-
tude, and the aftershock frequency attenuation coefficients
are all about 1 in the double logarithmic coordinate. Thus,
the distribution of aftershock sequences of sandstone speci-
mens with three borehole diameters satisfies a power-law
distribution, and the distribution index is close to the seismic
statistics in the case of uniaxial compression. The power-law
similarity of the three mainshock energy intervals reflects the
scale-free characteristics of Omori’s law, that is, the selection
of mainshock energy does not affect the attenuation coeffi-
cient of aftershock frequency and the law of aftershock fre-
quency attenuation over time. The data for the sandstone
specimen with a borehole diameter of 16mm is not as linear
in logarithmic coordinates as for the sandstone specimens
with a borehole diameter of 8mm and 12mm. The reason
may be related to the fact that the amount of acoustic emis-
sion data of the 16mm sandstone specimen is far less than
that of the other two groups of specimens.

4. Conclusion

In this paper, the uniaxial compression acoustic emission
test is carried out on siltstone specimens with different bore-
hole diameters, and the acoustic emission signals of the
whole process are collected simultaneously.

(1) The prefabricated drilled rock has multiple stress
drops before deformation and failure, but when the
diameter of the drilled hole is 16mm, the stress drop
is small. The rock failure occurs after a certain stress
drop Δσ. The evolution law of the acoustic emission
energy of the rock during the deformation process
reflects the change trend of its stress with time to a
certain extent, which indirectly proves that the

acoustic emission activity can reflect the microfrac-
ture evolutionary activity

(2) The acoustic emission energy obeys the power-law
distribution in multiple orders of magnitude, and
the change of the borehole diameter does not
change. The two methods of the histogram method
and the maximum likelihood estimation method also
confirm that the critical exponent of the acoustic
emission energy probability density has a high
reliability

(3) The larger the absolute value of the slope is, the
steeper the probability density curve is, which is
reflected in the figure as the increase in the rate den-
sity PðEÞ of the low-energy acoustic emission signal.
The change of the slope reflects the deterioration of
the rock by the drilling technology. The changing
behavior of the critical index can characterize the
damage

(4) The distribution of acoustic emission waiting time of
siltstone specimens with different borehole diame-
ters. The distribution of aftershock sequences have
similar power-law distributions in double logarith-
mic coordinates. The waiting time distribution of
the specimens has the same power-law exponent,
and the aftershock attenuation coefficient p is close
to 1

(5) As the borehole diameter increases, the weakening of
rock strength increases significantly. Therefore, on
the premise of obtaining a good pressure relief effect,
the diameter of the drill hole should be selected as
small as possible to prevent the instability of the rock
mass

Data Availability

The experimental data used to support the findings of this
study are available from the corresponding author upon
request.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

This work was supported by the Guizhou Province Science
and Technology Support Program Project (grant number
QIANKEHE Support [2021] General 516), the National
Natural Science Foundation of China (grant numbers
41962008, 52164006, and 51964007), and Scientific and
Technological Innovation Talents Team in Guizhou Prov-
ince (grant number [2019] 5619).

8 Geofluids



References

[1] C. Pan, B. Xia, Y. Zuo, B. Yu, and C. Ou, “Mechanism and con-
trol technology of strong ground pressure behaviour induced
by high-position hard roofs in extra-thick coal seam mining,”
International Journal of Mining Science and Technology,
vol. 32, no. 3, pp. 499–511, 2022.

[2] B. Ma, Research on Prevention and Control of Rockburst by
Drilling Pressure Relief, General Research Institute of Coal Sci-
ence, 2018.

[3] J. Ma, Research on the Application of Pressure Relief Method in
the Safety and Stability Control of Impact-Type DeepWell Min-
ing Roadway, Shanghai University of Applied Sciences, 2020.

[4] S. Zhang, Y. Li, B. Shen, X. Sun, and L. Gao, “Effective evalua-
tion of pressure relief drilling for reducing rock bursts and its
application in underground coal mines,” International Journal
of Rock Mechanics and Mining Sciences, vol. 114, pp. 7–16,
2019.

[5] C. Wang, A. Cao, G. Zhu, G. Jing, J. Li, and T. Chen, “Mecha-
nism of rock burst induced by fault slip in an island coal panel
and hazard assessment using seismic tomography: a case study
from Xuzhuang colliery Xuzhou China,” Geosciences Journal,
vol. 21, no. 3, pp. 469–481, 2017.

[6] Y. Xiao, L. Wang, X. Jiang, T. M. Evans, A. W. Stuedlein, and
H. Liu, “Acoustic emission and force drop in grain crushing of
carbonate sands,” Journal of Geotechnical and Geo environ-
mental Engineering, vol. 145, no. 9, 2019.

[7] S. Li and H. Tang, “Acoustic emission characteristics of rock
material fracture process under different loading conditions,”
Chinese Journal of Geotechnical Engineering, vol. 31, no. 1,
pp. 147–152, 2010.

[8] L. Girard, J. Weiss, and D. Amitrano, “Damage-cluster distri-
butions and size effect on strength in compressive failure,”
Physical Review Letters, vol. 108, no. 22, article 225502, 2012.

[9] E. K. H. Salje, A. Planes, and E. Vives, “Analysis of crackling
noise using the maximum-likelihood method: power-law mix-
ing and exponential damping,” Physical Review E, vol. 96,
no. 4, article 042122, 2017.

[10] G. Chen, X. Sun, J. Wang, D. Wang, and Z. Zhu, “Detection of
cracking behaviors in granite with open precut cracks by
acoustic emission frequency spectrum analysis,” Arabian Jour-
nal of Geosciences, vol. 13, no. 6, p. 258, 2020.

[11] J. Ma, L. Dong, G. Zhao, and X. Li, “Focal mechanism of
mining-induced seismicity in fault zones: a case study of Yong-
shaba mine in China,” Rock Mechanics and Rock Engineering,
vol. 52, no. 9, pp. 3341–3352, 2019.

[12] J. Ma, L. Dong, G. Zhao, and X. Li, “Qualitative method and
case study for ground vibration of tunnels induced by fault-
slip in underground mine,” Rock Mechanics and Rock Engi-
neering, vol. 52, no. 6, pp. 1887–1901, 2019.

[13] D. Jiang, H. Yue, X. Zhang, K. Xie, and X. Jiang, “Sandstone
uniaxial compression acoustic emission and fiber bundle
model simulation,” Rock and Soil Mechanics, vol. 38, no. 2,
2017.

[14] J. Davidsen, G. Kwiatek, E. M. Charalampidou et al., “Trigger-
ing processes in rock fracture,” Physical Review Letters,
vol. 119, no. 6, article 068501, 2017.

[15] K. Xie, D. Jiang, X. Jiang et al., “Energy distribution and criti-
cality characteristics analysis of shale Brazilian splitting test,”
Journal of China Coal Society, vol. 42, no. 3, pp. 613–620, 2017.

[16] E. K. H. Salje, G. I. Lampronti, D. E. Soto-Parra, J. Baro,
A. Planes, and E. Vives, “Noise of collapsing minerals: predict-
ability of the compressional failure in goethite mines,” Ameri-
can Mineralogist, vol. 98, no. 4, pp. 609–615, 2013.

[17] H. Liu, L. Jin, D. Jiang, K. Xie, and X. Jiang, “Experiment and
maximum likelihood theory of acoustic emission statistical
effect of coal and sandstone composite rocks,” Chinese Journal
of Coal Society, vol. 44, no. 5, pp. 1544–1551, 2019.

[18] D. Jiang, K. Xie, X. Jiang, J. Chen, and X. Yuan, “Statistical
analysis of acoustic emission energy distribution during uniax-
ial compression failure of shale,” Chinese Journal of Rock
Mechanics and Engineering, vol. 35, no. 2, pp. 3822–3828,
2016.

[19] G. Hou, J. Liang, H. Jing et al., “Acoustic emission characteris-
tics of small surrounding rock specimens under triaxial action
during unloading process,” Rock and Soil Mechanics, vol. 40,
no. 12, pp. 4564–4572, 2019.

[20] Y. Zhao, H. Liu, K. Xie, E. K. H. Sajie, and X. Jiang, “Ava-
lanches in compressed sandstone: crackling noise under con-
finement,” Crystals, vol. 9, no. 11, p. 582, 2019.

[21] K. Xie, D. Jiang, Z. G. Sun, J. Chen, W. Zhang, and X. Jiang,
“NMR, MRI and AE statistical study of damage due to a low
number of wetting-drying cycles in sandstone from the three
gorges reservoir area,” Rock Mechanics and Rock Engineering,
vol. 51, no. 11, pp. 3625–3634, 2018.

[22] L. Zheng, L. Zheng, Y. Zuo et al., “Study on mesoscale damage
evolution characteristics of irregular sandstone particles based
on digital images and fractal theory,” Advances in Materials
and Engineering, vol. 2021, article 6552847, 14 pages, 2021.

[23] S. Zheng, Y. Hu, S. Guan, and X. Li, “Structural deformation
and evolution of the Lannigou gold orefield in southwestern
Guizhou,” Geological Review, vol. 66, no. 5, pp. 1431–1445,
2020.

[24] S. Zang, “Seismic stress drop and rock fracture stress drop,”
Acta Seismologica Sinica, vol. 6, no. 2, pp. 182–184, 1984.

[25] W. Hu, G. Scaringi, Q. Xu, and R. Huang, “Acoustic emissions
and micro-seismicity in granular slopes prior to failure and
flow-like motion: the potential for early warning,” Geophysical
Research Letters, vol. 45, no. 19, pp. 406–410, 2018.

[26] P. O. Castillo-Villa, J. Baro, A. Planes et al., “Crackling noise
during failure of alumina under compression: the effect of
porosity,” Journal of Physics: Condensed Matter, vol. 25,
no. 29, article 292202, 2013.

[27] X. Jiang, H. L. Liu, I. G. Main, and E. K. H. Sajie, “Predicting
mining collapse: superjerks and the appearance of record-
breaking events in coal as collapse precursors,” Physical Review
E, vol. 96, no. 2, article 023004, 2017.

[28] A. Clauset, C. R. Shalizi, and M. E. J. Newman, “Newman M E
J. Power-law distributions in empirical dataPower-Law Distri-
butions in Empirical Data,” SIAM Review, vol. 51, no. 4,
pp. 661–703, 2009.

[29] T. Utsa, “The centenary of the Omori formula for a decay law
of aftershock activity,” Journal of Physics of the Earth, vol. 43,
no. 1, pp. 1–33, 1995.

9Geofluids



Research Article
Predicting Time-to-Failure of Red Sandstone by Temporal
Precursor of Acoustic Emission Signals

Ansen Gao ,1 Chengzhi Qi ,1,2,3 Renliang Shan ,1 and Chunlai Wang4

1School of Mechanics and Civil Engineering, China University of Mining and Technology (Beijing), Beijing 100083, China
2School of Civil and Transportation Engineering, Beijing University of Civil Engineering and Architecture, Beijing 100044, China
3Beijing Advanced Innovation Centre for Future Urban Design, Beijing University of Civil Engineering and Architecture,
Beijing 100044, China
4School of Energy and Mining Engineering, China University of Mining and Technology (Beijing), Beijing 100083, China

Correspondence should be addressed to Ansen Gao; gaoansen@163.com and Chengzhi Qi; buceaqcz@163.com

Received 18 March 2022; Accepted 8 June 2022; Published 18 July 2022

Academic Editor: Zhijie Wen

Copyright © 2022 Ansen Gao et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The evolution pattern of rock damage is a progressive failure process of rock materials. It is the basis for predicting failure time of
rock materials. By theoretical and experimental analysis, the acoustic emission (AE) precursor characteristics of rock fracture and
the gradual evolution pattern of rock damage were analyzed detailedly. Then, the time-to-failure of red sandstone was predicted
and compared by several different methods. The results demonstrated that the failure process of red sandstone can be divided into
the stable deformation stage and the critical acceleration failure stage. In the critical acceleration failure stage, the AE precursor of
rock failure was easy to be observed, and the AE event rate occurred as jump-like increase phenomenon. Moreover, the gradual
evolution pattern of rock damage obeyed an exponential function, and the damage acceleration phenomenon existed in the critical
failure stage. Furthermore, the higher values of the average of rock damage was, the more obvious linear evolution pattern will be,
which was beneficial to improve the prediction accuracy of time-to-failure of rocks. Clearly, the linear prediction results of rock
failure time, after taking average values of five rock damage variables, had more higher accuracy when damage variable exceeded
D = 0:5. The predicting result of specimen R1 was 0.2 s ahead of its actual failure time, and the predicting result of specimen R6
was 8.1 s ahead of its actual failure time. Therefore, this method is meaningful and it can be used for the early warning of
rockburst.

1. Introduction

The crack initiation to rock fracture is accompanied by
acoustic emission (AE) phenomenon. It is very useful for
revealing the failure mechanism of rock materials [1], and
it is particularly effective for monitoring the physics precur-
sor of natural events such as earthquake and rockburst. Typ-
ically, the accelerating phenomenon of AE monitoring
signals is observed before the failure of rock materials
[2–5]. It means that there is a critical failure stage of rocks,
and it is very important to make full use of the critical AE
precursor to elucidate the failure mechanism of rock mate-
rials. Therefore, it is an important challenge to present a
quantitative method for forecasting time-to-failure of rocks.

Rockburst always occurs in the excavation process of
tunneling and mining, which seriously endangers the safety
of engineering structures [6, 7]. In many cases, the precursor
of seismic activity showed acceleration phenomenon which
can be used as a robust precursor of volcanic eruptions [8].
Meanwhile, many rockbursts were preceded by increases of
AE monitoring signals [2–5, 9]. A range of different models
have been proposed to relate the evolution of AE monitoring
signals to the onset time of rockburst. Fukuzuno [10] used
an empirical power law to model the evolution of surface
displacements prior to slope failure. Later on, Voight [8]
proposed a general material failure law to characterize the
evolution pattern of rock deformation and AE signals. Nev-
ertheless, Voight’s model required that the failure pattern of
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materials must conform to a power-law relationship, which
was not friendly to the non-power-law evolution pattern of
rock failure. Boué et al. [11] presented an approach for
real-time monitoring volcano-seismic precursors. It can
forecast the eruption time before it erupting. However, the
time scale of this method was relatively large and inaccurate,
and the accuracy of predicting time-to-failure of rock mate-
rials was still unclearly.

Rock fracture is driven by the stress and the time-
dependent cracking process [12]. The time-dependent frac-
ture behavior is particularly important for rock engineering
structures for long-term stability [13]. However, the turning
point of the stable and unstable deformation stage of rocks
has not been quantitatively distinguished [13]. The time
series of daily seismic event rate for Kilauea Volcano from
1959 to 2000 was analyzed by Chastin et al. [14]. It showed
that an accelerating behavior of the mean seismic event rate
emerged 10-15 days before the eruption. Still, the predicting
time scale was measured in days, and it was relatively large
and fuzzy [14]. The determined accelerating behavior of
average seismic events seems to give us some insights for
the time-to-failure of sudden disasters such as volcanic erup-
tion and rockburst. The onset time of acceleration phenom-
enon is the better evaluation indicator for materials failure
prediction [15]. Despite the widespread interest in predict-
ing failure time of rocks, the starting point of damage accel-
eration was not reliably identified. This usually resulted in a
lag in predicting time-to-failure of rock materials. It can
decrease the possibility of false alarms of rockburst by accu-
rately identifying the starting point of rock damage acceler-
ation stage [2–5, 9]. Therefore, a credible method is still
required to identify the starting point of damage acceleration
process for predicting time-to-failure of rocks.

The AE signals monitoring technology has been verified
as an effective, nondestruction, and real-time monitoring
tool, which reliably reflects the nucleation and propagation
of irreversible microcracks before rock failure. In this study,
we focused on methods for forecasting the time-to-failure of
a forthcoming rockburst based on damage accelerating phe-
nomenon of AE signals. Firstly, the internal damage evolu-
tion model of rocks was revealed by theoretical derivation.
Then, the red sandstone specimens were subjected to the
uniaxial compression test. The AE precursor of rock failure
and the evolution pattern of rock damage were analyzed
based on AE event rate. Moreover, the time-to-failure of
rocks was further predicted and compared by linear and
exponential function methods.

2. Theoretical Basis

The damage acceleration behavior exists in the critical fail-
ure stage of rock materials, and it is very meaningful for bet-
ter identifying the damage evolution pattern and predicting
time-to-failure of rock materials [15]. Before analyzing and
calculating rock damage variables, the following assump-
tions are made for simplification: (i) rock materials are iso-
tropic, homogenous, continuous, and brittle materials with
preexisting microcracks on a macroscale; (ii) the elastic
damage constitutive law is applicable to each mesoscopic

element; (iii) rock damage is continuously developed and
gradual accumulation in mesoscopic elements; (iv) the
strength of mesoscopic elements is observed following Wei-
bull distribution function [16–18].

P Fð Þ =
m
F0

F
F0

� �m−1
exp −

F
F0

� �m� �

0

8><
>:

9>=
>;

F > 0,
F ≤ 0,

ð1Þ

where F is an elemental strength parameter or stress level,
F0 is its mean value, and m is the shape parameter (Weibull
modulus) or a homogeneous index of rock materials which
measures the concentration of F.

Then, let N denotes the number of all mesoscopic ele-
ments, and Nf denotes the number of all failed mesoscopic
elements. The damage variable (D) can be directly defined
as the following equation.

D =
Nf

N
: ð2Þ

When the stress level F increases to F + dF, the number
of failed mesoscopic elements increases by NPðFÞdF. If
external force increases from zero to F, from equation (1),
the total number of failed mesoscopic elements is calculated
by the following equation.

Nf Fð Þ =
ðF

0
NP yð Þdy =N 1 − exp −

F
F0

� �m� �� �
: ð3Þ

Then, from equations (2) and (3), the following equation
can be obtained.

D = 1 − exp −
F
F0

� �� �m
: ð4Þ

It is assumed that the ultimate principal stress for rock
failure meets the Hoek-Brown strength criterion [19].

F σð Þ = nσc
I∗1
3 + 4J∗2 cos2θσ + nσc

ffiffiffiffiffi
J∗2

p
cos θσ +

sin θσffiffiffi
3

p
� �

= sσ2c ,

ð5Þ

where σc is the uniaxial compressive strength, n and s are the
material constants, θσ is Lode’s angle, I

∗
1 is the first invariant

of effective stress, and J∗2 is the second invariant of effective
stress deviators.

For the uniaxial compression, σ2 = σ3 = 0, θσ = 30°, there
are the following determinate relationships.

I∗1 = Eε1, ð6Þ

ffiffiffiffiffi
J∗2

p
= Eε1ffiffiffi

3
p , ð7Þ

where E is the modulus of elasticity and ε1 is the axial strain.
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Substituting equations (6) and (7) into (5), the following
equation can be obtained.

F σð Þ = nσcEε1 + Eε1ð Þ2: ð8Þ

According to equations (4) and (8), the mechanical dam-
age (D) caused by the compression stress is as the following
equation.

D = 1 − exp −
nσcEε1
F0

+ E2ε21
F0

� �a� �
: ð9Þ

This is the damage evolution equation of mesoscopic ele-
ments in the statistical constitutive model of rock materials.
Equation (9) can be simplified as the following equation.

D = 1 − exp − αε1 + βε21
	 
ah i

, ð10Þ

where α = nσcE/F0 and β = E2/F0.
Then, assuming that rock materials have no initial dam-

age, the cumulative number of AE events is NAW when rock
is completely broken. For any deformation time t, the cumu-
lative number of AE events is NAðtÞ. Then, the following
damage equation can be defined by AE events.

D = NA tð Þ
NAW

: ð11Þ

3. Experimental Investigation

3.1. Experimental Equipment. The Instron 5985 compression
testing machine was used in this study, which had a maxi-
mum load capacity of 250 kN and the minimum loading rate
of 0.0001mm/min. The AE monitoring equipment
employed PCI-II, which was an AE signals acquisition and
analysis system. To improve the spatial positioning accuracy
of AE events, six AE sensors were used in this test and they
were placed 20mm away from both ends of rock specimens,
as shown in Figure 1. In addition, the AE sensors were dis-
tributed at an angle of 90° to ensure they were not coplanar.

The threshold value of the AE monitoring system was set to
45 dB, the preamplifier gain was set to 40 dB, and the sam-
pling frequency was set to 1MHz.

3.2. Specimen Preparation. The same raw rock sample was
used for preparing rock specimens to ensure the physical
and mechanical parameters of specimens had the same level
of magnitude. Then, the specimens were prepared as cylin-
der with a height-diameter ratio of 2 : 1 (with the size of
100 : 50mm). After preliminary preparation, the specimens
were carefully polished to ensure both ends were ground flat
without significant damage, as shown in Figure 2.

3.3. Experimental Method. For verifying the rationality of the
damage evolution model and the method of predicting time-
to-failure of rocks, six red sandstone specimens were used
for this study. For specimens R1~R3, their loading rate was
0.1mm/min, and for specimens R4~R6, their loading rate
was 0.03mm/min. The loading process was monitored syn-
chronously with AE signals monitoring process. Beyond
peak stress, the loading process was stopped after the stress
dropped to 80% of its peak value to ensure rock specimens
had been completely destroyed. In particular, the representa-
tive results of specimens R1 and R6 were used to analyze in
this study.

4. Results

4.1. The Evolution Characteristics of AE Signals of Red
Sandstone. Figure 3 shows the evolution characteristics of
AE events with the increasing axial loading. To illustrate,
Figure 3(a) is the result of specimen R1, and Figure 3(b) is
the result of specimen R6. The results showed that the failure
process of red sandstone needed to experience stable elastic
deformation firstly, the stress increased steadily, and the
stress curve was smooth. Subsequently, rock specimens
entered the critical fracture stage, the stress was fluctuating
and unstable, and the peak stress will be reached in a short
time. Then, the stress decreased slightly in steps which was
followed by the complete penetration of cracks. During the
elastic deformation stage (Stage I), the AE events had rela-
tively lower values and fewer numbers, and its variation
was relatively stable and smooth. In the critical acceleration

AE Sensor 6

AE Sensor 1 AE Sensor 3

AE Sensor 3

AE Sensor 5

AE Sensor 4

2 cm

2 cm

Figure 1: Schematic diagram of AE sensors distribution.

50 mm

100 mm

Figure 2: The prepared red sandstone specimens.
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failure stage (Stage II), the evolution characteristics of AE
events were obviously different from the previous stage.
The jumping spurt of AE events occurred with each large
fracture (crack) inside rocks. Due to the frequent occurrence
of rock fractures, the AE events increased with multiple
jumps. Moreover, AE events had relatively larger values,
larger numbers, and more frequent fluctuation. Due to dif-
ferent characteristics of AE events in Stage I and Stage II,
Stage I was defined as the stable deformation stage, and
Stage II was defined as the accelerated failure stage. In addi-
tion, an obvious acceleration phenomenon for cumulative
AE events, generated from microcrack propagation, was
clearly observed nearby the failure point. The typical evolu-

tion pattern of AE events can be used as a precursor for rock
failure.

Figure 4 shows the localization of AE events inside rocks
in the critical failure stage, and Figure 4(a) is the result of
specimen R1 when D = 0:5, Figure 4(b) is the result of spec-
imen R6 when D = 0:5, Figure 4(c) is the result of specimen
R1 when D = 1, and Figure 4(d) is the result of specimen R6
when D = 1. Moreover, the corresponding failure time is
655 s for specimen R1 in Figure 4(a), and the corresponding
failure time is 2018 s for specimen R6 in Figure 4(b). It can
be seen that before the critical acceleration failure stage,
the high-energy AE events inside rocks were relatively few
and scattered. It demonstrated that the main cracks inside
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Figure 3: The evolution characteristics of AE signals. (a) The result of specimen R1. (b) The result of specimen R6.
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rock specimens had not penetrated. When rocks were
completely destroyed, the distribution and morphology of
main fractures (cracks) can be clearly observed. It indicated
that the fracture behavior was more frequent and significant
in the critical acceleration failure stage.

4.2. Identification of the Damage Acceleration Point of Red
Sandstone. From equation (10), it can be seen that the dam-
age evolution pattern of rocks is in line with the growth pat-
tern of exponential function. Based on equation (11), the
damage evolution curve of rock specimen can be calculated
and plotted by AE events. Since it had been assumed that
the growth pattern of rock damage obeyed the exponential
law, the function (D = y0 + A exp ð−x/t1Þ) was used as the
fitting function to analyze the damage evolution pattern of
rock specimens. The fitting results indicated that this func-
tion can accurately characterize the damage evolution pat-
tern of rocks. Furthermore, rock damage had a low-rate
steady growth stage and an accelerated growth stage. From
Figure 5 (Figure 5(a) is the result of specimen R1, and
Figure 5(b) is the result of specimen R6), it can be known
that there is a significant difference for damage growth of
rock specimens before and after D = 0:375. Before this dam-
age point, rock damage growth rate was relatively low and
rock specimen was still in the stable deformation stage. After
this damage point, rock damage growth rate began to accel-
erate significantly, and the damage curve became steeper.
Therefore, the damage point (D = 0:375) can be taken as
the first turning point of rock damage curve, since the turn-
ing point of stable deformation stage and the critical acceler-
ation failure stage occurred at damage variable reaching 0.5
(D = 0:5). This also can be confirmed by the AE precursor
in Figures 3 and 4. Therefore, for further distinguishing the
evolution characteristics of rock damage, the second damage
point (D = 0:5) can be taken as another turning point of rock
damage curve. In fact, the second damage point (D = 0:5)
was the turning point of accelerating deformation rather
than the accelerating turning point of damage variables.

4.3. The Method for Predicting Time-to-Failure of Red
Sandstone. As shown in Figure 5, it can be learned that rock
damage has accelerated behavior in the critical failure stage.
From Figure 6 (Figure 6(a) is the result of specimen R1, and

Figure 6(b) is the result of specimen R6), the damage evolu-
tion characteristics, from D = 0:375 and D = 0:5 to rock fail-
ure, were further analyzed detailedly in the critical failure
stage. It can be found that rock damage approximately con-
formed to the linear growth in the critical acceleration fail-
ure stage. Certainly, from D = 0:375 and D = 0:5 to the
complete failure of rocks, the accuracy degree of linear fitting
of rock damage was different. The results demonstrated that
the linear evolution pattern of rock damage was more obvi-
ous and clearly when the fitting data from D = 0:5 to rock
failure. From Figure 6, it can be seen that rock damage is
not uniform, but it is grouped in several intervals. Since
there are many groups of damage variables from D = 0:375
to rock failure, the distribution of rock damage variables
was relatively discrete. Therefore, for improving the effect
of linear fitting, rock damage variables were averaged from
D = 0:5 to rock failure.

Based on the method of ordinary least squares [20], the
linear fitting equation for predicting time-to-failure of rocks
can be obtained. The linear fitting equation (y = a + bx) was
used to fit the evolution curve of rock damage. For specimen
R1, its actual failure time is 787.2 s (D = 1) in this study. For
specimen R6, its actual failure time is 2432.0 s (D = 1) in this
test. To illustrate, the negative data indicated the forecast
time was advanced than the actual failure time, and the pos-
itive data indicated the forecast time was lagging behind the
actual failure time. The precision of the slope for the fitting
curve was only accurate to 4 digits after decimal point.
Although these two fitting curves had the same slope after
approximation (Figure 7(a), Line 1 and Line 2), the slopes
of these two fitting curves were actually slightly different.

Table 1 compares the prediction results, by different fit-
ting equations, with the actual failure time (D = 1), and it can
distinguish the prediction accuracy of time-to-failure of
rocks. It can be known that the fitting equations (1)~(4)
(Nos. 1~4) are the results of specimen R1 and equations
(5)~(8) (Nos. 5~8) are the results of specimen R6. Obvi-
ously, the fitting result of specimen R1 was better than spec-
imen R6. The exponential growth pattern of specimen R1
was more obvious and matched, and its predicted time-to-
failure of rocks was only advanced 0.7 s than the actual fail-
ure time. However, the predicted time-to-failure of specimen
R6 was quite different from the actual failure time,
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Figure 4: The fracture characteristic of red sandstone by AE events. (a) The result of specimen R1 when D = 0:5. (b) The result of specimen
R6 when D = 0:5. (c) The result of specimen R1 when D = 1. (d) The result of specimen R6 when D = 1.
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approximately delayed 70.7 s. It demonstrated that the accu-
racy of predicting time-to-failure of rocks by the exponential
fitting function was unstable. Then, compared with D = 0:5
to rock failure, the distribution of damage variables (from
D = 0:375 to rock failure) was more scattered, and they were
grouped obviously in several intervals. Then, the prediction
accuracy of rock failure time was mainly analyzed from D
= 0:5 to rock failure. Fitting equations (2) (No. 2) and (6)
(No. 6) were the linear fitting equations for specimens R1
and R6 from D = 0:5 to rock failure, respectively. Therefore,

it can be seen that the linear evolution characteristics of rock
damage (from D = 0:5 to D = 1) were more obvious and
clearly.

Subsequently, two different damage processing methods
were used to fit damage variables, and the predicting accu-
racy of time-to-failure of rocks was compared. In Figure 7
(Figure 7(a) is the result of specimen R1, and Figure 7(b) is
the result of specimen R6), the blue line (Line 1) was
obtained by taking average of each two original damage var-
iables. Similarly, the red line (Line 2) was obtained by taking
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Figure 5: The damage evolution curve of red sandstone under compression. (a) The result of specimen R1. (b) The result of specimen R6.
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average of each five original damage variables. This process-
ing method, by taking the average values of different num-
bers of damage variables, can reduce the volatility of
damage variables and it can improve its stationarity and
accuracy of the fitting equation.

In Figure 7(a), the fitting equation for Line 1 is y =
0:0054x − 3:24, and its R-square is 0.9923. Likewise, the fit-

ting equation for Line 2 is y = 0:0053x − 3:23, and its R
-square is 0.9985. Comparing the fitting effect, it can be seen
that the fitting effect of Line 2 was slightly better than Line 1.
In Figure 7(b), the fitting equation for Line 1 is y = 0:0019x
− 3:90, and its R-square is 0.9904. The fitting equation for
Line 2 is y = 0:0021x − 4:26, and its R-square is 0.9972. For
specimen R1, the fitting effect of fit equation (4) (No. 4) is
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better than fit equation (3) (No. 3), and the predicted time-
to-failure of specimen R1 can be advanced by 0.2 s than the
actual failure time. For specimen R6, the fitting effect of fit
equation (8) (No. 8) is better than fit equation (7) (No. 7),
and the predicted time-to-failure of specimen R6 can be
advanced by 8.1 s than the actual failure time. Hence, from
D = 0:5 to rock failure, the predicting results of the linear
function, based on the average treatment of five damage var-
iables, were better than the predicting results of the average
treatment of two damage variables. Moreover, the fitting

effect of the linear function, based on averaging five damage
variables, was better than the exponential function.

5. Discussions

It can be seen from Figures 3 and 4 that the evolution pro-
cess of AE signals has stable deformation stage and critical
acceleration failure stage. For the stable deformation stage,
AE events were relatively gentle and quiet due to the overall
weak damage of rocks. For the accelerated failure stage, AE
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Figure 7: The damage fitting curve by different methods. (a) The result of specimen R1. (b) The result of specimen R6.

8 Geofluids



events fluctuated greatly with a small fluctuation of stress,
which indicated that a large number of cracks had been ini-
tiated inside specimens, and the damage increased rapidly. It
had entered a critical failure stage. It meant that large
amounts of macroscopic fractures will occur without a large
stress increasing. The dynamic fluctuation of AE events also
indicated that some relatively large-sized cracks were pene-
trated and connected. Consequently, this was an AE precur-
sor to the impending destruction of rocks. Therefore, the
rock deformation stage was very important for its damage
evaluation. Then, according to the evolution characteristics
of AE events, the damage state can be distinguished, and
the appropriate damage evolution equation can be selected
to quantitatively characterize the damage evolution pattern
of rocks. Subsequently, the first damage point (D = 0:375)
was defined and determined based on the turning point of
damage variables. Based on the mutation of AE events, the
second damage point (D = 0:5) was also defined and deter-
mined. Absolutely, it was known as the start point of the
critical failure stage. Therefore, it is helpful for the prediction
of time-to-failure of rocks and the early warning of
rockburst.

The damage variable is an indicator for evaluating frac-
ture and damage state of rocks. It can reflect the evolution
characteristics of cracks inside rock materials. Through the-
oretical analysis, it can be learned that the damage evolution
curve of rock specimens followed the exponential function
law, as shown in Figure 5. By fitting the damage variables
with an exponential function, the critical accelerated failure
phenomenon can be clearly characterized, and the quantita-
tive evaluation of rock damage can be realized. This provides
the basis for realizing the mathematical characterization of
rock damage and predicting time-to-failure of rocks. There-
fore, based on the damage evolution curve, the first damage
point (D = 0:375) was defined and determined. Before this
point, the damage evolution rate was slow and gradual. After
this point, the damage evolution rate grew rapidly. Thus, the
first damage point can be used to distinguish differences of
damage evolution growth for rocks. Then, according to the
actual fracture situations of rocks, the second damage point
(D = 0:5) was also defined and determined. Correspond-
ingly, the second damage point (D = 0:5) can be used to dis-
tinguish the stable deformation stage and the critical
acceleration failure stage. It can be confirmed by the evolu-

tion pattern of AE signals, especially the AE precursor of
rock failure occurred after this point, which verified the
rationality of the defined second damage point. Accordingly,
by defining different damage turning points, the predicting
accuracy of rock failure time can be improved.

Based on the first damage point, the damage evolution
state of rocks was distinguished, and by the second damage
point, the fracture evolution state of rocks was distinguished.
No matter from the first damage point to rock failure or
from the second damage point to rock failure, the damage
state of rocks was in an accelerated growth stage. Moreover,
from these two damage points to rock failure, the damage
variables roughly showed a linear rapid growth trend. There-
fore, it seems possible to predict the failure time of rocks by
linear fitting equations. Consequently, based on the damage
evolution characteristics, from the second damage point to
rock failure, the time-to-failure of rocks was calculated by
linear fitting equations, as shown in Figure 7. Moreover, it
can be seen that the fitting results were fitted better. This
demonstrated that it was reasonable and reliable to fit rock
damage evolution pattern by linear equation. Obviously,
the results of the fitting equation, from the second damage
point to rock failure, had a better linear fitting effect, and
the predicted time-to-failure of rocks was more accurate.
The damage state and fracture state can be distinguished
by the first damage point and the second damage point,
which narrowed the data range of the linear fitting of rock
damage. However, the deformation of rocks was unstable
in the critical failure stage, and the evolution trend of dam-
age variables was unstable. This reduced the prediction accu-
racy of time-to-failure of rocks due to the local dispersion of
damage variables. Therefore, for improving the prediction
accuracy, it is necessary to average the damage variables to
reduce the predicting errors for time-to-failure of rocks
which is caused by the discrete damage variables.

Due to the discontinuity of rock fracture, the average
treatment of damage variables can reduce the prediction
errors caused by data concentration and unevenness to some
extent. It can improve the prediction accuracy by homoge-
nizing and smoothing the discrete data. From the fitting
results of Line 1 and Line 2 in Figure 7, it can be seen that
the fitting effect of Line 2, with the average of five damage
variables, is better than that of Line 1, with the average of
two damage variables. It should be noted that this method

Table 1: The results of predicting time-to-failure of rocks. Nos. 1~4 are the results of specimen R1. Nos. 5~8 are the results of specimen R6.

No. Fit data Fit equation R-square Prediction time (s) Error (s)

1 Figure 5(a) y = 0:063 + 0:0021 exp x/128:92ð Þ 0.9725 786.5 -0.7

2 Figure 6(a) y = 0:0054x − 3:27 0.9787 790.7 3.5

3 Figure 7(a), Line 1 y = 0:0054x − 3:26 0.9923 788.9 1.7

4 Figure 7(a), Line 2 y = 0:0054x − 3:25 0.9985 787.0 -0.2

5 Figure 5(b) y = 0:054 + 0:0049 exp x/475:52ð Þ 0.9824 2502.7 70.7

6 Figure 6(b) y = 0:0013x − 2:25 0.9737 2500.0 68.0

7 Figure 7(b), Line 1 y = 0:0019x − 3:71 0.9904 2478.9 46.9

8 Figure 7(b), Line 2 y = 0:0021x − 4:09 0.9972 2423.8 -8.1
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has a better fitting effect on processing data with larger dis-
creteness than the data with a more concentrated distribu-
tion. For improving the predicting accuracy, a phased
calculation method can be used for the early warning of
rockburst. The results showed that the predicting time-to-
failure of rocks by exponential function will make the results
unstable and inaccurate due to the discreteness of damage
variables. However, the linear evolution pattern of rock
damage can be achieved by averaging damage variables,
which had a good effect on improving the prediction accu-
racy. In fact, it will contribute to the early warning of rock
dynamic disasters.

6. Conclusions

Based on the AE signals monitoring experiment and the uni-
axial compression test, the time-to-failure of red sandstone
was studied and analyzed, and the following conclusions
can be obtained.

(1) The red sandstone had stable deformation stage and
accelerated failure stage under uniaxial compression.
In the stable deformation stage, the stress grew rela-
tively smoothly and AE events were relatively quiet
with lower values. In the acceleration failure stage,
the stress increased slightly and AE events showed
a jump-increase phenomenon with large fluctuation.
From the positioning results of AE events, it can be
known that the crack penetration mainly occurred
in the critical failure stage.

(2) Rock damage obeyed the growth pattern of exponen-
tial function under axial loading, and rock damage
variables had the steady increase stage and the accel-
erated increase stage. Moreover, different damage
acceleration turning points will affect the linear char-
acterization of acceleration damage stage, and it can
further affect the predicting accuracy of rock failure
time.

(3) Based on different damage acceleration turning
points, the linear fitting effect will be quite different.
The linear fitting effect from D = 0:5 to rock failure
will be better than D = 0:375 to rock failure. The
averaging processing method of damage variables
(from D = 0:5 to rock failure) can improve the linear
fitting effect and the accuracy of predicting time-to-
failure of rocks.
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Aiming at the problem of permeability enhancement in deep coal roadway strip, it proposed a pressure relief roadway
permeability enhancement model, and the model was verified through experiments, theoretical calculations, and field tests. The
experiment reveals that the unloading of gas-containing coal can achieve the effect of permeability enhancement. Theoretical
calculation shows that with the increase of the distance from the coal seam, the overlying coal seam’s permeability
enhancement multiple and the width of the significant permeability enhancement zone gradually decrease, and the width of
the general permeability enhancement zone gradually increases and then stabilizes. Field tests show that the pressure relief
roadway is arranged 9m directly below the coal seam; the overlying coal strata has a significant pressure relief and
permeability enhancement effect. This research can provide reference value for the high-efficiency permeability enhancement
in the deep coal roadway strip.

1. Introduction

With the increase of coal mining depth, most of the deep
coal seams have the characteristics of low gas permeability
[1–4], which has seriously affected the gas drainage of
deep coal seams, especially in the coal and gas outburst
areas of coal roadways. Gas drainage is difficult [5–8], long
time for drainage to reach the standard [9, 10], and low
drainage efficiency [11, 12]. For this reason, domestic
and foreign studies have successively proposed hydraulic
flushing [13–16], hydraulic slitting [3, 17, 18], hydraulic
fracturing [19, 20], CO2 fracturing [21–23], and high-
pressure gas blasting [24]; these permeability enhancement
technologies can increase the permeability of the coal
seam, but there are still some shortcomings. For example,
deep hole loosening blasting has disadvantages such as
complex technology, hydraulic fracturing, which is prone
to local stress concentration, and hydraulic slitting with a
small pressure relief range. Therefore, it is an urgent to
realize high-efficiency coal seam drainage and effective

outburst prevention research on pressure relief and perme-
ability enhancement in deep coal seams with high ground
stress and low permeability.

In recent years, scholars at home and abroad have
conducted a large number of studies on the failure charac-
teristics of deep surrounding rocks through field investiga-
tion [25, 26], theoretical analysis [27–31], laboratory
experiments [32, 33], numerical simulation [34–37], and
other methods and found that deep surrounding rocks will
appear zonal disintegration [38, 39], and studies have
shown that the damage range of the zonal disintegration
of the deep roadway surrounding rock is much larger than
that of the shallow. From the perspective of roadway sur-
rounding rock control, the damage and deformation of
surrounding rock should be minimized. From the perspec-
tive of deep coal seam permeability enhancement, the
regional fracture characteristics of deep surrounding rock
not only have the effect of reducing the in-situ stress of
the coal rock, but also can play a role permeability
enhancement in the coal.
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Therefore, the author proposes to arrange the coal road-
way to be excavated within the pressure relief influence
range of the pressure relief roadway. So it can relieve the
overlying coal and rock layer the ground stress and increase
the coal seam permeability in advance. It is expected to pro-
vide a reference for the permeability enhancement of coal
roadway strip.

2. Permeability Enhancement Model of
Pressure Relief Roadway

2.1. Model Principle. Coal roadway strip area generally uses
floor rock roadway to gas drainage to prevent coal and gas
outburst. Traditional floor rock roadways are usually
arranged internally and externally horizontal distance
20~30m below the coal roadway to be excavated (the inter-
nal and external horizontal distance is generally 15~25m). It
cannot be formed with a pressure relief and permeability
enhancement effect to the overlying coal seam. Studies have
shown that the surrounding rock of deep roadway will have
zonal disintegration, and the fracture zone of surrounding
rock in shallow roadway is only the first fracture zone of
zonal disintegration in deep roadway, that is, the range of
deep surrounding rock fracture is obviously larger than that
of shallow [40–42].

Based on this, the author proposes to change the layout
of the traditional floor rock roadway, arrange it directly
under the coal roadway to be excavated, and appropriately
reduce the distance between the pressure relief roadways
and coal roadway. So it not only can relieve the pressure
of the overlying coal seam, but also can increase the gas
permeability of the coal seam. Floor rock roadway
arranged in such a way is called “pressure relief road-
ways.” After undergoing mechanical action by the excava-
tion of the pressure relief roadway, it can reduce the stress
of the surrounding rock over the pressure relief roadway
and increase the gas permeability of the overlying coal
seam. The author proposes that the surrounding rock
stress that decreases more than 5% is called the surround-
ing rock stress relief zone, and the area where the coal
seam permeability coefficient increases is called the coal
seam pressure relief and permeability enhancement zone.
According to the degree of coal fracture and the increase
of coal seam permeability, the coal seam pressure relief
and permeability enhancement zone can be divided into
significant permeability enhancement zone X1 and general
permeability enhancement zone X0.

Therefore, the author proposes the permeability
enhancement model of pressure relief Roadway for deep coal
roadway strip (shown in Figure 1). It is to study the impact
range and effect of permeability enhancement on the overly-
ing coal seam, when the pressure relief roadway is different
distance from the seam. It is expected that the pressure relief
roadway can be used to relieve pressure and increase the per-
meability of the coal seam in the coal roadway strip area. It
can provide a new method for safe, economical, and efficient
permeability enhancement and drainage in the deep coal
road strip area.

2.2. Model Parameters

2.2.1. Location of the Pressure Relief Roadway. Figure 2
shows the calculation model of the surrounding rock plastic
zone after the pressure relief roadway and coal roadway are
excavated successively. Hy and hm are the failure depths of
the rock mass after the pressure relief roadway and coal
roadway are excavated successively. After the pressure relief
roadway and the coal road have been excavated successively,
the overlying coal and rock layers have been subjected to
twice pressure relief. In order to ensure the stability of the
surrounding rock of the roadway and prevent coal and gas
outburst, the pressure relief roadway and the upper coal
seam should be prevented from forming a through failure
zone. Then, the reasonable formula of the distance between
the pressure relief roadway and the coal seam is

Δh ≥ hy + hm: ð1Þ

After sorting out, the calculation formula changes to

hy = δ ⋅ Ry − M −Hð Þ

hm = δ ⋅ Rm −
M
2

8<
: : ð2Þ

In Formula (2), δ is the superposition coefficient of the
secondary pressure relief effect, which can be calculated
through on-site monitoring statistical analysis or simulation
calculation. Ry is the plastic zone radius of the pressure relief
roadway, m. Rm is the plastic zone radius of the coal road-
way, m.

Combining Formulas (1) and (2), the criterion for the
reasonable distance between the pressure relief roadway
and the coal seam can be obtained as

Δh ≥ δ ⋅ Ry + Rm

� �
−

3
2M −H

� �
: ð3Þ

2.2.2. Scope of the Permeability Enhancement Zone. Figure 3
shows the zoning characteristics of the surrounding rock
formation of the roadway after the excavation of the pres-
sure relief roadway, that is, the surrounding rock can be
divided into the fracture zone, the plastic zone, the elastic
zone, and the original rock stress zone.

Assuming that the radius of the stress relief zone is r′
(that is, the radius of the area where the stress reduction is
not less than 5%), it can be seen from Figure 3 that when
the stress reduction of the coal seam is 5%, it is located in
the elastic zone. In polar coordinates, the vertical stress cal-
culation formula is

σr = p0 − p0 − σpR
� � Rp

r′

� �2
= 0:95p0: ð4Þ

In Formula (4), σr is the vertical stress in polar coordi-
nates. Rp is the radius of the plastic zone. P0 is the original
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rock stress. σp
R is the vertical stress in the plastic zone.

r′ = 2
ffiffiffi
5

p
Rp

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − σpR

p0

s
: ð5Þ

Combining the stress calculation formula and geometric
relationship, the vertical stress calculation formula in the
Cartesian coordinate system is

σy = p0 −
p0 − σpR
� �

R2
p

h2 + x2
� �2 h2 − x2

� �
: ð6Þ

In Formula (6), h is the normal distance from the coal
seam floor to the center of the roadway, m. x is the distance
in the horizontal direction, m. φ is the angle between the
radius r and the vertical direction, °. σy is the vertical stress
in the Cartesian coordinate system, MPa.

After the excavation of the pressure relief roadway, the
adsorbed gas becomes free gas in the upper coal seam and
increases the gas stress in the coal seam. According to the
coal sample unloading experiment, it can be seen that as
the coal gas content increases, its uniaxial compressive
strength will decrease. Its relationship conforms to the fol-
lowing formula:

σc = A2 + B2 ⋅ p: ð7Þ

In Formula (7), σc is the uniaxial compressive strength.
A2 and B2 are parameters related to coal.

From the unified strength criterion:

αc
1 + b

σx + bσzð Þ − σy = ασc: ð8Þ

In Formula (8), α is the ratio of the tensile strength of the
rock. b is the influence coefficient of the intermediate princi-
pal stress. σx, σy, and σz are the stresses in the X, Y , and Z
directions, respectively, MPa.

Substituting Formulas (6) and (7) into Formula (8), and
substituting pressure relief roadway layout conditions and
related parameters of the overlying coal seam, it can obtain
the width of the significant coal seam permeability enhance-
ment zone X1 and the width of the general coal seam perme-
ability enhancement zone X0.

h

General permeability
enhancement zone

Ruptured zone

Significant permeability
enhancement zone

Pristine coal seam

Roadway to be dug

Pressure relief
roadway

Boundary of pressure
relief zone

Figure 1: The model of pressure relief roadway for deep coal roadway strip.

Roadway to
be dug

Pressure relief 
roadway

hm

hy
Ry

Rm

M

H

Δh

Figure 2: Calculation model of pressure relief roadway position.
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Figure 3: Calculation model of coal seam permeability enhancement.

(a) Press-formed test piece (b) Glued test piece

Figure 4: Physical image of rectangular coal briquette specimen.
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3. Model Verification

According to the principle of the model, the location of the
pressure relief roadway and the range of the permeability
enhancement zone are the main parameters of the model.

Therefore, it proposed a method for determining the loca-
tion of the pressure relief roadway and the range of the per-
meability enhancement zone, which provides a theoretical
basis for the model.

3.1. Unloading Seepage Experiment of Gas-Containing Coal.
In the unloading seepage experiment of gas-containing coal,
it adopts the steady-state method to test the pressure relief
and the change law of permeability in the cuboid standard
coal sample, when the gas pressure of 1.5MPa and different
confining pressures (σ2 = σ3 = 4MPa, 5MPa, 6MPa,
and7MPa).

The experimental raw coal was taken from coal seam B4
of Qujiang Coal Mine in Fengcheng City, Jiangxi Province,
China. There are three steps in coal sample preparation.
First, the fresh coal sample of B4 coal seam in Qujiang Coal
Mine is pulverized and ground on a pulverizer, screened out
the same amount of 20-40 mesh and 40-80 mesh coal pow-
der sample base material, mixed with water evenly, and
placed into the sample forming device. Secondly, it is
pressed on a 100 t press for 30 minutes to form a rectangular
parallelepiped standard coal specimen with a size of 100
mm × 100mm × 200mm (as shown in Figure 4). Thirdly,
put it in a drying oven at 80 °C and dry it for 24 hours and
then wrap it with insurance film for later use.

The experiment used 0.01N/s to continuously apply
axial pressure to 80% of the coal sample’s compressive
strength and then unload the axial pressure at 0.01N/s until
the coal body was damaged. Figure 5 is a diagram of the gas-
solid coupling experiment device. Figure 6 shows the axial
pressure unloading mechanics-permeability characteristic
curves of different confining pressure specimens.

It can be seen from Figure 6 that during the process of
fixed confining pressure and axial stress unloading, when
the confining pressure increases from 4MPa to 7MPa, the
permeability of the coal sample gradually increases, but the
increase rate decreases, and the permeability K increases
from 1:93 × 10−15 m2 to 2:51 × 10−15 m2, the increase rate is
30.05%. Experiments show that with the increase of

Figure 5: Diagram of gas-solid coupling experiment device.
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Figure 6: Axial unloading mechanics-permeability characteristic
curves of different confining pressure specimens.

Table 1: The permeability enhancement effect of coal seams with
different Δh.

Distance from
the center of
the roadway △

h/m

Significant
permeability
enhancement
zone X1/m

General
permeability
enhancement
zone X0/m

Gas
permeability
increase
multiple

7 4.3 12.1 11.1~239.3
9 3.5 15.4 6.7~89.2
12 1.2 20.5 3.6~37.1
15 0.3 20.7 2.4~9.1
18 0 20.5 1.2~5.5
21 0 20.4 0.8~1.6
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confining pressure, the axial pressure unloading permeabil-
ity increases significantly, revealing that unloading can effec-
tively increase the permeability of coal samples.

3.2. Theoretical Calculation of Coal Seam Permeability
Enhancement Effect

3.2.1. Calculation Method. According to the axial stress
unloading experiment of the gas-containing coal sample
under the conditions of 4MPa confining pressure and
1.5MPa gas pressure, it obtained the fitting formula of gas

permeability K and σ1 − σ3:

K = A3 ⋅ e
B3 ⋅ σ1−σ3ð Þ: ð9Þ

In the formula, A3 and B3 are parameters related to coal
body, stress and gas.

From the surrounding rock stress analysis, when x < h,
the first principal stress is σx, and the third principal stress
is σy; when x > h, the first principal stress is σy, and the third
principal stress is σx. Therefore, the formula for permeability

Qujiang
coal mine

Beijing

Nanchang

Figure 7: Geographical location of Qujiang Coal Mine.

Table 2: Test content and test method.

Test content Test parameter
Drilling diameter

(mm)
Drilling depth

(m)
Test method Remarks

Effect of surrounding
rock relief

Destruction 32 9
YTJ20 rock detection

recorder

Displacement 32 9
DW-6 multipoint
displacement meter

6 test points per drill hole

Effect of gas extraction

Coal
permeability

75 9~21 Radial flow method [44]
Compare with the original

coal seamExcavation
diameter

75 9~21 Statistical analysis [45]
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K and σ1 − σ3 can be sorted as

K = A3 ⋅ e
2B3 ⋅ p0−σ

p
Rð Þ h2−x2ð ÞR2

pð Þ/ h2+x2ð Þ2
� �

, x < h

K = A3 ⋅ e
− 2B3 ⋅ p0−σ

p
Rð Þ h2−x2ð ÞR2

pð Þ/ h2+x2ð Þ2
� �

, x > h

8<
: : ð10Þ

The gas permeability of a coal seam is usually expressed
by the gas permeability coefficient of the coal seam, and the
relationship between the gas permeability coefficient of the
coal seam and the permeability of a confined coal sample
is as follows [43]:

λ = K
2ρpn

: ð11Þ

In Formula (11), λ is the coal seam permeability coeffi-

cient, m2/(MPa2⸱d); ρ is the absolute viscosity of gas
(CH4), 1:08 × 10−8 N⸱s/cm2 ; and Pn is a standard atmo-
spheric pressure, 0.1013MPa.

Substituting Formula (10) into Formula (11), the rela-
tionship between the coefficient of coal seam permeability
and the change in stress conditions can be obtained as

λ = A3
2ρpn

⋅ e 2B3 ⋅ p0−σ
p
Rð Þ h2−x2ð Þ:R2

pð Þ/ h2+x2ð Þ2
� �

, x < h

λ = A3
2ρpn

⋅ e− 2B3 ⋅ p0−σ
p
Rð Þ h2−x2ð Þ:R2

pð Þ/ h2+x2ð Þ2
� �

, x > h

8>>><
>>>:

:

ð12Þ

3.2.2. Enhancement Effect of Coal Seam Permeability.
Assuming that the coal seam confining pressure is 4MPa
and the gas pressure becomes 2MPa after pressure relief,
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Figure 8: Test scheme.
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regardless of the rheological effect of pressure relief of the
roadway, substituting the rock formation conditions and
the relevant parameters the 213 pressure relief roadway of
Qujiang Coal Mine into the relevant formula, it can obtain
σPR=7.72MPa，K0 = 2:4407 ⋅ e−0:089⋅ðσx−σyÞ. It can obtain the
effective pressure relief distance and the effect of increasing
the permeability of the upper coal seam, when the distance
between the coal seam and the floor roadway center is differ-
ent Δh. It is shown in Table 1.

It can be seen from Table 1 that as the distance between
the pressure relief roadway and the coal seam increases, the
width of the significant enhancement zone and the coal seam
permeability enhancement multiple are gradually reduced,
and the width of the general enhancement zone gradually
increases and then stabilizes.

When the layer spacing is 7m, the maximum widths of
the significant and general permeability enhancement zones
are 12.1m and 4.3m, respectively, which are 5.4 times and
1.9 times the radius of the roadway; the maximum widths
of the significant and general permeability enhancement
zones are coal seam permeability enhancement multiples
which are, respectively, 239.3 times and 11.1 times that of
the original coal seam.

When the interlayer spacing is 18~21m, the significant
coal seam permeability enhancement zone is 0, the general
coal seam permeability enhancement zone is 9.1 times the
radius of the roadway, and the maximum coal seam perme-
ability enhancement multiples of the significant coal seam
permeability enhancement zone and the general coal seam
permeability enhancement zone are 5.5 times and 1.6 times
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of the original coal seam, that is, the overlying coal seam’s
permeability enhancement effect is not significant.

3.3. Field Test of the Coal Seam Permeability Enhancement

3.3.1. Test Scheme. Based on the abovementioned experiments
and theoretical calculations, field tests were carried out. It tests
the effect of permeability enhancement of the overlying coal
seam. The test site is also the Qujiang Coal Mine in Fengcheng
City, Jiangxi Province, China. Figure 7 shows the geographical
location of theQujiang CoalMine. The 213 pressure relief road-
way is arranged 9m directly below the roadway to be excavated,
which is about 1000m in ground buried depth. The measured
coal seam permeability coefficient of the test area is 0.002m2/
MPa2•d, which is a deep low-permeability coal seam.

The test content is the pressure relief effect of the sur-
rounding rock and the permeability enhancement effect of
the coal seam. The test area is 15m from the upper and
lower sides of the overlying coal rock above the 213 pressure
relief roadway. As shown in Table 2. Figure 8 shows the lay-
out of the test boreholes, with 5 test boreholes arranged for
each parameter.

3.3.2. Enhancement Effect of Coal Seam Permeability.
Figure 9 is the pressure relief effect of the overlying strata
above the 213 pressure relief roadway. Figure 10 is the coal
seam’s permeability enhancement effect above the 213 pres-
sure relief roadway. It can be seen from Figure 9(a) that the
maximum displacement of the surrounding rock of the
roadway is 3.6 cm, and the displacement of the surrounding
rock shows the phenomenon of “wave crest” and “wave
trough” alternately. The same law is also obtained in labora-
tory physical simulation [46, 47]. It can be seen from
Figure 9(b) that the surrounding rock of the roadway
appears divided into zones, that is, four fracture zones
appear from the outside to the inside of the roadway, and
the maximum influence range of the fracture zone is 5.7m.
It can be seen from Figure 10(a) that the permeability coef-
ficient of the pressure relief coal seam is 7.0-43.2 times
higher than that of the original coal seam. It can be seen
from Figure 10(b) that the maximum single-hole daily aver-
age drainage is 31.1m3/d, which is 3 times larger than the
original coal seam (maximum 7.7m3/d). It shows that the
overlying coal and rock layers of the 213 pressure relief road-
way have a significant effect on pressure relief and perme-
ability enhancement. The test results are consistent with
the aforementioned research rules (although there are other
objective factors in the test area), verifying that the model is
feasible and effective for pressure relief and permeability
enhancement.

4. Discussion

Based on the zonal disintegration of the surrounding rock in
the deep roadway, it is proposed to arrange the pressure
relief roadway directly under the coal roadway to be exca-
vated to increase the pressure relief of the overlying coal
seam. The coal seam pressure relief and permeability
enhancement model is carried out at the appropriate posi-
tion directly below the roadway, which realizes the safe, eco-

nomical, and efficient permeability enhancement of the deep
seam coal roadway strip area. However, the research still
needs to be improved. First, there is a time rheological effect
in the pressure relief zone of the pressure relief roadway
[48], so the time rheology effect on the overlying coal road-
way needs further study. Second, this model only studies the
experimental results under specific conditions, and the pres-
sure relief and permeability enhancement effects under dif-
ferent gas geological conditions (such as coal seam dip,
coal thickness, lateral pressure coefficient, buried depth,
and geological structure) need further research. Third, this
model only studies the pressure relief and permeability
enhancement effects of single factors such as ground stress
and gas, and the coupling effect of the two needs to be fur-
ther studied.

5. Conclusion

(1) Based on the zonal disintegration of the surrounding
rock in the deep roadway, the area is defined as the
stress relief area of the surrounding rock above the
pressure relief roadway, where the stress reduction
is more than 5%. It is defined the pressure-relief
and permeability enhancement area of the overlying
coal seam. It constructed a permeability enhance-
ment model of pressure relief roadway for the of
deep coal roadway strip, which provides a new
method for deep coal roadway strip pressure relief
and permeability enhancement

(2) The unloading seepage experiment of gas-containing
coal shows that unloading can effectively increase the
permeability of the coal sample. Calculations show
that with the increase of the distance from the coal
seam, the overlying coal seam’s permeability
enhancement multiple and the significant permeabil-
ity zone width gradually decrease and the width of
the permeability enhancement generally zone gradu-
ally increases and then tends to be stable. When the
pressure relief road is 7m away from the coal seam,
the widths of the significant and general enhance-
ment zones are, respectively, 5.4 and 1.9 times the
radius of the roadway. When the pressure relief
roadway is 18-21m away from the coal seam, the
widths of the significant and general enhancement
zones are 0 times and 9.1 times the radius of the
roadway, respectively. It provides a theoretical basis
for the location of the pressure relief roadway

(3) Field tests show that when the pressure relief road-
way is located 9m directly below the coal seam, the
overlying coal strata has a significant pressure relief
and permeability enhancement effect. The maximum
displacement is 3.6 cm of the surrounding rock of
the pressure relief roadway, the maximum influence
range of the fracture zone is 5.7m, and the coal seam
permeability coefficient is increased by 7.0~43.2
times, and the maximum daily average drainage vol-
ume of a single hole has increased by 3 times. It has
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realized safe, economical, and efficient permeability
enhancement and drainage in the deep coal seam
strip area, which provides a certain reference for
the permeability enhancement of the coal road strip
area in similar coal seams
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At present, the theory of supporting the surrounding rock small structure of gob-side entry driving has been widely used, but there
is no specific quantitative analytical formula for the bearing strength and bearing characteristics of the structure. Construct a small
structural stress arch mechanical model based on the arch axis equation, and divide the width of coal pillars (fractured zone-
plastic softening zone-plastic hardening zone) and small structural stress arch height. According to the relationship between
the stress arch height and the size of the roadway, the anchor cable length is determined to be 7.3m, and the “anchor mesh +
ordinary long anchor cable + grouting anchor cable” coordinated support plan is proposed: anchor net support is used for the
first support, and long anchor cable and grouting anchor cable are used for the second support. Combined with the supporting
parameters, a mechanical model of the surrounding rock composite bearing stress arch is proposed, and the composite bearing
stress arch structure is derived using elastoplastic mechanics to obtain the ultimate bearing strength relationship expression.
The results show that the ultimate bearing capacity of the haulage gateway of 17236 island working-face in the north of
Zhangji coal mine can reach 29.193MPa after the composite bearing stress arch support. The feasibility of the supporting
scheme is verified, and field monitoring showed that the deformation zone of the surrounding rock of the transportation
haulage gateway is stable after being supported by the composite bearing stress arch structure, the maximum shrinkage of the
top and bottom of the roadway is 287mm, and the distance between the two sides is 640mm.

1. Introduction

At present, many mines have entered the residual mining
stage due to the rapid decline of recoverable reserves of coal
resources due to high tension coal mining, in order to
improve the recovery rate of coal resources and prolong
the production and service life of mines, and gob-side entry
has become the first choice for island working-face [1–4].
Under the action of side abutment pressure of gob-side entry
in isolated island working-face, the roof pressure is big, the
degree of coal fragmentation is high, the difficulty of road-

way support is improved, and the roadway damage is serious
due to mining influence and geological structure [5–9].

Therefore, the support of gob roadway is particularly
important for island face mining. Wang et al. [10] analyzed
the deformation mechanism and the stress state of gob-side
entry driving heading adjacent to the advancing working-
face (HAWF) roof structure and proposed a roof failure cri-
terion to examine the roof flexure deformation pattern.
Zhang et al. [11] analyzed the distribution law of lateral sup-
port stress near the working-face, discussed the relationship
between coal pillar stress distribution and coal pillar
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deformation, roadway surrounding rock stress distribution,
roadway surrounding rock deformation, and coal pillar
width, and verified the feasibility of coal pillar width through
the field. Ma and Zhong [12] established the “three zone”
failure similarity simulation experimental model of sur-
rounding rock and deduced the action mode of surrounding
rock stress structure, but there is no theoretical and numer-
ical simulation analysis and lack of theoretical basis. Hou
and Li [13] analyzed the mechanical properties of arc trian-
gular key blocks of the main roof, put forward the stability
principle of big and small structures, and provided a theoret-
ical basis for the application of bolt support. Yang et al. [14]
regard the broken rock mass near the roadway opening as a
small ground structure and the deep stable rock mass as a
big ground structure through numerical simulation software
experiments and proposed support technology of intercon-
necting the big and small structures, based on high-
strength bolts, high-stiffness shotcrete layer plugging water,
and strengthening the small structure with deep-hole
grouting. Wu et al. [15] established the three-dimensional
structural mechanics model of deep stope, put forward the
“big and small structure theory” of coal pillar free mining,
and found a new method to control the two tunnel dynamic
disasters of “given deformation” and “finite deformation.”
Zhang et al. [16] proposed a new joint support technology
in the soft rock roadway of Gubei Coal Mine in Huainan,
China. The on-site monitoring results show that the com-
bined support technology is satisfactory. Li and Hua [17]
put forward a supporting concept of enhancing the support
strength and realizing the cutting roof and designed three
roadside support schemes of gob-side entry for a soft floor
and hard roof.

Most of the current research results focus on the “big-
structure” of gob-side entry driving; however, the research
on the small structure of surrounding rock of gob side road-
way with isolated coal pillar mostly ignores the arch height
of small-structure stress and the bearing strength of roadway
support structure. Zhao et al. [18] analyzed the evolution of
stress arch through theoretical and numerical simulation,
and a zoning asymmetric coupling control technology
named narrow flexible-formwork wall with steel bar rein-
forcement along single prop wall + strong double-row single
props + high-strength and high-preloading asymmetric
anchor cable is proposed. For the small structure of sur-
rounding rock of roadway along working-face of isolated
island coal pillar, the arch height of small structure stress
and the bearing strength of roadway support structure are
mostly ignored. Therefore, according to the structural charac-
teristics of surrounding rock of gob driving roadway, the coal
pillar failure area is divided into fractured zone-plastic soften-
ing zone-plastic hardening zone [19–37] and according to the
total stress-strain curve. Taking the gob driving roadway of
isolated island working-face of the north of Zhangji coal mine
as the research background, the anchor cable support param-
eters and the bearing strength of “composite bearing stress
arch” structure formed by the support structure and sur-
rounding rock are calculated through theoretical analysis.
The corresponding support scheme is adopted for field indus-
trial test, and the reliability of the support scheme is verified.

2. Background

2.1. Geological Conditions. The schematic diagram of 17236
working-face in the north of Zhangji coal mine of Huaihe
Energy Coal Industry Company is shown in Figures 1 and 2.
It is located between 17226 working-face and 17246
working-face. The mine able strike length of 17236 island
working-face is 1580m (horizontal range), and the elevation
of the working-face is -519.6~-630.0m. A narrow coal pillar
of 8m is reserved along the edge of 17246 working-face. The
design section of the roadway is rectangular, with a net section
zone of 18.7m2, an average dip angle of 4.5°, and an average
thickness of 4.2m. The direct top is sandy mudstone with an
average thickness of 3.8m, and the direct bottom is silty fine
sandstone with an average thickness of 1m; the surrounding
rock column diagram is shown in Figure 3.

2.2. The Failure Characteristics of Gob-Side Entry Driving.
The stress field of the transportation trough of 17236 island
working-face based on lateral bearing pressure and advance
bearing pressure in Zhangji North Mine was found through
field study. The rock pressure appeared mainly shows the
failure forms of roadway: bolt and anchor cable fractured,
steel belt broken and cracked, and steel beam bent and
deformed, which seriously affects the safety and stability of
roadway. The failure characteristics of roadway are shown
in Figure 4.

And four roadway section monitoring points (each mon-
itoring point is 40m away and 3#, 4# measuring points are
located in the abnormal fault development zone) are selected
in the haulage gateway 158m from the cutting hole. The
monitoring results are shown in Figure 5. The results show
that the displacement of roadway’s two side is big, especially
at the 3# and 4# measuring points in the abnormal zone. The
deformation degree is the biggest, and the maximum defor-
mation rate can reach 47mm/d. At the same time, the roof
shrinkage is serious.

(1) Composition of surrounding rock. The surrounding
rock of the roadway is mainly silty fine sandstone,
sandy mudstone, and fine sandstone. The rock
strength test is carried out on the samples taken from
the top and bottom plates. It can be seen that the
compressive strength of fine sandstone and sandy
mudstone is 26.6MPa and 15.8MPa, respectively,
and the compressive strength of silty fine sandstone
is 23.9MPa. The rock mass has low load resistance.
Under the condition of high stress intensity, the sur-
rounding rock fissures develop violently, and the
expansion deformation is big

(2) Mining depth. The buried depth of the haulage gate-
way is 653m, with big in situ stress and unstable sur-
rounding rock

(3) Mining method. When the skip mining method is
adopted for mining, the surrounding rock is dis-
turbed, resulting in the deterioration of the integrity
and bearing capacity of the roadway surrounding
rock, leading to the advance of the crushing range
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of the working-face, affecting the transportation
channel, and increasing the instability of the
roadway

(4) The superposition of excavation disturbance and
residual mining stress has a serious impact. Due to
the big buried depth of the roadway and the super-
position of the vertical stress and the residual mining
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stress in the working-face, the peak strength of the
coal body is low

According to the above analysis, in order to solve the
problem that the roof separation and roadway side deforma-
tion become the core of the support technology, the bolt
group is generally used for intensive support in the early
stage, which can provide great support resistance within
the anchorage range, but the surrounding rock outside the
bolt length will still produce separation, resulting in roof
caving. Therefore, only by improving the support structure
and strengthening the support technology can the roadway
deformation be minimized.

Therefore, in order to better act the nonanchored rock
mass load and the expansion energy generated by the broken
rock mass on the bolt in the early stage of the roadway, the
metal mesh can be added to the original bolt support mode
to control the deformation of the nonanchored rock mass
and prevent the collapse of the broken rock mass. At the
same time, in order to further improve the service life of
roadway and the bearing capacity of narrow coal pillar, in
the later stage, in order to mobilize the bearing energy of
deep surrounding rock and narrow coal pillar, grouting
anchor cable and long anchor cable can be added for joint
support, improve the stress state of surrounding rock, and
effectively control the deformation of roadway surrounding
rock.

3. Stability Analysis of Overburden Stress
Arch along Gob-Side Entry in Isolated
Island Working-Face

3.1. Mechanical Model of Overburden Stress Arch along
Gob-Side Entry in Isolated Island Working-Face. With the
completion of the previous excavation working face, the
overlying rock on the roof of the goaf collapses, and the rock
blocks after the periodic rupture of the basic roof or the old
roof will follow the direction or inclination of the working
face, and the overlying rock in the goaf will inevitably form
a large structure. Among them, the artificial support has little
effect on the large structure, but the artificial support mainly
controls the stability of the small structure under the large
structure.

After the mining disturbance of the gob-side roadway,
the overlying rock mass structure will be stable in the form
of stress arch (the arch line trajectory belongs to the distribu-
tion law of the envelope curve under the Moore-Coulomb
criterion strength) and form a “large-small” structure to pro-
tect the coal and rock below body and roadway. The large
structure is a large-scale surrounding rock structure with
coal pillars and arc-shaped triangular blocks as the main
centers, but the small structure usually takes the roadway
as the center point and the “support-surrounding rock” sys-
tem becomes a small bearing structure. Among them, the
small structure is under the large structure, and the arch foot
is close, the stability of the large structure determines the sta-
bility of the small structure, and at the same time, the stabil-
ity of the small structure affects the stability of the arch foot,
thus affecting the stability of the large structure; “small”

structures interact and influence each other. The schematic
diagram of the “big-small” structure is shown in Figure 6.
Since the key block with the greatest influence on the stabil-
ity of the gob-side roadway is block B, this chapter studies
the influence of block B on the small structure of the gob-
side roadway after stabilization [15–19].

The small structure of the gob-side entry is an arch
structure [20–22]. The arch foot of the arch is located on
both sides of the solid coal and the coal pillars, and the apex
of the arch is located at the point of stress concentration. For
better analysis of the stress arch height, referring to the solu-
tion method of literature [23] for analysis, the internal stress
distribution of the coal pillar is analyzed separately, and it
will correspond to the whole stress-strain curve. The failure
area of the arch foot is from the flow zone of the coal pillar
(close to the working-face side) and the plastic softening
zone to the junction of plastic hardening zone and elastic
zone (K is the stress concentration factor of coal pillar; γ is
the unit weight of overburden (kN/m3); H is the mining
depth of coal seam (m); xf is the width of fractured zone
(m); xs is the width of plastic softening zone (m); xe is the
width of plastic hardening zone (m)).

According to the above, the arch foot is located at the
junction of the flow zone and the plastic softening zone.
Therefore, the arch axis mechanical model is established.
In order to facilitate the analysis, the following assumptions
are made for the model: (1) given deformation of curved tri-
angle block B and the block is stable; (2) the arch structure
can be approximately regarded as a horizontal semicircular
arch, and the arch thickness remains unchanged; (3) the
stress arch apex is vertically corresponding to the roadway
center point; the arch foot is horizontally symmetrical; (4)
the rock mass still has cohesion after excavation; (5) arch
structures only bear compressive stress but not tensile stress,
and the mechanical model is shown in Figure 7.

Set the arch axis equation as:

x2

Sð Þ2 + y2

Hg

� �2 = 1,

S = 2r + 2xe:
ð1Þ

In the formula, S is the arch span (m); P0 is the gravity of
overlying strata (MPa); Hg is the arch height (m); FAx, FAy ,
FBX , and FBy are the reaction force (MPa) of arch foot at two
points A (solid coal) and B (coal pillar); GX is the horizontal
force of the right half arch to the left half arch (MPa); R is
the distance from the roadway center to a certain point of
surrounding rock (m).

From the model of mechanical equilibrium equation in
the Y direction, it can be obtained:

FAy = FBy =
P0S
2 : ð2Þ

From formula (3), it can be seen that the arch foot bears
a great load in the vertical direction. In order to meet the sta-
bility of the arch foot in the vertical direction, the plastic
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softening zone, plastic hardening zone, and elastic zone are
arch feet. According to the literature [24, 25], the results
are as follows.

The width of the fractured zone is:

xf =
2h tan2 45∘ − φ∗

e /2ð Þð Þ − P0/γHð Þ� �
tan φ∗

eu + tan φ∗
edð Þ : ð3Þ

The width of the coal gang destruction zone is:

xs =
2h tan2 45∘ − φ∗

se/2ð Þð Þ − P0/γHð Þ� �
tan φ∗

su + tan φ∗
sdð Þ : ð4Þ

The width of the limit equilibrium zone is:

xh =
Lλ

2 tan φ∗ ln KγH + c0/tan φ∗ð Þ
c0/tan φ∗ð Þ + P0/λð Þ

� �
: ð5Þ

From the above formula, с0 is the comprehensive cohe-
sion of stress arch bearing structure (MPa); φ∗ is the com-
prehensive internal friction angle of stress arch bearing
structure (°); L is the roadway side height (m); φ∗

e is the fric-
tion angle in the coal seam in the fractured zone (°); φ∗

se is
the comprehensive internal friction angle of coal seam in
fractured zone and plastic softening zone (°); φ∗

eu is the
angle of internal friction between the coal seam and the roof
in the fracture zone (°); φ∗

su is the integrated internal friction
angle between the coal seam and the roof in the fracture
zone and plastic softening zone(°); φ∗

ed is the angle of inter-
nal friction between the coal seam and the base plate in the
fractured zone (°); φ∗

sd is the integrated angle of internal

friction between the coal seam and the base plate in the frac-
tured zone, plastic softening zone (°).

Within the plastic softening zone ½xf , xs�, the stress is
distributed as follows:

σy1 = γH −
x − xf
xs − xf

1 − Kð ÞγH: ð6aÞ

Similarly, within the plastic hardening zone ½xs, xh�, the
stress is distributed as follows:

σy2 = γH −
xh − x
xh − xs

1 − Kð ÞγH: ð6bÞ

The derivation of the integral for each partition range of
Equations (6a) and (6b) above gives:

FAy1 =
xs − xf
� �

K + 1ð ÞγH
2

FAy2 =
xh − xsð Þ K + 1ð ÞγH

2

9>>=
>>;
: ð7Þ

Taking the left half-arch as the object of study and taking
the moment formula for the rotation axis O, we can obtain:

−HgFAx −
1
2

S
2

� �2
P0 −

H2
g

2 λP0 +
Ls
2 FAy = 0: ð8Þ

According to the Morh-Coulomb, the shear stress
between the top and bottom slab and the coal body is:

τx = c0 + σy tan φ∗, ð9Þ

where с0 is the cohesive force at the interface between the
roof and floor and the coal seam(MPa); φ∗ is the angle of
internal friction at the interface between the roof and floor
and the coal seam (°).

From Equation (10), it can be seen that the shear stress
τx is related to the size of the coal pillar stress φy, so the coal
pillar stress φy satisfies:

σy = Fy1 + Fy2: ð10Þ

At the same time, simultaneously, Equations (6a), (6b),
(9), and (10) into Equation (11), the result is the horizontal
friction force Ff at the foot of the arch:

Ff =
ðxh
xf

τxdx: ð11Þ

Simultaneous Equations (7)~(11), the analytical expres-
sion of stress arch structure height Hg is as follows:

Hg =
−2Ff +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4F2

f + λ SHγ½ �2
q	 

2λHγ

: ð12Þ
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Small structure
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Roadway Coal pillar Goaf

Figure 6: Schematic diagram of big and small structure of
surrounding rock in gob-side entry driving.
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Figure 7: Mechanical model of stress arch (small-structure).

5Geofluids



From Equation (12) it can be seen that horizontal fric-
tion force Ff , measurement coefficient λ, appearance density
γ, and burial depth H all have an influence on the stress arch
height. And the horizontal friction force at the arch foot is
located in the coal pillar plastic zone (as shown in
Figures 5 and 6), the stress value here is the biggest, and
the plastic softening zone and plastic hardening zone of coal
pillar are superimposed on the plastic zone formed by road-
way surrounding rock of roadway, the extent of rock mass
failure continues to increase over time, while the failure
range of rock mass is within the height of the stress arch.
Therefore, it is necessary to select the optimal supporting
parameters to effectively and reasonably control the develop-
ment of the damage zone.

3.2. Example Analysis of Test Roadway. In order to verify the
above theoretical analysis, according to the actual occur-
rence of surrounding rock along the 17236 transport chan-
nel in Zhangjibei Coal Mine and the rock mechanical test
results, the experimental result is arch span S = 21:5m, min-
ing depth H = 653m, stress concentration factor K = 2:8 and
measurement coefficient λ = 0:3, overlying rock capacity =
25 kN/m3, overlying strata load P0 = 18MPa, comprehen-
sive cohesion с0 = 1:8MPa, combined internal friction angle
φ∗ = 25°, and φ∗

e = 20°, φ∗
eu = 19°, φ∗

ed = 22°, φ∗
se = 16°,

φ∗
su = 15°, and φ∗

sd = 17°, the above parameters are
substituted into Equations (3)~(5), (7)~(8), (10), and (13)
to obtain the partition width of gob-side entry and the stress
arch height along the roadway.

3.3. Selection of Roadway Support Parameters. According to
Table 1, it can be concluded that the fractured zone is
2.22m, plastic softening zone is 2.39m, and plastic harden-
ing zone is 2.49m of the coal column in the original support.
The stress arch height is 10.738m, and the thickness of the
arch structure is 7.338m. So, according to the relationship
between the arch height of the stress arch and the size of
the roadway, the length of the roadway anchor cable is
7.3m, and it is proposed that the roadway is supported by
anchor nets for the first time. The anchor bar is made of
left-hand screw steel with length of 2500mm, diameter of
20mm, and the spans and rows are both 800mm, metal
mesh protects roadway’s roof (5200 × 1000mm), and metal
mesh protects roadway’s two side walls (3400 × 1000mm).
The secondary support uses ordinary anchor cable with a
length of 7300mm and diameter of 21.8mm, and the spans
are 1100mm, and the rows are 800mm, and grouting
anchor cable with a length of 4300mm, diameter of
22mm, 17 anchors per row, and 7 anchor cables (two sides
are grouting anchor cables) are arranged to suppress the
expansion of deformation along the groove side of the track.
Single-liquid cement slurry is used for consolidation grout-
ing, with water-cement ratio of 0.6~0.8 : 1 and grouting pres-
sure of 3~8MPa; the support time node of pillars and
roadway solid coal-side can be used as the optimal time for
reinforcing roadways by grouting when the initial support
roadway deformation is close to the threshold value. The
roadway section support diagram is shown in Figure 8.

4. Rational Analysis of Supporting Structure
Strength of Test Roadway

4.1. The Structural Strength of Theoretical Analysis. Because
the stress area in the arch is mainly composed of the tension
stress area of the anchor cable support and the compression
stress area of the anchor bar-anchor cable and interacts with
the surrounding rock to form the anchor composite bearing
body to maintain the roadway stability, in order to verify the
rationality of supporting parameters, the structural strength
of anchor composite bearing stress arch should be analyzed,
and the following assumptions are made in combination
with the field geological data of 17236 island working-face:

(1) The surrounding rock of the roadway after support
is isotropic and homogeneous, and the anchored
composite bearing body is in the broken state of
the surrounding rock

(2) The composite bearing structure is completely in
contact with the external surrounding rock, and the
external load is evenly distributed on the surface of
the bearing body

(3) The surrounding rock of the roadway after support
is the elastic-plastic medium, and the rock mass fol-
lows the Mohr-Coulomb strength criterion

Before the gob-side entry driving excavation, the sur-
rounding rock was already in the nonisocompressive stress
field. With the increasing excavation depth, the stress state
of the nearby surrounding rock changes from three direction
to two direction, and the shallow surrounding rock enters
the crushing and plastic state. Through the initial reinforce-
ment of the anchor rod, the anchor area and the surround-
ing rock combine to form. Before the roadway excavation,
the surrounding rock is in the original rock stress field. With
the increasing excavation depth, the stress state of the nearby
surrounding rock changes from three direction to two direc-
tion, and the shallow surrounding rock enters the crushing
and plastic state. Through the initial reinforcement of the
anchor rod, the anchor anchoring area couples with the sur-
rounding rock to form a secondary bearing layer, which
plays a role in supporting the fractured surrounding rock.
With the rapid growth of surrounding rock deformation,
the surrounding rock is in tension or compression shear
state due to the insufficient bolt support strength. When

Table 1: Partition and stress arch height of coal pillar in
transportation channel.

Partition category Thickness/m

Fractured zone 2.22

Plastic softening zone 2.39

Width of coal slope failure zone 4.61

Plastic hardening zone 2.49

Width of limit equilibrium zone 7.1

Arch height (small structure height) 10.738
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the external load exceeds the bearing capacity, the crack ini-
tiation and breakthrough appear of the surrounding rock,
the anchor structure tends to be broken, and the surround-
ing rock deformation energy is also released rapidly to
inhibit the development of harmful deformation of sur-
rounding rock. The deformation increases gradually, and
the surrounding rock surface cracks and heaves, and then
sloughs. At this time, the anchor cable can form a new bear-
ing stress structure—main bearing structure in the deep sur-
rounding rock of the roof. In the whole bearing stress
structure, the secondary bearing layer formed by the anchor
blot groups is connected with the deep surrounding rock
through the suspension effect of the anchor cable, to enhance
the support effect of the secondary bearing structure and also
mobilize the bearing capacity of the main bearing layer, so as
to control the deformation of the surrounding rock. The
mechanical model diagram of composite bearing stress arch
structure is shown in Figure 9.

According to the analysis of the above assumptions,
under the limit equilibrium condition of the composite bear-
ing stress arch structure, the surrounding rock after support
still follows the Mohr-Coulomb criterion of strength:

σ1 = σ3
1 + sin φb

1 − sin φb
+ 2cb cos φb

1 − sin φb
, ð13Þ

where σ1, σ3 is the maximum and minimum principal stress
in surrounding rock (MPa); сb is the cohesion of bearing
structure (MPa); φb is the internal friction angle of bearing
structure (°); therefore, the stress state of a certain point of
surrounding rock in the bearing structure meets Equation
(14), indicating that the bearing structure is in failure state
at this time. Assuming that the surrounding rock stress in
the bearing structure is equal to the support resistance, there
can be σ3 = P, and the support resistance P is:

P = P1
∗ + P2

∗ + P3
∗ + P4

∗, ð14Þ

where P is the total support resistance (MPa) in support
structure and the force in its structure is: P1

∗ is the primary
support resistance of anchor bolt (MPa); P2

∗ is the second-
ary support resistance of common anchor cable (MPa); P3

∗

is the support resistance of metal mesh (MPa); P4
∗ is the

support resistance of grouting anchor cable (MPa). By
substituting the above formula into Equation (14):

σ1 = P1
∗ + P2

∗ + P1
∗ + P2

∗ð Þ ⋅ 1 + sin φb

1 − sin φb

+ 2cb cos φb

1 − sin φb
:

ð15Þ

It can be seen from the above formula that the support
resistance affects the maximum principal stress σ1, the sup-
port resistance increases with the principal stress σ1 increase
and become bigger. In order to consider the influence of
support parameters on the composite bearing stress arch
structure, the underground stress analysis of a certain point
of surrounding rock in the bearing structure can be obtained
from the static balance equation along the vertical direction
of the roadway:

Fn = bσ1 +
ðb
0
F xð Þdx, ð16Þ

where Fn is the bearing force on the arch structure with
composite bearing stress (MPa); b is the thickness of com-
posite bearing stress arch structure (m); FðxÞ is the vertical
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Figure 8: Diagram of roadway support section.
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Figure 9: Mechanical model diagram of composite bearing stress
arch structure.
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component function of the radial uniformly distributed load
along the composite stress bearing arch structure, that is
FðxÞ = kx.

According to the simultaneous Equations (14) (16), the
bearing force Fn outside the composite bearing stress arch is:

Fn = b P∗
1 + P∗

2 + P∗
1 + P∗

2ð Þ ⋅ 1 + sin φb

1 − sin φb
+ 2cb cos φb

1 − sin φb

� �
+ kb2

2 :

ð17Þ

Assuming that the composite bearing stress arch is in the
limit equilibrium state at this time, Fn = P, and considering
the symmetry of the bearing arch, that is:

2Fn =
ðβ
0
qR sin γdγ − PB,

β = 2 arcsin B/2ð Þ + b
R

� �
,

ð18Þ

where R is the outer boundary radius of composite bearing
stress arch structure (m); β is the center angle differential
element corresponding to the arc segment ds.

q = 2b P∗
1 + P∗

2 + P∗
1 + P∗

2ð Þ ⋅ 1 + sin φb/1 − sin φbð Þ + 2cb cos φb/1 − sin φbð Þ½ �
R 1 − cos βð Þ

+ kb2

R 1 − cos βð Þ + PB
R 1 − cos βð Þ :

ð19Þ

Among them, the support strength of anchor bolt
(anchor cable) is mainly through the axial action and the
use of confining pressure to improve the peak strength and
residual strength of surrounding rock, so as to enhance the
support strength of rock mass in the anchorage zone.

Therefore, the relationship between the support resis-
tance of anchor blot, anchor cable, and metal mesh and
other support parameters [16] is as follows.

The support resistance of anchor blot P1
∗ is:

P∗
1 =

P1
et

: ð20Þ

The support resistance of anchor cable P2
∗ is:

P∗
2 =

P2
e∗t∗

, ð21Þ

where P1 and P2 are the axial load of anchor blot and anchor
cable (MPa). e and t are the spans and rows of anchor blot
(m); e∗ and t∗ are the spans and rows of anchor cable (m).

The support resistance of metal mesh P3
∗ is:

P∗
3 =

2τ3S3
2B cos π − 2φb/4ð Þβ3

, ð22Þ

where τ3 is the shear strength of the material (MPa); β3 is
the material shear angle (°); S3 is the cross-sectional area of
the metal mesh in the radial direction of the roadway (m2).

The bearing strength of the composite bearing stress
arch structure is obtained from the analysis of Equations
(20)~(22), and the structural strength is calculated in combi-
nation with the indoor uniaxial compression test and the
field geological conditions, The bearing strength of the com-
posite bearing stress arch structure is obtained from the

Table 2: Physical and mechanical parameters of rock.

Lithology Density Bulk modulus (GPa) Shear modulus (GPa) Tensile strength (MPa) Cohesion (MPa) Friction angle (°)

Mudstone 2382 5.93 4.74 2.74 3.52 28

Sand mudstone 2447 6.68 5.27 3.58 3.2 27

Mudstone 2382 5.93 4.74 2.74 3.52 28

Coal line 1421 3.8 1.63 0.6 1.9 27

Sand mudstone 2312 5.3 4 2.4 2.8 25

Fine sandstone 2335 4.15 3.2 1.5 3.6 34

Sand mudstone 2270 4.76 3.85 1.35 2.5 21

6-coal 1390 4.33 1.77 0.8 1.8 25

Siltstone 2210 6.1 4.79 2.68 3.25 28

Coal line 1265 4.6 3.54 1.13 2.1 26

Siltstone 2286 6.38 5.6 3.26 4.5 31

M-granted sandstone 2080 5.4 4.1 1.89 4.7 35

Sand mudstone 2312 5.3 4 2.4 2.8 25

Anchor bolt

Grouting anchor cable

Anchor cable

Figure 10: The support structures in numerical model.
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analysis of Equations (20)~(22), and the structural strength
is calculated in combination with the indoor uniaxial com-
pression test and the field geological conditions, through
the calculation of each support structure, the total support
resistance P = 8:63MPa, the thickness B of the composite
bearing stress arch structure is 7.338m, the cohesion after
support is 2.6MPa, and the internal friction angle is 30°.
By substituting the parameters of rock mass and bearing
structure into the above formula, the ultimate bearing capac-
ity of the composite bearing stress arch structure formed
after 17236 transportation along the channel support in
Zhangji north coal mine is q = 29:193MPa, which is greater
than the superimposed stress of 25MPa, which proves that
the composite bearing stress arch structure can maintain
the stability of the roadway.

4.2. Numerical Simulation Verification. In order to better
verify the reliability of the bolt-anchor cable stress distribu-
tion law in the theoretical analysis, the three-dimensional
numerical simulation software FLAC3d is used to simulate
and verify the geological conditions of the transportation
channel in Zhangjibei Coal Mine. The physical and mechan-
ical parameters of the roof and floor of the roadway are
shown in Table 2. The surrounding rock is mainly composed
of fine sandstone, argillaceous sandstone, and silt fine sand-
stone. A numerical simulation model is established by the
simulation calculation software FLAC3D; the size of the
numerical model in X direction, Y direction, and Z direction
are 274m, 300m, and 100m; the numerical simulation
adopts the Mohr-Coulomb criterion; and the tunnel section
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Figure 11: Displacement of roadway before and after support. (a) Vertical displacement before support. (b) Vertical displacement after
support. (c) Horizontal displacement before support. (d) Horizontal displacement after support.
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Figure 12: Full section monitoring points of haulage gateway.

Figure 13: Construction site diagram of roadway after support.
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is rectangular, with a height of 4m and a width of 5m. Since
the simulated depth of the roadway is 630m, the average
density of the surrounding rock mass is 2500 kg/m3. There-
fore, the ground stress is 15.75MPa. After the initial stress
is balanced, after the working-face is excavated and stabi-
lized, the actual parameters of the roadway are installed with
bolts, ordinary anchor cables, and grouting anchor cables.
The numerical model diagram of the supporting structure
is shown in Figure 10.

The vertical and horizontal displacements of the road-
way before and after the support are shown in Figure 11.
Due to the influence of the composite stress field, the maxi-
mum subsidence of the roof before the support is 817mm,
the maximum displacement of the two sides is 1780mm,
and the bottom heave is seriously damaged. The vertical dis-
placement of the surrounding rock at the two vertex corners
exceeds 700mm; the maximum subsidence of the top and
bottom after support is 285mm, and the displacement of
the two sides is 640mm. Comparing the effect before and
after the support, the subsidence of the roof after the support
is reduced by 80%, the maximum displacement of the two
sides has been reduced by 65%. Therefore, it can be seen that
the properties of the surrounding rock are improved after
the support, and the overall strength of the surrounding rock
is increased as a whole, which effectively suppresses the
deformation of the two sides of the roadway and is beneficial
to the stability of the surrounding rock of the roadway.

5. Industrial Test

Because it is found that the effect of supporting haulage gate-
way is good, and in order to analyze the deformation law of
surrounding rock and verify the rationality of composite
bearing stress arch structure theory, relevant industrial tests
are carried out. The roadway monitoring arrangement is
“cross-point method,” which means that anchor measuring
points are buried on two-sides and the roof and floor of

the roadway, and the distance change between the two
points is measured by monitoring equipment. The compre-
hensive monitoring station (30m away from each monitor-
ing station) is arranged at 200m from the opening of the
transportation chute to observe the convergence deforma-
tion of the surrounding rock. It is found that the support
effect is good, and the deformation of the surrounding rock
of the roadway is effectively controlled. The layout of the
monitoring points is shown in Figure 12, and construction
site diagram of roadway after support is shown in Figure 13.

As shown in Figure 14 that the roadway deformation
and surface displacement after support are observed for 36
days, and a total of 4 monitoring points (no. 1#, 2#, 3#,
and 4#) are carried out, each data collection is carried out
after mining; among them, the maximum convergence
deformation of the two side walls of the roadway is
640mm, and the maximum convergence deformation of
the roof and floor of the roadway is 287mm, and the initial
deformation increases and gradually tends to be stable after
reaching the maximum value. After the roadway is sup-
ported by anchor bolt and anchor cable, the integrity of sur-
rounding rock is strengthened, the bulge of roadway side is
effectively controlled, and the control effect of steel beam
on roof is not obvious. It shows that the anchor bolt and
anchor cable support parameters are reasonable, the sur-
rounding rock control is remarkable, and the support system
is good.

6. Conclusions

(1) With the collapse stability of working-face, after
roadway excavation, the narrow coal pillar can be
divided into three failure zones: fractured zone,
plastic softening zone, and plastic hardening zone.
A small structural stress arch mechanical model
based on arch axis is established. Through the anal-
ysis of theoretical mechanical model and field actual
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conditions, it is found that reasonable support
methods can be selected to control the development
of roadway plastic failure zone

(2) According to the site geological conditions, the stress
arch height of the small structure of the surrounding
rock of the transportation channel is determined to
be 10.738m, and the length of the anchor cable is
determined to be 7.3m according to the relationship
between the stress arch height and the roadway size,
and the twice support technology is selected to
ensure the stability of the roadway. Among them,
the anchor mesh support is used for the primary
support, and the ordinary long anchor cable and
grouting anchor cable are used for the secondary
support

(3) In order to verify the rationality of the support
parameters and the strength of the composite bear-
ing stress arch structure, a mechanical model of the
composite bearing stress arch structure of surround-
ing rock is proposed. The elastic-plastic mechanics is
used to deduce the composite bearing stress arch
structure, and the expression of the relationship
between the ultimate bearing strength is obtained.
After the transportation channel support of 17236
island working-face in the north of Zhangji coal
mine is calculated, the support resistance of the
support structure reaches 8.36MPa. The ultimate
bearing capacity of the bearing structure can reach
29.193MPa

(4) The field monitoring results show that after the
support of composite bearing stress arch structure,
the deformation area of surrounding rock along the
transportation channel is stable, the maximum
shrinkage of roadway top and bottom is 287mm,
and the displacement of two sides is 640mm. With
the increase of monitoring time, the deformation is
gradually stable, which is conducive to the long-
term stability of the transportation channel
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Roof-breaking characteristics and ground pressure behavior of the coalface are instrumental in guiding deep Jurassic coal seam
mining, in particular in the Shaanxi and Inner Mongolia regions of China. A thick-plate mechanical model (TPMM) of the
main roof was developed and applied to the case study of 21102 first-mined coalface (FMC) of the Hulusu Coal Mine (HCM)
in the Hujirt Mining Area (HMA), China. A theoretical analysis performed via the developed model revealed that the first and
periodic breaking intervals of the main roof were 40.6 and 25.0m, respectively. The roof failure occurred in the tensile mode,
was controlled by the internal stress σx in the rock strata, and started from the center of the long side with the fixed support in
the goaf. The field measurement of roof weighting was also performed for the coalface advance from zero to 400m. The
measurement results showed that the first weighting average interval was 41.4m, and the average interval of periodic weighting
was 22.0m, which agreed with the theoretical calculation and proved the proposed model’s feasibility. Finally, the frequency
distribution features of the hydraulic support working resistance in the FMC were analyzed statistically. The results showed
that the ZY10000-16/32D supports could adapt to the mining geological conditions of the FMC. However, the margin of the
rated working resistance of supports was still small. Thus, roof management enhancement during the mining process was
strongly recommended. These research findings could offer theoretical guidance for safe and high-efficiency production in the
coal mines under similar geological conditions.

1. Introduction

In recent years, the development of coal resources in China
has rapidly shifted toNorthwestern China, especially the Inner
Mongolia Autonomous Region [1]. From January to Decem-
ber 2020, China’s northwestern coal mining areas accounted
for about 70% of the total national coal output and became a
forepost of China’s coal industry upgrading [2–5]. A good
example is the Ordos City in the Inner Mongolia Autonomous
Region, in which coal production in 2018, 2019, and 2020
amounted to 616, 679, and 640 million tons, respectively.

The Dongsheng Coalfield in the Ordos City extends for
about 100km in the north-south direction and has the largest
width in the east-west direction of 100km, covering an area of
about 8790km2 [6, 7]. The main coal-bearing seams in the
Dongsheng Coalfield belong to the Middle Jurassic Yanan For-
mation, which lithology consists primarily of medium sand-
stone, siltstone, mudstone, and coal seam [8]. The coal seam’s
burial depth generally drops from north to south but increases
from east to west. The coal seams mined at an early stage are
generally typical shallow-buried (below 300m) with simple geo-
logical conditions, which have been investigated theoretically
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and subjected to field studies. Abundant reports have been pub-
lished concerning roof-breaking characteristics, mining-
induced fissure development, and ground pressure behavior
[9–18]. These findings lay a theoretical foundation and offer
ready technologies for the safe and high-efficiency mining of
shallow-buried coal seams at an early stage. However, due to
the variabilities of the burial depth of the coal seam and strata
structure, the first-mined coal seams in some newly developed
large-scale coal bases in the Dongsheng Coalfield have already
entered the stage of deep mining [19]. One example of this is
the HMA, a state planning mining area located in the midwest-
ern part of the Dongsheng Coalfield. The main coal seams in
the HMA are #2 and #3 coal seams in the upper Jurassic Yanan
Formation, with a depth above 600m. The available roof-
breaking characteristics and ground pressure behavior in min-
ing shallow-buried coal seams can no longer offer guidance
for deep coal resource development in this region. It is necessary
to carry out in-depth investigations into the occurrence condi-
tions of the Jurassic deep-buried coal seam in this mining area.

The HMA is located on the border of Inner Mongolia and
Shaanxi. The total planning area is about 2161km2. According
to preliminary planning, this mining area is subdivided into
seven mine fields, two exploration areas, and one prospective
area. The total planning area is 63Mt/a. HCM, located in the
mid-southern part of the mining area, is one of the first devel-
oped in this region and has a design production capacity of
13.0Mt/a. The burial depth of the mined coal seam is 650-
900m. The HCM is a typical newly built deep coal mine in
Inner Mongolia and Shaanxi. The increased mining scope was
accompanied by a series of problems: large intensity of overbur-
dened rock activities in the stope, intense ground pressure at the
coalface, and large deformation of the roadway-surrounding
rocks [20]. However, there are only a few studies on roof break-
ing and ground pressure in this mining area [21–25].

Given this, we elaborated a TPMM for the main roof
breakage in the 21102 FMC of the HCM in the HMA under
the actual geological conditions. A theoretical analysis of the
main roof’s first and periodic breaking was performed using
the established model. On this basis, we conducted a field
measurement to study ground pressure behavior at the
FMC. The applicability of the hydraulic supports used for
this FMC was evaluated. Our research findings offer theoret-
ical guidance for the normal mining of other coalfaces in the
HCM. Moreover, these results can be utilized to guide the
safe and high-efficiency coal production under similar geo-
logical conditions in the HMA.

2. Mining Technical Conditions for the FMC

The 21102 coalface of the HCM, the FMC in the entire mine
field, is located in the first panel of the #2-1 coal seam. There
are three roadways on the east wing of the mine north of the
coalface. In the south, there is the fifth panel of the coal seam.
The length of the coalface along the dip direction is 320m, and
that along the strike direction is 4150m. The stoping area is
1,327,900m2. The ground surface above the coalface is hilly
sand land, with an elevation of +1304 to +1328m. The eleva-
tion of the underground coal seam roof is +673 to +694m. The
burial depth of the coalface is 626.17 to 647.91m. The coalface

under study is a typical deep-lying coalface in this region. The
coal seam mined in the coalface is the #2-1 coal seam of the
Jurassic Yanan Formation, with a density of about 1.31 t/m3.
The coal seam thickness is 1.7-3.0m, with an average of
2.55m, indicating a medium thickness. The coal seam is of a
simple structure with slight undulation and a dip angle of 1°-
3°. This coal seam is near-horizontal.

The geological structure of this coalface is also simple. The
false roof of the coal seam is mainly composed of sandy mud-
stone, with a thickness of 0.2-0.5m. The immediate roof com-
prises sandy mudstone and silty sandstone, with a thickness of
2.43-7.8m. The main roof is composed of fine sandstone and
medium sandstone, with a thickness of 13.30-23.3m. The
immediate floor comprises sandy mudstone and silty sand-
stone, with a thickness of 3.4-8.9m. The stratigraphic synthesis
column of the study area is shown in Figure 1. In this coalface,
the full-thickness longwall mining method along the strike
(with an average mining height of 2.55m) is performed. The
goaf roof is managed by using the full caving method. The
hydraulic supports used in the coalface are ZY10000-16/32D
two-column shield-type hydraulic supports manufactured by
China Coal Beijing Coal Mining Machinery Co., Ltd. The rated
working resistance of the supports is 10,000kN, and the dis-
tance between the centers of the two supports is 1.75m.

3. Mechanical Analysis of Breaking
Characteristics of the Thick Sandstone Main
Roof in the FMC

A goaf is formed along with the constant advance of the coal-
face from the open-off cut. The first breaking and weighting of
the main roof occur when the roof overhang is too big. As the
coalface continues to advance after the first breaking, the peri-
odic weighting of the main roof occurs. Since the main roof of
the FMC is composed of hard thick sandstone, the conven-
tional beam model may not apply to the theoretical analysis
of the roof-breaking characteristics [26]. According to the field
measurement of ground pressure in the deep-buried mine
near the HCM, we considered the influence of internal trans-
verse shear stress of the plate based on the judgment criteria of
the plate model. We developed the Reissner thick-plate model
for the breaking of the thick sandstone main roof and per-
formed a theoretical analysis of stress distribution in the main
roof at different mining stages in the coalface. The inducing
factors of the first and periodic breaking of the main roof were
determined. The first and periodic weighting intervals were
calculated for this coalface.

3.1. Establishment of the TPMM for Main Roof Breaking.
Since the 21102 coalface is the FMC, the main roof can be
simplified into a thick rectangular plate that has fixed support
on the four sides upon the moment of the first breaking.
Under this assumption, we built the TPMM for the first break-
ing of the main roof, as shown in Figure 2(a). After the first
breaking of the main roof, broken rock masses in the goaf
form a three-hinged arch. At this moment, the main roof
can be reduced to a thick rectangular plate with simple sup-
port on one side and fixed support on the other three sides.
Thus, the TPMM for periodic breaking of the main roof was
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built, as shown in Figure 2(b), where a and b are the short and
long sides of the thick rectangular plate, respectively; h is its
thickness; and q is the load acting on the upper part of the
thick rectangular plate.

According to the Reissner plate theory, the basic equa-
tions can be written as follows [27–29]:

D∇2∇2ω = q x, yð Þ − 2 − μð Þ
1 − μð Þ

h2

10∇
2q x, yð Þ, ð1Þ

∇2ϕ −
10
h2

ϕ = 0, ð2Þ

where D is the bending stiffness of the main roof, D = Eh3/
½12ð1 − μ2Þ� (N·m), E is the elastic modulus of the main roof
(GPa), ω is the deflection of the main roof (m), ∇ is the
Laplace operator, qðx, yÞ is the loading acting on the upper
part of the main roof (MPa), μ is Poisson’s ratio of the main
roof, h is the main roof thickness (m), and φ is the stress
function within the main roof.
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Figure 1: The stratigraphic synthesis column of study area.

x

y

a

b

x

z
q

z

y

q

h

Advancing
direction

of coalface

(a)

x

y

a

b

x

z
q

z

y

q

h

Advancing
direction

of coalface

(b)

Figure 2: TPMM of the main roof breaking: (a) first breaking model and (b) periodic breaking model.
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The expressions of the shear stress Q and the bending
moment M for the main roof can be derived as follows:

Qx = −D
∂
∂x

∇2ω −
2 − μð Þ
1 − μð Þ

h2

10
∂q
∂x

+ ∂ϕ
∂y

, ð3Þ

Qy = −D
∂
∂y

∇2ω −
2 − μð Þ
1 − μð Þ

h2

10
∂q
∂y

+ ∂ϕ
∂x

, ð4Þ

Mx = −D
∂2ω
∂x2

+ μ
∂2ω
∂y2

 !
+ h2

5
∂Qx

∂x
−

μ

1 − μ

qh2

10 , ð5Þ

My = −D
∂2ω
∂y2

+ μ
∂2ω
∂x2

 !
+ h2

5
∂Qy

∂y
−

μ

1 − μ

qh2

10 : ð6Þ

3.2. Mechanical Analysis of the First Breaking
Characteristics of the Main Roof

3.2.1. A Theoretical Analysis of the Mechanical Model
Describing the First Breaking of the Main Roof. The governing
equations for the fixed support of the four sides before the first
breaking of the main roof in the FMC have the following forms:

ω x=0,x=a
�� = 0,

∂ω
∂x x=0,x=a
�� = 0,

ω y=0,y=b
�� = 0,

∂ω
∂y y=0,y=b
�� = 0:

8>>>>>>>>><
>>>>>>>>>:

ð7Þ

Using the fixed support boundary conditions for the four
sides of the main roof, the following deflection equation that
satisfied the boundary conditions was derived:

ω = c x2 − ax
� �2

y2 − by
� �2

: ð8Þ

Substituting Equation (8) and q0 (the uniformly distributed
load applied to the upper part of the main roof) into Equation
(1), we can calculate the coefficient c by the Matlab software
program:

c = 49q0
8D 7a4 + 4a2b2 + 7b4
� � : ð9Þ

Substituting Equation (9) into Equation (8), we obtain the
deflection function under the fixed support boundary condi-
tions for the four sides of the main roof:

ω = 49q0 x2 − ax
� �2 y2 − by

� �2
8D 7a4 + 4a2b2 + 7b4
� � : ð10Þ

Substituting Equation (10) into Equations (3)–(6), the shear
stress function and the bending moment function of the main

roof are derived as follows:

Qx = 2k 6x − 3að Þ y2 − by
� �2 + x2 − ax

� �
2x − að Þ 6y2 − 6by + b2

� �h i
,

Qy = 2k 6y − 3bð Þ x2 − ax
� �2 + y2 − by

� �
2y − bð Þ 6x2 − 6ax + a2

� �h i
,

Mx = k y2 − by
� �2 6x2 − 6ax + a2 + 12

5 h2
� �

+ 6y2 − 6by + b2
� ��

� μ x2 − ax
� �2 + 2h2 6x2 − 6ax + a2

� �
5

" #)
−

μq0h
2

10 1 − μð Þ ,

My = k x2 − ax
� �2 6y2 − 6by + b2 + 12

5 h2
� �

+ 6x2 − 6ax + a2
� ��

� μ y2 − by
� �2 + 2h2 6y2 − 6by + b2

� �
5

" #)
−

μq0h
2

10 1 − μð Þ ,

ð11Þ

where k = −49q0/4ð7a4 + 4a2b2 + 7b4Þ.
According to the theory of elasticity and thick-plate the-

ory, the stress σ in the main roof is related to the bending
momentM as σ = 6M/h2. From this, we can derive the stress
function of the main roof:

σx =
6k
h2

y2 − by
� �2 6x2 − 6ax + a2 + 12

5 h2
� �

+ 6y2 − 6by + b2
� ��

� μ x2 − ax
� �2 + 2h2 6x2 − 6ax + a2

� �
5

" #)
−

3μq0
5 1 − μð Þ ,

σy =
6k
h2

x2 − ax
� �2 6y2 − 6by + b2 + 12

5 h2
� �

+ 6x2 − 6ax + a2
� ��

� μ y2 − by
� �2 + 2h2 6y2 − 6by + b2

� �
5

" #)
−

3μq0
5 1 − μð Þ :

ð12Þ

3.2.2. First Breaking Interval of the Main Roof and Its
Mechanical Characteristics. According to the stress function
calculated in Section 3.2.1, at ðx, yÞ = ð0, b/2Þ and ðx, yÞ = ð
a, b/2Þ, both σx and σy reach their peak negative values (that
is, σx max and σy max are tensile stresses, σx max > σy max). Both
are located at the centers of the long sides in the TPMM.
σx max and σy max are given, respectively, as follows:

σx max =
6k
h2

b4

16 a2 + 12
5 h2

� �
−
1
5 a

2b2h2
" #

−
3μq0

5 1 − μð Þ ,

σy max =
6k
h2

1
16 μa

2b4 −
1
5 a

2b2h2
� �

−
3μq0

5 1 − μð Þ :

ð13Þ

If σx max in the main roof reaches the tensile strength
RT ði:e:,σx max = RTÞ, the long side with fixed support in the
TPMM undergoes the first tensile failure. According to the
geological conditions for the FMC, the basic parameters RT
= 4:24MPa, h = 13:3m, q0 = 0:554MPa, μ = 0:22, and b =

4 Geofluids



320m are substituted into the above formulas to estimate the
first breaking interval of the main roof as a = 40:6m.

Below, we analyze the mechanical characteristics of the
main roof upon first weighting in the FMC by plotting the
deflection and stress distribution of the main roof upon the
first breaking using the Matlab software program based on
the parameters calculated above. The results are shown in
Figures 3–5.

As shown in Figure 3, the deflection of the main roof
under fixed support on the four sides had a symmetric distri-
bution about the goaf center. The largest deflection occurred
in the center, and the deflection decreased gradually towards
the periphery. The largest defection at the center of the goaf
(a/2, b/2) reached 1.25mm.

As shown in Figure 4, the stress σx in the main roof under
the condition of fixed support on the four sides had an axisym-
metric distribution about the goaf center with coordinates
(a/2, b/2), where the stress σx in the main roof reached its
maximum (σx max = 0:7MPa), indicating the largest compres-
sive stress at this position. At the centers of the two long sides
in the goaf, that is, at ð0, b/2Þ and ða, b/2Þ, the stress σx in the
main roof reached the peak negative value (σx max = 4:24
MPa), indicating the largest tensile stress in this position.
Besides, the tensile stress σx already reached the ultimate ten-
sile strength of the main roof. Therefore, tensile failure of the
main roof occurred at the centers of the goaf’s long sides.

As shown in Figure 5, stresses σy andσx in the main roof
under the boundary condition of fixed support on four sides
also had an axisymmetric distribution about the goaf center.
At the center of the goaf ða/2, b/2Þ, the stress σy in the main
roof reached the largest positive value (σy max = 0:28MPa), indi-
cating the largest compressive stress at this position. At the cen-
ters of the two long sides in the goaf, i.e., ð0, b/2Þ and ða, b/2Þ,
the stress σy in the main roof reached the largest negative value
(σy max = 0:82MPa), indicating the largest tensile stress in this
position. However, the tensile stress σy did not reach the ulti-
mate tensile strength of the main roof. Given the above, the fail-
ure of the main roof was not caused by the stress σy.

3.3. Mechanical Analysis of the Periodic Breaking
Characteristics of the Main Roof

3.3.1. Theoretical Analysis of the Mechanical Model for the
Periodic Breaking of the Main Roof. The governing equation
for the boundary condition of fixed support on three sides
and simple support on one side before the periodic breaking
of the main roof in the FMC can be written as follows:

ω x=0,x=a
�� = 0,

∂2ω
∂x2 x=0j = 0,

∂ω
∂x x=aj = 0,

ω y=0,y=b
�� = 0,

∂ω
∂y y=0,y=b
�� = 0:

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

ð14Þ

Under the boundary condition of fixed support on three
sides and simple support on one side, we derive the following
deflection equation that satisfies the boundary conditions:

ω = cx x2 − a2
� �2

y2 − by
� �2

: ð15Þ

Substituting Equation (15) and q0 into Equation (1), we
can calculate the coefficient c by the Matlab software program:

c = 8085q0
128Da 336a4 + 176a2b2 + 165b4

� � : ð16Þ

Substituting Equation (16) into Equation (15), we can
derive the deflection function under the condition of fixed
support on the three sides and simple support on one side
for the main roof:

ω = 8085q0x x2 − a2
� �2 y2 − by

� �2
128Da 336a4 + 176a2b2 + 165b4

� � : ð17Þ

Substituting Equation (17) into Equations (3)–(6), we can
derive the shear stress function and the bending moment
function of the main roof as follows:

Qx = k 30x2 − 6a2
� �

y2 − by
� �2 + x2 − a2

� �
5x2 − a2
� �

6y2 − 6by + b2
� �h i

,

Qy = 2k x x2 − a2
� �2 6y − 3bð Þ + 10x3 − 6a2x

� �
y2 − by
� �

2y − bð Þ
h i

,

Mx = k y2 − by
� �2 10x3 − 6a2x + 12h2x

� �
+ 6y2 − 6by + b2
� �n

� μx x2 − a2
� �2 + 4h2 5x3 − 3a2x

� �
5

" #)
−

μq0h
2

10 1 − μð Þ ,

My = k x x2 − a2
� �2 6y2 − 6by + b2 + 12

5 h2
� �

+ 5x3 − 3a2x
� ��

� 2μ y2 − by
� �2 + 4h2 6y2 − 6by + b2

� �
5

" #)
−

μq0h
2

10 1 − μð Þ ,

ð18Þ

where k = −8085q0/64að336a4 + 176a2b2 + 165b4Þ.
Substituting the abovementioned bending moment func-

tion into σ = 6M/h2, we can obtain the corresponding stress
function:

σx =
6k
h2

y2 − by
� �2 10x3 − 6a2x + 12h2x

� �
+ 6y2 − 6by + b2
� �n

� μx x2 − a2
� �2 + 4h2 5x3 − 3a2x

� �
5

" #)
−

3μq0
5 1 − μð Þ ,

σy =
6k
h2

x x2 − a2
� �2 6y2 − 6by + b2 + 12

5 h2
� �

+ 5x3 − 3a2x
� ��

� 2μ y2 − by
� �2 + 4h2 6y2 − 6by + b2

� �
5

" #)
−

3μq0
5 1 − μð Þ :

ð19Þ
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Figure 3: Deflection distribution of the main roof upon the first breaking: (a) three-dimensional distribution and (b) planar distribution.
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Figure 4: Distribution characteristics of the stress σx upon the first breaking of the main roof: (a) three-dimensional distribution of the
stress σx and (b) planar distribution of the stress σx .
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3.3.2. Periodic Breaking Interval of the Main Roof and Its
Mechanical Characteristics. According to the stress function
calculated in Section 3.3.1, at ðx, yÞ = ða, b/2Þ, both σx and σy

both reach the largest negative value (that is, σx max and
σy max are tensile stresses, σx max > σy max), indicating that
both are located at the centers of the long sides with fixed
support in the TPMM. Values of σx max and σy max are
derived as follows:

σx max =
6k
h2

ab4 a2 + 3h2
� �

4 −
4h2a2b2

5

" #
−

3μq0
5 1 − μð Þ ,

σy max =
6k
h2

a3b2
μb2

4 −
4h2
5

 !
−

3μq0
5 1 − μð Þ :

ð20Þ

Thus, when σx max in the main roof reached the tensile
strength RT ði:e:,σx max = RTÞ, tensile failure occurred peri-
odically at the long sides with fixed support in the TPMM.
By substituting the basic parameters of the FMC into the
above equations, we estimated the periodic breaking interval
of the main roof as a = 25:0m.

Similarly, we plotted the deflection and stress distribu-
tions of the main roof upon periodic breaking using the
Matlab software program (Figures 6–8). Then, the mechan-
ical characteristics of the main roof upon periodic weighting
in the FMC were analyzed.

As shown in Figure 6, the deflection of the main roof had
an axisymmetric distribution about the goaf center (y = b/2)
under the boundary condition of fixed support on the three
sides and simple support on one side. We observed the larg-
est deflection at the center, with a gradual decrease towards
the periphery. In the position (

ffiffiffi
5

p
a/5, b/2) in the goaf, the

main roof deflection reached a maximum of 0.36mm.
As shown in Figure 7, the stress σx in the main roof had

an axisymmetric distribution about the goaf center (y = b/2)
under the boundary condition of fixed support on the three
sides and simple support on one side. At the center of the
long side with fixed support in the goaf ða, b/2Þ, the stress
σx in the basic stress reached the peak negative value

(σx max = 4:24MPa), indicating the largest tensile stress in
this position. At this moment, the tensile stress σx already
reached the ultimate tensile strength of the main roof.
Therefore, tensile failure of the main roof occurred at the
centers of the long sides with fixed support in the goaf.

As shown in Figure 8, both stresses σy and σx in the
main roof had an axisymmetric distribution about the goaf
center (y = b/2) under conditions of fixed support on the
three sides and simple support on one side. At (

ffiffiffi
5

p
a/5, b/2

) in the goaf, stress σy reached the largest positive value
(σy max = 0:12MPa), indicating the largest compressive stress
in this position. At the center of the goaf long side ða, b/2Þ,
the stress σy in the main roof reached the largest negative
value (σy max = 0:58MPa), indicating the largest tensile stress
in this position. However, the tensile stress σy did not reach
the ultimate tensile strength in the main roof at this
moment. It could be inferred that the stress σy caused no
failure in the main roof.

4. Field Measurement of Ground Pressure
Behavior in the FMC

In this section, the working resistance of hydraulic supports
in the FMC was studied during the stoping period. The
working resistance variations of the hydraulic supports were
characterized. We analyzed the first and periodic weighting
patterns in the coalface and verified the feasibility of the pro-
posed TPMM for the main roof breaking. On this basis, we
evaluated the applicability of the hydraulic supports used
in the coalface, offering valuable clues for roof management
in the coalface.

4.1. Field Measurement Plan for Ground Pressure. A total of
25 measurement stations were installed along the dip direc-
tion of the coalface to analyze ground pressure behavior at
different positions in the roof (Figure 9). The measurement
stations were located at the following hydraulic supports:
#4, #8, #15, #23, #30, #38, #46, #53, #60, #68, #76, #83,
#92, #98, #106, #113, #120, #128, #136, #143, #150, #158,
#166, #174, and #183. The YHY60W(A) support pressure
gauges for mines developed by the Xuzhou Shengneng
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Figure 5: Distribution characteristics of stress σy upon the first breaking of the main roof: (a) three-dimensional distribution of the stress σy
and (b) planar distribution of the stress σy .
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Figure 6: Characteristics of deflection distribution of the main roof upon periodic breaking: (a) three-dimensional distribution and (b)
planar distribution.
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Figure 7: Distribution characteristics of stress σx in the main roof upon periodic breaking: (a) three-dimensional distribution of the stress σx
and (b) planar distribution of stress σx .
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Technology Co., Ltd. were installed in the corresponding
measurement stations for continuous monitoring of the
working resistance of hydraulic supports.

4.2. Analysis of the First Weighting Characteristics in the
Coalface. Generally speaking, weighting in the coalface can
be more accurately performed using the circulation terminal
resistance (CTR) of hydraulic supports. However, after
installing and debugging the special ground pressure-
monitoring system, the FMC had already advanced by
140m. Therefore, the CTR could not be timely and accu-
rately captured by the electrohydraulic control system
embedded in the hydraulic supports. For this reason, we
analyzed the first weighting of the main roof in the coalface
according to the actual roof caving, time-weighted resistance

(TWR) of the hydraulic supports, and daily maximum resis-
tance (DMR) of the hydraulic supports.

During the primary mining of the FMC, when the coal-
face advanced from the open-off cut for about 12m, the
immediate roof in the middle of the coalface collapsed. As
the coalface further advanced to 20m, the entire immediate
roof had collapsed, filling the goaf. When the coalface
advanced to about 40m, clear breaking sounds could be
heard from the main roof. Thus, the occurrence of the first
weighting of the coalface was confirmed. During the primary
mining of the coalface, the overall distribution of the daily
average working resistance of the hydraulic supports is mon-
itored and plotted in Figure 10. From the coalface’s head to
its tail, the low-stress region, high-stress region, low-stress
region, high-stress region, and low-stress region appeared
successively. This was a saddle-shaped distribution, which
was typical of the ultralong coalface.
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Figure 8: Distribution characteristics of stress σy in the main roof upon periodic breaking: (a) three-dimensional distribution of the stress σy
and (b) planar distribution of the stress σy .
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The judgment criteria of time-weighted resistance
(JCTWR) and the judgment criteria of daily maximum resis-
tance (JCDMR) of some hydraulic supports in the coalface
were calculated for the first weighting, as shown in Table 1.
The variation curves of the working resistance of hydraulic

supports are presented in Figure 11 (the red vertical line
indicates the position of the first weighting in the coalface).

According to Table 1 and Figure 11, the first weighting
interval of the main roof in the FMC was 38.5-45.9m, with
an average of 41.4m, which agreed with the field

Table 1: Judgment criteria for the first weighting in some hydraulic supports.

No. �Pt σt Pt
�Pmax σmax Pmax

#8 6765 348 7113 7922 379 8301

#46 6680 290 6970 7694 271 7965

#92 6805 310 7115 7783 289 8072

#120 7150 500 7650 8019 395 8414

#174 6850 230 7080 7894 231 8125
�Pt : value of TWR; σt : standard deviation of TWR; Pt : JCTWR; �Pmax: mean value of DMR; σmax: standard deviation of DMR; Pmax: JCDMR.
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Figure 11: Variation curves of working resistance in some hydraulic supports upon first weighting: (a) #8 hydraulic support, (b) #46
hydraulic support, (c) #92 hydraulic support, (d) #120 hydraulic support and (e) #174 hydraulic support.
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observation. The main roof of the FMCwas composed of hard
and thick sandstone. Deep-hole presplit blasting has been per-
formed for the open-off cut roof to prevent roof disaster
caused by the extensive roof overhang. Therefore, the first
weighting of the coalface had low intensity, and the safety
valves of the hydraulic supports did not open extensively.
The dynamic load factor of the hydraulic supports during
the first weighting of the coalface was 1.04-1.18, with an aver-
age of 1.08, which values were relatively small.

4.3. Analysis of the Periodic Weighting Characteristics in the
Coalface. Field measurement data were collected from the
special ground pressure monitoring system installed in the
hydraulic supports. Periodic weighting was analyzed as the
coalface advanced from 140 to 400m. The judgment criteria
of time-weighted resistance (JCTR) and the judgment cri-
teria of circulation terminal resistance (JCCTR) of some
hydraulic supports were calculated; the results are shown
in Table 2. The variation curves of the working resistance
of some hydraulic supports are shown in Figure 12 (the
red vertical line indicates the position of the periodic weight-
ing in the coalface).

As shown in Table 2 and Figure 12, as the FMC
advanced from 140 to 400m (i.e., by a distance of 260m),
10-13 events of periodic weighting occurred in total. The
minimum, average, and maximum weighting intervals were
11.6, 22.0, and 38.7m. The dynamic load factor of the
hydraulic supports during the periodic weighting of the coal-
face was 1.03-1.09, with an average of 1.06. This dynamic
load factor was relatively small.

4.4. Applicability Evaluation of the Hydraulic Supports Used.
The operational resistance data of the hydraulic supports
were analyzed as the FMC advanced from 0 to 400m. The
distribution of the daily average working resistance of the
hydraulic supports is shown in Figure 13. From the head
to the tail of the coalface, hydraulic supports’ daily average
working resistance presented a “saddle-shaped” distribution

similar to the primary mining of the coalface (low-stress
region, high-stress region, low-stress region, high-stress
region, and low-stress region). Along the advanced direction
of the coalface, there were three types of regions, classified by
their daily average working resistance, namely, low-stress
region, transition region, and high-stress region.

(1) Low-Stress Region (0-100m). The overburden failure
in the coalface was extremely insufficient within this
region. The daily average working resistance of
hydraulic supports was generally below 7000 kN
and changed little. No significant coal wall spalling
was observed during the coalface advance.

(2) Transition Region (100-300m). Within this region,
the degree of overburden failure in the coalface grew
with the coalface advance. The daily average working
resistance of hydraulic supports gradually increased.

(3) High-Stress Region (Beyond 300m). The overburden
failure in the coalface already became sufficient
within this region. The daily average working resis-
tance of hydraulic supports was generally above
8000 kN. Significant coal wall spalling was observed
during the coalface advance.

The frequency distribution of working resistance usually
characterizes the operational performance of hydraulic sup-
ports. A reasonable working resistance distribution of
hydraulic supports is a near-normal distribution [30]. A
higher share of low working resistance usually indicates a
lower efficiency of the hydraulic supports. Besides, the rated
working resistance margin is large under the above situation.
By contrast, a higher share of the high working resistance
indicates that the hydraulic supports mostly work at a high
load. The rated working resistance is lower and cannot meet
the actual support demand on-site. The frequency distribu-
tion of the working resistance of hydraulic supports was ana-
lyzed statistically as the FMC advanced from 0 to 400m. It

Table 2: Judgment criteria for periodic weighting in some hydraulic supports.

No. �Pt σt Pt
�Pm σm Pm

#4 7635 680 8315 8794 663 9457

#15 8537 534 9071 9502 508 10010

#30 8999 520 9519 9810 573 10383

#46 8905 434 9339 9731 473 10204

#60 8957 475 9432 9873 633 10506

#83 8840 379 9219 9729 448 10177

#92 8552 708 9260 9547 486 10033

#98 8893 363 9256 9695 365 10060

#113 8844 436 9280 9676 505 10181

#128 8595 591 9186 9516 442 9958

#136 9259 667 9926 10245 783 11028

#150 8664 561 9225 9614 590 10204

#166 7590 543 8133 8652 687 9339

#174 7419 830 8249 8169 690 8859
�Pm: mean value of CTR; σm: standard deviation of CTR; Pm: JCCTR.
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Figure 12: Continued.
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yielded 0.4% for the 0-2000kN interval, 0.2% for the 2000-
4000kN interval, 1.1% for the 4000-6000kN interval, 28.2%
for the 6000-8000kN interval, 65.3% for the 8000-10000kN
interval, and 4.8% for the interval above 10000kN. According
to these results, high working resistance (above 8000kN) had
the dominating share of 70.1%. This indicated that the
hydraulic supports generally worked at high loads with a small
margin of the rated working resistance.

5. Conclusions

(1) The proposed TPMM of the main roof breaking pre-
dicted that the first and periodic weighting intervals
of the main roof caused by the internal stress σx in
the rock strata were 40.6 and 25.0m, respectively.
The tensile failure first started in the goaf from the
center of the long side with fixed support

(2) Field measurements of ground pressure showed that
the first weighting interval of the main roof in the
FMC was 38.5-45.9m, with an average of 41.4m. The
periodic weighting interval was 11.6-38.7m, with an
average of 22.0m. The discrepancy between the model
predictions and field data was quite small. The above
results indicated that the TPMM was applicable to
the particular geological conditions of the FMC

(3) The estimation of the daily average working resis-
tance of hydraulic supports exhibited a saddle-
shaped pattern along the coalface dip direction, with
the following sequence order: low-stress region,
high-stress region, low-stress region, high-stress
region, and low-stress region, judging by the daily
average working resistance. This saddle-shaped dis-
tribution was typical of the ultralong coalface. Along
the advanced direction of the coalface, the daily aver-
age working resistance could be classified into three
types of regions by the low-stress region, transition
region, and high-stress region

(4) Analysis of the working resistance frequency distri-
bution revealed that the ZY10000-16/32D two-
column shield-type hydraulic supports could adapt
to the geological conditions under which the FMC
was mined. However, the hydraulic supports gener-
ally experienced high loads, with an insufficient mar-
gin of the rated working resistance (i.e., 10000 kN).
Therefore, enhanced roof management in the pres-
ence of special geological structures (e.g., faults and
goaf passages) during the coalface mining is strongly
recommended
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In underground engineering, the deformation and failure process of the surrounding rock of the roadway is always accompanied
by the occurrence of energy. The study of the energy distribution law of the surrounding rock of the roadway plays an important
role in its stability. This paper first theoretically analyzes the stress and energy distribution law of the surrounding rock of the
roadway, then with the help of numerical simulation method, combined with the existing physical and mechanical parameters,
based on the existing support parameters of Dongrong No. 2 Mine, gradually compares and analyzes the distribution of
vertical stress and energy under the three support methods of no support, original support, and combined support, and the
results found that the vertical stress distribution law under the three support methods is basically the same. High-stress areas
appear on the two ribs of the roadway, and low-stress areas appear on the roof and floor. The range of high-stress areas from
no support to combined support continues to decrease and becomes more evenly distributed. The energy distribution pattern
is basically the same. The overall energy of the coal seam is high. There are high-energy areas at 2m left and right of the
roadway, and the roof and floor energy of the roadway is the smallest. The low energy area extends 5m up and down,
respectively. The range of high-energy areas from no support to combined support is shrinking, and the energy distribution is
more uniform.

1. Introduction

In underground engineering, the rock mass is in equilib-
rium before excavation. After excavation, the stress on
the surrounding rock of the roadway changes from the
original three-way stress state to an approximately two-
way stress state, changing the stress environment. In order
to achieve a new equilibrium state, part of the energy is
transferred to the deep part of the roadway, part is
deformed, and part is stored. When the energy storage
limit of the rock is reached, the energy is released in the
form of deformation and failure. In addition, the occur-
rence of energy always accompanies the deformation and
failure process of the roadway. The practice and theoreti-
cal research of roadway support in coal mine indicate that

[1–5] the stress of the surrounding rock of the roadway is
mainly borne by the surrounding rock itself, and the sup-
porting structure only bears a small part of the stress, but
the support plays a crucial role in maintaining the stability
of the surrounding rock of the roadway. Moreover, the
supporting structure can change the mechanical state of
the surrounding rock and absorb part of the energy that
causes the deformation and failure of the surrounding
rock to reach balance and stability.

At present, a large number of literature from the per-
spective of energy, supporting theory, and technology con-
ducted in-depth theory research and field application. On
the one hand, it mainly focuses on the prevention and treat-
ment of rock burst. Based on the energy balance theory, Gao
et al. [6] deduced and analyzed the energy criterion for the
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instability of roadway surrounding rock structure under
impact disturbance, improved roadway support parameters,
and achieved good field results. Based on the energy theory
of rock burst, Ju [7] proposed the energy checking design
method of rock burst roadway and checked the support sys-
tem from the perspective of energy. Based on the principle of
energy conservation and considering the impact release
level, failure characteristics of surrounding rock, and
mechanical characteristics of supporting equipment, Wang
et al. [8] proposed a method to determine the parameters
of three-stage energy-absorbing support. Pan et al. [9] con-
sidered that the starting stress condition of rock burst under
roadway support was that the stress in the far-field was
greater than the critical stress, and the stopping energy con-
dition was that the absorption energy of surrounding rock in
the near-field and the absorption energy of support was
greater than the release energy in the far-field, and put for-
ward the three-level support theory and technology of road-
way rock burst in coal mine.

On the other hand, it focuses on the stability of sur-
rounding rock of mining roadway. For existing projects,
Gong et al. [10] conducted similar simulation experiments
to study the working principle of NPR anchor cable from
the perspective of energy transformation, so as to guide the
roadway support design. Shan et al. [11] adopted the energy
analysis method to deduce the energy constitutive equation
of the yielding anchor bolt and the energy equation under
the action of surrounding rock, which were applied to the
on-site support and achieved good results. Lin et al. [12]
proposed the support scheme with high strength and stable
resistance and analyzed the stability of roadway surrounding
rock under different support schemes through FLAC3D sim-
ulation, so as to determine the reasonable size of reserved
coal pillar. Ma et al. [13] studied the control of the surround-
ing rock in the roof of the roadway with different thicknesses
of soft rock formations through UDEC and field monitoring.
It is considered that the roadway support scheme is designed
based on the energy balance, so that the roadway deforma-
tion can be effectively controlled.

The above research provides solid support theory and
rich support technology experience from the perspective of
energy, but the support research based on energy distribu-
tion is relatively insufficient. In this paper, firstly, the stress
and energy distribution law of roadway surrounding rock
is analyzed theoretically. Then, based on the existing support
parameters of Dongrong No. 2 Mine, the stress and energy
distribution situation under different support modes is com-
pared and analyzed by numerical simulation, combined with
the existing physical and mechanical parameters, and the
optimization scheme is proposed. Through on-site verifica-
tion, the support problem is effectively solved. It provides a
solution for similar engineering problems.

2. Engineering Background

2.1. Project Profile. The average buried depth of the coal
seam in the third working face of the 17th layer in the fourth
south mining area of Dongrong No. 2 Mine is 450m, with a
coal thickness of 2.80~3.39m, an average thickness of

3.15m, and an average dip angle of 17°. The coal seam is sta-
ble in deposition, simple in structure, and joints are not
developed. The direct roof is fine sandstone with an average
thickness of 2.28m, and the direct floor is siltstone with a
thickness of 6.81m. The roof and floor histogram of coal
seam is shown in Figure 1.

2.2. Support Status and Evaluation. The ventilation roadway
of the third working face of the 17th layer in the fourth south
mining area of Dongrong No. 2 Mine is driven along the
roof of coal seam, which is supported by “anchor, net, and
belt.” There are four rows of roof bolts with a row spacing
of 1200mm × 1000mm and three rows of right rib bolts
with a row spacing of 1200mm × 1000mm, all using Φ22
mm × 2500mm type bolts. The roadway adopts trapezoidal
section, the net width of the roadway is 4.2m, the net middle
height is 2.65m, and the sectional area is 11.13m2.

The deformation and failure characteristics of the roadway
in DongrongNo. 2Mine are as follows: the roadway support is
difficult, the support cost is high, and the efficiency is low. The
roadway will be affected by its special geological and stress
conditions such as faults during tunneling. The stress concen-
tration degree in the surrounding rock is large, the roadway
convergence is obvious, and the surrounding rock deforma-
tion is large. The overlying rock layer on the working face
has large overlying strata and fractured zone heights.

The peak values of the working face of abutment pres-
sure are high, and the influence range is also large, which
will cause serious disturbance to the stability of the front
mining roadway. With the mining of the working face, the
structural state and stress state of the roadway continue to
change, which further intensifies the difficulty to support.

At present, the existing support design of the roadway is
based on the experience data of the adjacent roadway that
has been constructed, that is, the engineering analogy
method is used for the roadway support design. The overall
effect of this supporting method is mediocre, and bolt and
metal mesh support is used in some broken areas. Most of
the roadway roofs and both ribs have the coal body falling
along with the excavation, and the surface of the roadway
partially shows the characteristics of irregularity and
unevenness. In terms of support conditions, most roadways
have different degrees of instability of the roof and two ribs.

3. Theoretical Analysis of Roadway
Surrounding Rock Energy Distribution

3.1. Mechanical Model of Roadway Surrounding Rock.
Figure 2 is taken as the mechanical model of the roadway
surrounding rock, assuming that the surrounding rock is a
homogeneous and isotropic medium, the in situ rock stress
is set to P0, and the lateral pressure coefficient is 1. After
the roadway is excavated, the surrounding rock is divided
into plastic zone, elastic zone, and in situ rock stress zone
from the center of the circle. The radius of the plastic zone
of surrounding rock is Rp, and the radius of roadway is R0.
The elastic zone of the surrounding rock is denoted by the
superscript “e”, and the plastic zone is indicated by the
superscript “p.”
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In order to analyze the mechanical characteristics of the
surrounding rock of roadway, the surrounding rock should
meet the following conditions [2, 3]:

3.1.1. Yield Function.

F = σθ‐
1 + sin ϕ

1 − sin ϕ
ϕr‐

2c sin ϕ

1 − sin ϕ
= 0, ð1Þ

where σθ and σr are the radial stress and tangential stress
of the surrounding rock, respectively; φ is the internal fric-
tion angle of rock; and c is the cohesion of the rock.

3.1.2. Differential Equations of Equilibrium.

dσr
dr

+ σr − σθ

r
= 0, ð2Þ

where r is the distance from the research point to the
center of the roadway circle.

3.1.3. Geometric Equations.

εr =
1 − μ2

E
σr − p0ð Þ − μ

1 − μ
σθ − p0ð Þ

� �
,

εθ =
1 − μ2

E
σθ − p0ð Þ − μ

1 − μ
σr − p0ð Þ

� �
,

8>>><
>>>:

ð3Þ

where εr and εθ are the radial strain and tangential strain
of the surrounding rock, respectively; μ is the Poisson’s ratio
of the rock.

Regardless of the elastic displacement caused by in situ
rock stress before tunnel excavation, the constitutive

Figure 1: Composite strata histogram.
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Figure 2: Partition map of roadway surrounding rock.
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equation is

εr =
du
dr

,

εθ =
u
r
,

8>><
>>:

ð4Þ

where E is the elastic modulus of the rock; u is the radial
displacement of the surrounding rock.

3.2. Stress Distribution of Roadway Surrounding Rock. After
the excavation of the roadway, under the condition of support-
ing reaction force p1, the stress in the elastic zone [2, 3, 14, 15]

σer = p0 − c cos ϕ + p0 sin ϕð Þ p0 + c cot ϕð Þ 1 − sin ϕð Þ
p1 + c cot ϕ

� �1−sin ϕ/sin ϕ R0
r

� �2
,

σeθ = p0 + c cos ϕ + p0 sin ϕð Þ p0 + c cot ϕð Þ 1 − sin ϕð Þ
p1 + c cot ϕ

� �1−sin ϕ/sin ϕ R0
r

� �2
:

8>>>><
>>>>:

ð5Þ

The stress of the plastic zone

σpr = p1 + c cot ϕð Þ r
R0

� �2 sin ϕ/1−sin ϕ

− c cot ϕ,

σpθ = p1 + c cot ϕð Þ 1 + sin ϕ

sin ϕ

� �
r
R0

� �2 sin ϕ/1−sin ϕ

− c cot ϕ:

8>>>><
>>>>:

ð6Þ

The radius of the plastic zone

Rp = R0
p0 + c cot ϕð Þ 1 − sin ϕð Þ

p1 + c cot ϕð Þ
� �1−sin ϕ/sin ϕ

: ð7Þ

Therefore, the stress variation law of the surrounding rock
of the roadway in the elastic-plastic state is shown in Figure 3.

3.3. Energy Distribution of Roadway Surrounding Rock

3.3.1. Energy Expression of the Elastic Region. The elastic
strain energy in the surrounding rock of the roadway is a
measure of how much work done by internal and external
forces in a certain range is stored by the surrounding rock
mass. The elastic strain energy density refers to the elastic
strain energy per unit volume, which is a function of strain.
The following formula is used for calculation [15–17]:

vε =
ð
εidσi: ð8Þ

The equations of physics can be expressed as

ε1 =
σ1 − μ σ2 + σ3ð Þ½ �

E
,

ε2 =
σ2 − μ σ3 + σ1ð Þ½ �

E
,

ε3 =
σ3 − μ σ1 + σ2ð Þ½ �

E
:

8>>>>>>><
>>>>>>>:

ð9Þ

By substituting Equation (9) into Equation (8), the
expression of elastic strain energy density under the elastic
state of surrounding rock can be obtained:

vez =
σ21 + σ22 + σ2

3 − 2μ σ1σ2 + σ2σ3 + σ1σ3ð Þ� �
2E : ð10Þ

3.3.2. Energy Expression of the Plastic Zone. Using the equal
area principle [18–20], the trapezoidal roadway is equivalent
to a circular roadway with a radius of 1.88m. According to
Equation (7), the radius of the plastic zone is calculated to
be 3.95m. Combined with the strata histogram, it can be
seen that the lithology within this zone is coal seam, silt-
stone, and coarse sandstone. From the stress-strain curve,
the ratio of plastic energy to elastic energy k can be calcu-
lated, and the strain energy density in the plastic zone of
the surrounding rock of the roadway is

νpz = kνez: ð11Þ

4. Numerical Simulation of Roadway
Surrounding Rock Stability

4.1. Establish Model and Select Parameter

4.1.1. Selection of Numerical Calculation Software. FLAC3D,
as one of the most important numerical analysis software
of finite difference method in the field of geotechnical

𝜎
r

𝜎
𝜃

𝜎

In-situ
stress
area

r

Elastic region

Plastic region

Rp
R0

p1

Figure 3: Stress variation law of the surrounding rock of the
roadway.
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engineering [21, 22], can simulate the mechanical properties
of failure of geological materials when the ultimate strength
or yield limit is reached and can simulate a variety of structural
forms, such as rock mass and soil. Moreover, it can also simu-
late artificial structures, such as support, anchor cable, and
other geotechnical engineering mechanic problems. Through
its embedded FISH language, users can write command flows
to achieve more simulation functions, such as customizing the
constitutive model, obtaining the stress and strain curves of a
certain gridpoint, and extracting the data of a certain zone
node. The distribution of elastic strain energy density of the
surrounding rock in different areas of the roadway deduced
above is realized by FISH language embedded in FLAC3D,
and subsequent analysis is carried out.

4.1.2. Modeling. The model takes the inclination as the x
-axis, the strike direction as the y-axis, and the gravity direc-
tion as the z-axis. The lengths along the x, y, and z axes are
50m, 40m, and 50m, respectively. The cross-section width
of the roadway is 4.2m, and the middle line height is
2.65m. The principle of grid division is that the area near
the roadway is dense and the distance is sparse. Considering
the influence range of the rock strata, the upper and lower
strata are simplified, and the mechanical parameters of each
layer are shown in Table 1. The model has a total of 40,116
nodes and 35,080 units. The model and the conditions of
each rock layer are shown in Figure 4.

4.1.3. Initial Stress. Before the excavation of the roadway, the
rock mass is in the in situ stress that has not been disturbed
by the engineering, which is also called the initial stress.
From the measured in situ stress, it can be seen that the
initial stress field should not be underestimated to the
underground engineering and is the source of deformation
and failure to the rock mass surrounding the roadway.
Meanwhile, the roadway excavation will produce distur-
bance to the initial stress field, which will redistribute
the initial stress and produce high stress several times
higher than the initial stress, so the simulation is com-
bined with the initial stress field on site. According to
the in situ stress test report, vertical stress is 10.34MPa
and the lateral pressure coefficient is 1.2.

4.1.4. Boundary Conditions. The simulation uses the Mohr-
Coulomb model to impose constraints on the boundaries by
controlling the displacement. Vertical constraints are applied
to the bottom of the model, horizontal constraints are applied
to the left and right boundaries, and the top of the model is a
free surface without any constraints. In addition, stress bound-
ary conditions are applied according to the in situ stress.

4.2. Supporting Scheme. According to the parameters of the
existing roadway section, the no support, original support,
and combined support models are established, respectively.
The combined support is shown in Figure 5. The roof adopts

Table 1: Mechanical parameters and thickness of layers.

Lithology
Bulk modulus

(GPa)
Shear modulus

(GPa)
Cohesion force

(MPa)
Friction
angle (°)

Tensile strength
(MPa)

Density
(g▪cm-3)

Siltstone 15.6 10.8 27.25 27 1.17 4.15

Siltstone fine sandstones
interbedded

24.3 8.2 39.36 30 4.8 2.1

Coarse sandstone 19.67 9.34 25.47 19 10.14 10.75

Siltstone 15.6 10.8 27.25 27 1.17 1.6

17 coal seam 4.24 1.11 1.51 20 1.90 3.15

Siltstone 15.6 10.8 27.25 27 1.17 3.15

Fine sandstone 20.67 10.10 43.47 19 10.14 2.7

Siltstone 15.6 10.8 27.25 27 1.17 10.6

XY

Z

Figure 4: 3D mode diagram.
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the combined support scheme of anchor mesh belt and
anchor cable beam. The roof bolt uses Φ22mm × 2500mm
high-strength bolt, the row distance between the bolts is
1000mm × 1000mm, the size of the roof anchor cable is Φ
21:6mm × 10000mm, and the row distance is 1000mm ×
1200mm. The wall is supported by the anchor mesh belt.
The bolt is Φ22mm × 2500mm type high-strength bolt, the
row distance between bolts is 1000mm × 1000mm, the cable
size is Φ21:6mm × 10000mm, and the row distance is
1000mm × 1200mm. Cable element is adopted in bolt
(anchor cable) in FLAC3D, and mechanical parameters of
bolt (cable) are shown in Table 2.

4.3. Stress Distribution Law. In order to eliminate the inter-
ference of the boundary, the vertical stress distribution of
the surrounding rock of the roadway at y = 20m is selected.
The distribution of vertical stress under different support
methods is shown in Figure 6.

It can be seen from Figure 6 that after the roadway exca-
vation, high stress concentration zones appear on the two
ribs of the roadway, and the direction of the connection
between the two stress concentration zones is consistent

with the coal seam tendency. The roof and floor of the road-
way are all low-stress zones, and the floor has a small-scale
tensile stress zone. This is because the roof and floor will
release pressure and transfer to the two ribs after the excava-
tion of the roadway, resulting in stress concentration on the
two ribs. With the increase of the distance from the center of
roadway, the vertical stress tends to be stable and close to the
in situ rock stress. Overall, the vertical stress above the roof
is slightly less than other positions. By comparing the verti-
cal stress field under three different support methods, from
no support to combined support, it can be seen that the
high-stress areas on the two ribs of the roadway are obvi-
ously shrinking, the change of the roof is small, and the
stress concentration area at the floor corner of the floor is
significantly reduced. The vertical stress concentration range
of the surrounding rock of the roadway is significantly
decreased after the support, the combined support effect is
better, and the vertical stress distribution is more uniform,
indicating that the combined support is more conducive to
the stability of the roadway.

In order to study the variation of the vertical stress
around the roadway, starting from the roadway boundary,

Table 2: Mechanical parameters of bolt (anchor cable) anchorage.

Supporting artifacts Diameter (mm) Length (mm) Elasticity modulus (GPa) Tensile strength (MPa) Pretightening force (kN)

Anchor cables 21.6 10000 200 200 60

Bolts 22 2500 190 250 80
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Figure 6: Vertical stress nephogram under different support methods. (a) No support. (b) Original support. (c) Combined support.
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measuring points are arranged within 15m perpendicular to
the roof, floor, and left and right ribs of the roadway, and the
vertical stress values are recorded every 1m. The vertical
stress changes of the roof, floor, and right rib under different
support methods are shown in Figure 7.

It can be seen from Figure 7 that the variation trend of
vertical stress under different support methods is basically
the same. The variation trend of vertical stress of the two ribs
increases first and then decreases, gradually tends to be sta-
ble, close to the in situ rock stress. The vertical stress varia-
tion trend of the roof and floor is always increasing and
finally tends to a stable value, which is close to the in situ
rock stress. As can be seen from Figure 7(a), in the absence
of support, the vertical stresses on the left and right ribs

reach the maximum values of 15.55MPa and 15.44MPa at
2m, respectively. In the range of 2~5m, the vertical stress
drops rapidly. After 5m, the descending speed slows down
and the vertical stress basically tends to be stable at 9m,
remaining at 11.3MPa. The vertical stress grows rapidly in
the range of 0 to 5m in the roof and floor; in the range of
5 to 9m, the growth rate becomes slower; at 9m, it basically
remains stable at 11.4MPa and 11.37MPa, respectively.

It can be seen from Figure 7(b) that under the original
support condition, the vertical stresses on the left and right
ribs reach the maximum of 15.42MPa and 15.37MPa at
2m, which are slightly smaller than those without support.
In the range of 2~5m, the vertical stress drops rapidly. After
5m, the descending speed becomes slower, and the vertical
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Figure 7: Vertical stress change curve under different support methods. (a) No support. (b) Original support. (c) Combined support.
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stress basically tends to be stable at 8m, remaining at
11.3MPa. The roof and the floor show a large difference in
the range of 0 to 5m. The vertical stress in the roof grows
faster relative to the floor; in the range of 5 to 9m, the
growth rate becomes slower; at 9m, it basically remains sta-
ble at 10.24MPa and 10.15MPa, respectively.

From Figure 7(c), it can be seen that the stress differ-
ence between the left and right ribs decreases significantly,
and the change trend becomes significantly slower, which
means that the stress concentration degree decreases sig-
nificantly, and the stress peaks are 13.94MPa and
13.88MPa, respectively. The variation trend of the roof
and the floor is basically the same and finally close to
the in situ rock stress.

4.4. Law of Energy Distribution. Figure 8 shows the nepho-
gram of energy distribution under different support
methods, from which it can be seen that the overall energy
of the coal seam is high, and a high energy zone appears
at the position of about 2m to the left and right of the
roadway, which corresponds to the vertical stress high
stress area. The energy of the roof and floor of the road-
way is the smallest, extending 5m up and down, respec-
tively, to the low energy area. The rest of the locations
have uniform energy distribution, and the overall energy
of the lower part is greater than that of the upper part.
This is because after the excavation of the roadway, the

stress of the surrounding rock is redistributed. The elastic
strain energy is concentrated near the surrounding rock of
the roadway for the fine adjustment and tiny movement of
a large number of surrounding rock particles. The energy
at the position of the two ribs of the roadway and the
junction of the floor and the two ribs is the largest, and
the elastic deformation energy stored in the floor sur-
rounding rock is the least, and the energy reduction is
the largest. It means that after excavation, the floor of
the roadway has been released and the stored energy has
been reduced, and most of the elastic deformation energy
has been turned into plastic dissipation energy, which is
gradually reduced along the radial direction, corresponding
to the vertical stress distribution. Comparing the energy
density distribution nephogram under different support
methods, it can be found that the range of high energy
density in both ribs of the roadway after support has been
reduced, and the low energy density area in the roof and
the floor has been reduced and distributed more evenly.

Figure 9 shows the change curve of energy density under
different supports. As can be seen from Figure 9(a), the over-
all variation trend of energy density is consistent with that of
the vertical stress. The left and right ribs reach the maximum
at 2m, which are 15895.8 J/m3 and 15637.4 J/m3, respec-
tively. In the range from 2 to 7m, the energy density
decreases rapidly. After 7m from the roadway boundary,
the energy density decreases slowly and gradually stabilizes,
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Figure 8: Energy density distribution nephogram of the three scheme. (a) No support. (b) Original support. (c) Combined support.
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basically remaining at about 4490 J/m3. The roof and floor
show a fast and then slow growth trend, and gradually stabi-
lize after 7m from the roadway boundary, and finally remain
at about 4490 J/m3. As can be seen from Figure 9(b), the left
and right ribs reach the maximum at 2m, which are 15679 J/
m3 and 15479 J/m3, respectively. In the range of 2~7m, the
energy density of the left and right ribs varies, and the right
rib is slightly smaller than the left rib, which is due to the
support role to resist part of the deformation. After 7m from
the roadway boundary, the energy density decreases slowly
and gradually stabilizes, basically keeping at about 4485 J/
m3. Compared with the condition without support, the
growth trend of roof and floor is more uniform, and the
energy density finally stays around 4485 J/m3. It can be seen
from Figure 9(c) that under the combined support condi-
tion, the peak energies of the left and right ribs are
12617 J/m3 and 12632 J/m3 respectively, which is lower than
the first two cases and the overall energy difference is small.
The energy density of the roof and floor is basically the
same, and the energy of the floor is slightly larger than that
of the roof.

5. Engineering Application Effect

Three roadway surface displacement stations are arranged in
the original support and combined support roadway. The mea-
suring stations are arranged by the “cross” point layout method,
and the distance between the stations is 30~50m. The data are
further organized to get the amount of roof subsidence, floor
heave, and right rib offset at the location of each measurement
station and to compare and analyze the deformation of the orig-
inal support and combined support of the roadway.

According to the monitoring data, the roadway surface
displacement curves of the original support and the com-
bined support were obtained through further processing
and analysis. The roof subsidence, floor heave, and right
rib offset of the roadway in different stages were compared,
and the most representative group of curves was selected
as shown in Figure 10.

From the roadway roof subsidence curve in Figure 10(a),
it can be seen that the maximum roof subsidence of the floor
heave in the original supporting roadway is about 247mm,
and the trend of continuous increase is obvious. The
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Figure 9: Energy density change curve under different support methods. (a) No support. (b) Original support. (c) Combined support.
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maximum roof subsidence in the combined support is about
90mm, and the deformation is decreased by 63.56%, and the
curve gradually stabilizes. From Figure 10(b), it can be seen
that the floor heave maximum of the original support roadway
is about 120mm, the curve does not slow down, and the road-
way floor heave will continue to increase. The floor heave
maximum of roadway with combined support is 68mm, and
the deformation is reduced by 43.33%. Moreover, the curve
starts to slow down when the monitoring time is about 45d,
and the floor heave of the roadway gradually tends to be stable.
As shown from Figure 10(c), the right rib offset maximum of
the original supporting roadway is about 292mm, which obvi-
ously shows a trend of continuous increase. The maximum
right rib offset of the combined support roadway is about
104mm, and the deformation is decreased by 64.38% and
gradually tends to be stable. Through the above comparative
analysis, it is obvious that after the roadway adopts the com-
bined support technology, the roadway surrounding rock

deformation is controlled, the overall stability of the roadway
surrounding rock is improved, and the application effect of
the technology is remarkable.

6. Conclusion

Based on the existing support parameters of Dongrong No. 2
Mine, this paper makes a comparative analysis of vertical
stress and energy distribution under three support modes:
no support, original support, and combined support and
draws the following conclusions:

(1) After roadway excavation, the two sides of roadway
are high stress areas, and the line direction is consis-
tent with the tendency of coal seam. The roof and
floor of the roadway are both low stress areas, and
the floor appears in a small range of tensile stress
area
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Figure 10: Roadway surface deformation curve. (a) Roof Subsidence. (b) Floor Heave. (c) Right Side Offset.
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(2) The variation trend of vertical stress under different
support methods is consistent, and the variation trend
of vertical stress on both ribs increases first and then
decreases, gradually approaching the in situ rock stress.
The vertical stress of roof and floor increases all the
time and finally approaches the in situ rock stress.
From no support to combined support, the area of high
stress on both ribs of roadway is obviously reduced, the
change of roof is small, and the stress concentration
area of floor corner is obviously reduced. The vertical
stress concentration range of roadway surrounding
rock is obviously decreased after the support, and the
combined support is more effective, and the vertical
stress distribution is more uniform

(3) After the roadway excavation, the overall energy of the
coal seam is high, and a high energy zone appears at
about 2m of the roadway, corresponding to the high
vertical stress zone. The energy of the roof and floor
of the roadway is the smallest, extending 5m upward
and downward to the low energy area. The rest of
the positions have uniform energy distribution, and
the overall energy of the lower part is larger than that
of the upper part

(4) The variation trend of energy under different support
methods is consistent with that of vertical stress. The
variation trend of energy on both ribs increases first
and then decreases. The variation trend of energy in
the roof and floor is always increasing and finally
tends to be stable. From no support to combined sup-
port, the high energy zone on both ribs of the roadway
is obviously reduced. The energy concentration range
of the roadway surrounding rock decreases after the
support, the combined support effect is better, and
the energy distribution is more uniform

(5) After the roadway adopts the combined support
technology, the roof, floor, and right rib deforma-
tions are reduced by 63.56%, 43.33%, and 64.38%,
respectively. The deformation of surrounding rock
is controlled, and the overall stability of the sur-
rounding rock is improved
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The research was aimed at predicting floor water-inrush risk in coal mines and forewarn of such accidents to guide safe
production of coal mines in practice. To this end, a prediction method for floor water inrush combining the chaotic fruit fly
optimization algorithm (CFOA) and the generalized regression neural network (GRNN) is proposed. Floor water inrush is
predicted by virtue of the robust nonlinear mapping capability of the GRNN. However, because the prediction effect of the
GRNN is influenced by the smoothing factor, the CFOA is adopted to optimize this factor. In this way, influences of human
factors during parameter determination of the GRNN prediction model are decreased, and the prediction accuracy and
applicability of the model are improved. Results show that the CFOA–GRNN prediction model has an accuracy of 93.2% for
whether floor water inrush will occur or not. Compared with the BPNN, RNN, and GRU network prediction model, the
CFOA–GRNN model is superior in the prediction accuracy and generalization, and it can more accurately predict floor water
inrush.

1. Introduction

With the increasing depletion of shallow coal resources and
the increasing intensity of coal mining, more and more coal
mines will encounter deep mining issues [1–5]. Compared
with shallow coal mining, deep rock mass is in a typical
complex mechanical environment of “three highs and one
disturbance” (high ground stress, high karst water pressure,
high ground temperature, and strong mining disturbance),
showing large deformation and uncoordinated deformation
and impact deformation [6–15]. Due to the characteristics
of deep rock mechanics that are significantly different from
those of shallow rock mechanics, coupled with the complex-
ity of the occurrence environment, a series of catastrophic
accidents in deep resource mining have greatly increased in
frequency, intensity, and scale. Coal-rock dynamic disasters
such as pressure appearance, floor water inrush, mine earth-
quake, rock burst, and coal and gas outburst become more

frequent, and the disaster mechanism will become more
complex [16]. In recent years, several major accidents in coal
mines in my country are mostly secondary disasters, which
have caused the expansion of accidents and increased the
catastrophic nature of accidents. For example, in 2005, Fuxin
Sunjiawan Coal Mine caused coal and gas outbursts due to
rock bursts, and then, a huge gas explosion occurred, killing
214 people and injuring 30 people. During the mining of the
4th coal seam in Huafeng Coal Mine, due to the frequent
occurrence of rock bursts, a large amount of water from
the roof abscission flowed into the working face. As mining
depths increase, coal seams bear increasing karst aquifer
pressure, and therefore, the floor water-inrush risk increases:
this has been one of the greatest hidden dangers for safe pro-
duction of coal mines in China. In such context, predicting
floor water-inrush risk is important in preventing accidents
arising from such disasters in coal mines and ensuring safe
mining above high-pressure aquifers.
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Much theoretical analysis and numerical simulation has
been conducted on the principle and prediction of water
inrush from coal floors. For examples, Hu et al. [17] built a
physical model with similar materials of the fracture zone in
the synclinal axis above a confined aquifer and studied the
mechanism of floor water inrush under the combined effect
of a confined aquifer and a fracture zone. Numerous scholars
also evaluated the influences of confining pressure and perme-
ation pressure on water inrush from coal floors and obtained
the mechanism of water inrush from coal floors under the
coupled effect of seepage field and stress field [18–21], studied
the effects of faults on stability of the aquifuge of coal floors,
deduced the critical water pressure formula for failure of the
aquifuge under influences of the fault, and proposed the corre-
sponding mechanical criterion for floor water inrush. Li and
Wang [22] reproduced the formation and evolution process
of water-inrush channels through numerical simulation using
FLAC (3D), which provides insights into formation and evo-
lution characteristics of water-inrush channels in coal floors
under high pressure. Ma et al. [23] combined theoretical anal-
ysis and numerical simulation with rock failure process analy-
sis and microseismic monitoring to study failure
characteristics and damage depth of coal floors above a con-
fined aquifer. The method overcomes the limitations of a sin-
gle method in previous research and also provides a reference
for solving the water-inrush problems in roadways and selec-
tion of proper reinforcement measures. Shao et al. [24] pro-
posed a catastrophe prediction model for floor water inrush
in coal mines and deduced formulae for critical stress and
energy release at failure of the floor system, providing a new
theoretical approach for predicting water inrush from coal
floors. By using the Mohr–Coulomb criterion and theory of
fracture mechanics, Zhang et al. [25] studied the failure mech-
anism of floor water inrush and found that the higher the
breaking energy of fractures, the more significant the floor
water-inrush risk in coal mines. Existing theoretical formulae
for floor water inrush generally only consider a few influenc-
ing factors and therefore are inapplicable to other coal mines.
In addition, laboratory tests simplify the mining conditions, so
the results are only of reference significance in prediction.
Although numerical calculation method develops apace, it is
still unable to simulate the complex geological and hydrogeo-
logical conditions encountered in deep mining.

In recent years, several risk evaluation methods and pre-
diction models from multiple aspects have been proposed
based on nonlinear statistical theory. Zhang and Yang [26]
proposed a dynamic GRU (gated recurrent unit) neural net-
work prediction model, the model is able to predict water
inrush from coal floor with high accuracy. Zhang et al.
[27] established a MFIM-TOPSIS variable weight model,
which combines a multifactor interaction matrix (MFIM)
and the technique for order performance by similarity to
ideal solution (TOPSIS) to implement the risk assessment
of floor water inrush in coal mines. Zhang et al. [28] pre-
sented a mathematical assessment method for coal-floor
water-inrush risk integrating the hierarchy-variable-weight
model (HVWM) with collaboration-competition theory
(CCT). Zhao et al. [29] proposed a novel and promising
assessment model for water inrush based on random forest

(RF), which was more practicable to assess the water-
inrush risk than PNN. Dong et al. [30] combined the Fisher
feature extraction and support vector machine (SVM)
methods, and this new combined model was more accurate
and efficient in discriminating water-inrush sources than
the traditional SVM model. Wang et al. [31] established
PCA- (principal component analysis-) BP (Back Propagation)
neural network classification model which can effectively
identify coal mine water inrush. These methods have been
applied in practical work, while still showing certain draw-
backs. For instance, the distance discriminant analysis corre-
lates the discriminant distance with units of indices and
considers various different indices and variables equally,
which sometimes fails to meet the actual requirements, thus
leading to less accurate predictions. The SVM does not pro-
vide general solutions to nonlinear problems, so it needs to
be further improved. The BP neural networks have shortcom-
ings that the BP neural network needs a large number of data
samples for training and also has too many optimized param-
eters [32].The generalized regression neural network (GRNN)
is a kind of radial basis function neural network proposed by
Specht, which has a strong ability for nonlinear mapping
[33]. Compared with the BPNN and the SVM, the GRNN
has fewer adjustment parameters, does not easily fall into local
minima, and is good at processing large-scale training sam-
ples. The generalized regression neural network (GRNN) is
highly superior in approximation capability, learning rate,
and prediction accuracy, and it can reduce computation com-
plexity and better predict floor water-inrush risk [34, 35].

On this basis, the GRNN model is established to predict
floor water inrush based on the theory of nonlinear regression
by combining relevant water-inrush data of numerous working
faces. At the same time, the chaotic fruit fly optimization algo-
rithm (CFOA) is used to optimize the smoothing factor of the
GRNN. The novelty of CFOA-GRNN model includes the fol-
lowing three aspects: (a) The fruit fly optimization algorithm
achieves the goal of finding the global optimal solution of com-
plex functions in space by simulating the competition and coop-
eration behavior of fruit fly individuals. The algorithm has the
advantages of simple calculation process and fast convergence
speed. (b) Generalized regression neural network (GRNN) has
the advantages of strong nonlinear mapping ability, single set-
ting parameters, high fault tolerance, and robustness and has
high prediction accuracy and stability. (c) TheGRNN algorithm
is easy to fall into the shortcoming of local optimum. TheCFOA
algorithm can find the global optimal solution for complex
functions in space, and the CFOA algorithm is combined with
the GRNN prediction model to make up for the shortcomings
of the GRNN algorithm that is easy to fall into local optimality,
quickly find the global optimal solution, and improve the pre-
diction efficiency. And accuracy can be greatly improved. The
prediction results can provide reference for prediction of floor
water inrush and safe production of working faces.

2. Influencing Factors of Floor Water Inrush in
Coal Mines

2.1. Aquifer Pressure. Head pressure of confined aquifers
below coal floors is the precondition and power for floor
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water inrush. To cause floor water inrush, the head pressure
of underlying aquifers should be large enough. Under the
same conditions of the aquifuge for coal floors, the confined
water pressure below coal floors is directly proportional to
the probability of occurrence of water inrush. Particularly,
when the aquifuge is affected by mining activities or encoun-
ters a fault, the water pressure exerts significant influences
on water inrush. Therefore, aquifer pressure is an important
basis from which to study floor water inrush.

2.2. Aquifuge Thickness. An aquifuge for coal floors is an
intact stratum between a coal floor and the top of an aquifer.
The aquifuge exerts influences different from other factors
and plays a critical role in preventing groundwater of a con-
fined aquifer from entering the mining space of a mine. It is
the only inhibiting factor for floor water inrush and forms a
safety barrier for mining above confined aquifers.

Aquifuges can obstruct floor water inrush, and the capa-
bility depends on aquifuge thickness, mechanical strength of
rock, and integrity of aquifuges. When keeping other condi-
tions unchanged, the thicker and the stronger the aquifuge,
the lower the probability of water inrush, and vice versa
[15]. According to statistical analysis of 343 water-inrush
records in typical mining areas in China, the relationship
between the aquifuge thickness and the number of water
inrush is revealed (Table 1).

2.3. Dip Angle of Coal Seams. According to dip angles, coal
seams can be classified into nearly horizontal, gently
inclined, inclined, deeply inclined, and steeply inclined, sep-
arately corresponding to dip angles of less than 8°, between
8~25°, 25~45°, and 35~65°, and greater than 45°. Previous
research has shown that when the dip angle of faults is small,
shear failure is likely to occur during coal mining, which
induces fractures in aquifers and finally water-inrush acci-
dents. Numerous engineering cases have proven that deeply
inclined coal seams are more likely to encounter water-
inrush accidents.

2.4. Fault Throw. Damage of faults to coal and rock mass is
mainly manifest as increased fractures and pores in, and
greatly decreased strength of, coal and rock mass nearby a
fault. Different fault throws may produce different contact
relationships between coal seams and aquifers in two plates
of a fault. Analysis shows that the larger the fault throw
and the deeper the cut, the greater the influences of faults
and the greater the probability of floor water inrush.

Mining conditions such as mining height and mining
methods also affect the initial stress state of the coal and rock
mass and the damage depth of coal floors and further influ-
ence floor water inrush. Six factors including water pressure
(MPa), mining height (m), aquifuge thickness (m), fault
throw (m), dip angle of coal seams (°), and distance from a
fault to a working face (m) are taken as main influencing fac-
tors of floor water inrush. The original data selected are
listed in Table 2. The sample data is obtained from the sta-
tistics of some mines in my country, mainly including the
water-inrush data from the working face and floor of the
typical large-water mining areas, such as Hebei Fengfeng,

Jinglong, Hebi Hebi, and Shandong Zibo, and the measured
data of normal mining.

3. Principles Underpinning Various Algorithms

3.1. CFOA. Fruit flies can accurately locate distant food
sources because of their special sense organs. The fruit fly
optimization algorithm (FOA) is an algorithm deduced for
searching for the optimal results based on foraging behaviors
of fruit flies. FOA simulates the optimization process of fruit
flies according to their foraging behavior and then finds the
optimal solution. It is characterized by advantages including
understandable logic, no need to adjust data and parameters,
and rapid convergence [36–38]. When searching in a com-
plex environment, FOA is likely to be trapped in local extre-
mums and leads to a large deviation between the results and
reality. FOA has been applied in neural network training
[39], financial distress model solving [40], power load fore-
casting [41], multidimensional knapsack problem [42], web
auction logistics service [43], and so on [44–46].

Chaos theory is universal in its applicability to such
problems, and its methods can avoid being trapped in local
extrema. Therefore, the CFOA is used to compensate for
the drawback of the FOA. The steps are briefly described
as follows:

Step 1. The initial location (InitX, InitY) of a fruit fly is ran-
domly determined.

Step 2. Random directions and distances are assigned to fruit
flies to search for food.

Xi = InitX + Randomvalue,
Yi = Inity + Random:

ð1Þ

Step 3. The distance (Dist) of a fruit fly to the origin is esti-
mated, and then, the judgment value of smell concentration
(S) is calculated, which is the reciprocal of the distance.

Dist =
ffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 + y2

p
,

S = 1
Dist :

ð2Þ

Step 4. The judgment value of smell concentration (S) is
substituted into the judgment function of smell

Table 1: Relationship between aquifuge thickness and number of
water inrush in typical mining areas.

Aquifuge thickness
(m)

Number of water-inrush
events

Proportion
(%)

>40 23 7

32-40 34 10

25-32 96 28

20-25 77 22

<20 113 33
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Table 2: Original data pertaining to influencing factors.

Serial
no.

Water pressure
(MPa)

Mining
height (m)

Aquifuge
thickness (m)

Fault
throw (m)

Dip angle of coal
seams (°)

Distance from a fault to a
working face (m)

Water-
inrush level

1 1.82 0.8 26.39 4 12 16 I

2 1.65 1.6 25.85 50 17 90 II

3 1 0.9 22.33 2 13 16 II

4 2.88 1 17.68 1.3 20 0 II

5 2.01 8 28 0.6 18 10 III

6 1.91 8 43 1.5 11 2 III

7 1.33 0.85 36.28 0.8 7 62 I

8 0.95 1.45 26.89 1 6 55 I

9 0.92 1.4 33.61 0.5 8 0 I

10 0.34 0.9 32.65 22 6 6 I

11 1.06 2 27.79 0.46 7 21 I

12 0.83 2.85 26.56 0.7 12 6 I

13 2 2.81 30 1.5 18 12 IV

14 1.8 1.9 23 0 15 17 IV

15 1.7 2.8 10 5 17 10 II

16 0.6 1.1 17 2 19 6 I

17 2.1 1.6 59.5 3.5 10 39 I

18 2.8 2.75 69.17 11.7 12 36 I

19 2.8 2.55 66.11 16 12 29 I

20 1.3 1.7 30 4.9 5 21 II

21 1.08 0.9 16.5 3.2 7 7 II

22 1.01 0.9 16.5 3.2 14 75 II

23 2.01 8 28 0.6 18 10 II

24 1.91 8 43 1.5 11 2 I

25 2.55 8 50 4 13 10 I

26 2.35 2 50 100 16 153 I

27 0.69 3.85 42 32 12 19 III

28 1.68 5 35.3 7 16.7 20 II

29 1.67 5 35.4 7 16.4 12.4 II

30 1.82 5 34.5 7 16.5 0 II

31 1.75 5 34.6 7 13 6 II

32 1.7 5 34.8 7 12.5 12 IV

33 1.77 5 35 8 12 95 I

34 1.67 5 35.3 8 10 96 I

35 1.62 5 36 8 9 103 I

36 1.74 5 34.1 7 20 27 II

37 1.75 5 33.7 7 13 24 II

38 1.82 5 33.6 7 13.4 32 II

39 1.87 5 33.6 7 11 44 I

40 1.84 5 33.8 7 11 55 I

41 1.79 5 34 8 11.5 53 III

42 1.77 5 34.2 8 10.7 45 III

43 1.75 5 34.5 8 10.5 44.8 II

44 1.7 5 34.8 8 13 51 II

45 1.82 5 33.1 7 12 77 I

46 1.87 5 32.6 7 17 74 II

47 1.94 5 32.6 7 15.5 81 II

48 1.97 5 32.8 7 9.5 93 III
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concentration to calculate smell concentration (smell) at the
individual locations of each fruit fly.

Step 5. The fruit fly with the highest smell concentration in
the population is found.

Step 6. The location of the fruit fly with the optimal smell
concentration is retained, to which the fruit fly population
flies.

Step 7. Iterative optimization is conducted, and Steps 2~5 are
repeated. Whether the smell concentration is better than the
previous iteration or not is judged. If yes, Step 6 is per-
formed; otherwise, the prediction results are output.

Chaos Fruit Fly Optimization Algorithm (CFOA) is the
optimal position of each generation obtained in the iterative
optimization process of the fruit fly optimization algorithm,
adding chaotic disturbance and performing secondary opti-
mization, which can make the population jump out of the

local optimal solution, implementing global search. Other
variants of FOA often fall into local extrema when searching
for complex environments, which affects the computational
accuracy and efficiency.

3.2. GRNN. GRNN is based on the nonparametric kernel
regression and allows nonparametric estimation taking sam-
ple data as the verification condition of posterior probability,
so it has favorable learning ability. The most prominent
advantage of GRNN is the setting of network parameters
which is so convenient that its network performance can
be adjusted only by setting the smoothing factor in the ker-
nel function. The first layer of the GRNN is an input layer,
on which the number of neurons is same as the dimensions
of the input vectors of learning samples and each neuron is a
simple distributed network unit. These neurons directly
transfer the input variables into the hidden layer. GRNN
uses sample data as the verification condition for posterior
probability and nonparametric estimation. Finally, to obtain
the regression of dependent variables relative to independent
variables, the correlation density function between

Table 2: Continued.

Serial
no.

Water pressure
(MPa)

Mining
height (m)

Aquifuge
thickness (m)

Fault
throw (m)

Dip angle of coal
seams (°)

Distance from a fault to a
working face (m)

Water-
inrush level

49 1.1 1.6 20 15 11 16 I

50 4.06 2.75 65.86 10 10 11 II

51 3.11 2.61 44.3 3.5 11 12 II

52 2.7 2.55 66.97 16 12 31 II

53 2.3 1.5 46.91 1 11 24 III

54 1.91 1.5 43.11 1.1 8 130 III

55 1.45 1.5 38.9 3 13.5 27 IV

56 1.5 1.5 38.9 1.2 13.5 7 IV

57 1.78 1.5 38.9 11 14 36 II

58 0.74 7.5 65 79 11 63 I

59 1.37 8 50 15 14 15 I

60 1.45 8 46 2.5 15 9 II

First layer: input layer
Third layer: Summation layer

Fourth layer: Output layer
f1(1)

f1(n)

Second layer: Model layer

Figure 1: GRNN structure.
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Initial CFOA
parameters

Performing chaos
search

K>K2bestSmell<Smellbest

Performing local search

Updating search
results and directions

Outputting the
optimal spread

Substituting spread
in the GRNN

No

Yes

Yes

Yes

Obtaining prediction
results for floor

water inrush

End

Collecting date

Selecting influencing
of floor water inrush

Starting

No

No

K<Ki ?

Assigning random
direction and distance

Calculating dist and smell
concentration si of fruit flies
and judgment function smell

Searching for the optimal smell
concentration and location in

the fruit fly population

K>Kmax

Figure 2: Flowchart of the CFOA–GRNN prediction model.
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dependent variables and independent variables in the GRNN
is calculated using the training samples. The calculation for-
mula is shown as follows:

�Y = E Y/Xð Þ =
Ð +∞
−∞yf X,Yð ÞdYÐ +∞
−∞ f X, Yð ÞdY : ð3Þ

For an unknown probability density function f ðX, YÞ,

the following formula is obtained through nonparametric
estimation:

�f X, Yð Þ = 1
2πð Þ p+1/2ð Þδ p+1ð Þn

× 〠
n

i=1
exp −

X − Xið ÞT X − Xið Þ
2δ2

" #
exp −

Y − Yi

2δ2
� �

,

ð4Þ

where Xi and Yi separately refer to the observed values
of random variables X and Y , δ is a smoothing factor, and
n and p separately denote the sample size and dimension
of x. The following can be attained according to Formulae
(3) and (4):

�Y =
∑n

i=1Yi exp − X − Xið ÞT X − Xið Þ
� �

/2δ2
h iÐ +∞

−∞y exp − y − Yið Þ2/2δ2� �
dy

∑n
i=1Yi exp − X − Xið ÞT X − Xið Þ/2δ2

h iÐ +∞
−∞ exp − y − Yið Þ2/2δ2� �

dy
:

ð5Þ

This can be simplified to

�Y =
∑n

i=1Yi exp − X − Xið ÞT X − Xið Þ/2δ2
h i

∑n
i=1exp − X − Xið ÞT X − Xið Þ/2δ2

h i : ð6Þ

Formula (6) is the expression for the final output of the
GRNN. Based on the calculation formula, the output error
of the GRNN is mainly dependent on its smoothing factor
δ. When the smoothing factor is very large, �Y tends to the
mean of dependent variables of all samples; on the contrary,
if the smoothing factor tends to 0, �Y is approximated to the
training samples. Dependent variables of all samples can be
considered only when δ is set to a moderate value, thus
obtaining favorable results. Therefore, satisfactory results
can be obtained by simply adjusting the smoothing factor
of the prediction model. The structure of the GRNN is illus-
trated in Figure 1.

4. Establishment and Analysis of the Model for
Floor Water Inrush Based on CFOA–GRNN

4.1. Model Establishment. CFOA features excellent search
capability, which is used to optimize the GRNN model.
The basic idea of optimizing GRNN with CFOA is to
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Figure 3: Network training error curve.
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convert the distance between a fruit fly and the origin into
the smoothing factor (through use of the neural network
toolbox in MATLAB™); through training of the GRNN
model, the output samples are attained; the prediction error
of GRNN is used as the judgment function of smell concen-
tration to find the location of the individual with the lowest
error corresponding to all smoothing factors; the above
operation is repeated until the condition of convergence is
met or the maximum number of iterations is reached. The
specific steps are shown as follows:

(1) Influencing factors are selected and data collected

(2) The initial position (InitX,Inity) of a fruit fly is set at
random, which searches within the range (X min,
Xmax), (Y min, Ymax). After adding chaotic distur-
bance C, searched locations of the fruit fly can be
obtained on the X and Y-axes

Xaxis = InitX ið Þ + C ∙ð Þ
Yaxis = InitY ið Þ + C ∙ð Þ

ð7Þ

(3) The distance DðiÞ between the fruit fly and the origin
is calculated according to coordinates of the fruit fly

D ið Þ =
ffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 + y2

p ð8Þ

(4) The calculation function of smell concentration is
determined using the distance function DðiÞ, and
the optimal fitness function is searched. The fitness
function is updated, and the variable values are opti-
mized. Then, the local optimal location of the fruit
fly is sought in accordance with the chaotic
sequences

X ið Þ = Xaxisc + 2 rand ðÞ − 1ð ÞC ∙ð Þ
Y ið Þ = Yaxisc + 2 rand ðÞ − 1ð ÞC ∙ð Þ

ð9Þ

(5) After finishing the iterative loop, the location of the
fruit fly with the largest coverage is recorded, and
the maximum smell concentration is retained

Xaxisc = X bestindexð Þ
Yaxisc = Y bestindexð Þ
Smellbest = bestSmell

8>><
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(6) Search of the CFOA is stopped when the number of
iterations K is bigger than K max; otherwise, the
operation returns to Step 2 to collect the spread of
GNRR

(7) The GRNN model is established, and the optimized
spread is used to train the network

The specific prediction steps are shown in Figure 2.

4.2. Model Analysis. The first 48 sample data are selected as
the training data for the CFOA–GRNN prediction model for
floor water inrush and late 12 data as the samples for predic-
tion. The fruit flies are initially at [0,1], and the fruit fly pop-
ulation is 25. The number of maximum iterations and the
disturbance factor Dist are set to 150 and 0.5313, respec-
tively. After 98 iterations, the root-mean-square error
(RMSE) is 0.0636, and the optimal spread of the CFOA is
0.0076. The obtained optimal spread is substituted in the
GRNN to predict floor water-inrush risk. In order to verify
the superiority of the performance of the CFOA-GRNN
model, the training and prediction effects of the FOA-
GRNN model, BPNN model, RNN model, and GRU model
are compared with it. Figure 3 shows the training error
curves of each model. As can be seen from Figure 4, com-
pared with the other three models, the CFOA-GRNN pre-
diction model has a faster optimization and convergence
speed, and the prediction error is relatively stable.

Water-inrush level of the 12 groups of data that occurred
last in the sample set, that is, the 49th-60th group of sample
data, was selected for testing. Establish CFOA-GRNN,
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Figure 7: Prediction results of the GRU model.

Table 3: Comparison of the evaluation results of each model.

Parameters RNN BPNN GRU CFOA-GRNN

OA/% 66.7 75 58.3 91.7

LA(1)/% 66.7 66.7 66.7 100

LA(2)/% 80 60 60 80

LA(3)/% 50 100 50 100

LA(4)/% 50 100 50 100

Tm/s 5.1 4.66 4.8 3.78
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BPNN, RNN, and GRU network prediction models, and
compare the prediction results with the real situation, see
Figures 4–7 for details.

For the analysis of the evaluation results, the following
evaluation indicators can be used to evaluate the feasibility
and pros and cons of the model.

(1)Overall accuracy (OA) refers to the proportion of the
number of correctly classified samples to the total number of
samples, which reflects the accuracy of the model’s predic-
tion of all levels. The expression is as follows:

OA = Nc

Nt
× 100% ð11Þ

In the formula, Nt is the total number of test samples,
and Nt is the number of samples whose predicted level is
equal to the original level of the Nc model.

(2)Local accuracy (LA) refers to the ratio of the number
of correctly classified samples of the ith level to the total
number of samples of the ilevel, reflecting the accuracy of
the model’s prediction of a certain level, and its expression
is as follows:

LA ið Þ = N ið Þc
N ið Þt

× 100%, i = 1, 2, 3, 4ð Þ ð12Þ

In the formula, LAðiÞ is the accuracy of water-inrush
level i, NðiÞt is the number of test samples with water-
inrush level i, and NðiÞc is the number of samples at level i
equal to the original level.

(3)Operation time T : it reflects the operation speed of
the model

The prediction results of the model are evaluated using
the above evaluation indicators, and the evaluation results
are shown in Table 3. In terms of overall accuracy, the over-
all accuracy of the CFOA-GRNN model is 16.7% higher
than that of the BPNN model, 25% higher than that of the
RNN model, and 33.4% higher than that of the GRU model.
From the perspective of local accuracy, the introduction of
CFOA can effectively improve the local accuracy of the neu-
ral network model for the prediction of water inrush at each
level and greatly improve the prediction accuracy of the
water inrush from the floor. In terms of operation time
Tm, the operation time of the CFOA-GRNN model is
18.9% less than that of the BPNN model, 25.9% less than
that of RNN, and 21.3% less than that of GRU. Therefore,
in summary, the introduction of CFOA can greatly improve
the accuracy of the GRNN neural network prediction model
for water inrush from the bottom of the model and also sig-
nificantly reduce the computing time.

Compared with the prediction results of the other three
algorithms, it can be seen that the overall accuracy of the
other three prediction models is not high. The overall accu-
racy of the BPNN neural network prediction model, the
RNN neural network prediction model, and the GRU (gated
recurrent unit) neural network prediction model is 75%,
66.7%, and 58.3%, while the overall accuracy of the CFOA-
GRNN neural network prediction model is 91.7%. From

the perspective of LAðiÞ, the local accuracy of the CFOA-
GRNN neural network prediction model introduced with
the chaotic fruit fly optimization algorithm is also signifi-
cantly improved compared with the other three neural net-
work prediction models. The superiority of the proposed
prediction model is confirmed from the three aspects of
overall accuracy, local accuracy, and computation time.
The prediction result of CFOA-GRNN model on whether
water inrush occurs in actual engineering is very close to
the actual situation, and its accuracy is significantly higher
than that of the other three models. This result shows that
the CFOA-GRNN model is reliable in predicting whether
there is a risk of water inrush from the floor in actual
engineering.

5. Conclusion

In order to solve the floor water-inrush issue, CFOA-GRNN
model is established to predict floor water inrush based on
the theory of nonlinear regression by combining relevant
water-inrush data of numerous working faces and derived
the following conclusions:

(1) The prediction effect of GRNN is affected by the
smoothing factor, so the CFOA is used to optimize
the smoothing factor, which reduces influences of
human factors on the parameter determination in
the GRNN prediction model and improves the pre-
diction accuracy and applicability of the model

(2) By comprehensively analyzing causes of floor water
inrush, six main factors are selected to construct
the CFOA–GRNN prediction model for floor water
inrush

(3) The accuracy of the CFOA–GRNN prediction model
is 91.7%, the established prediction model has a high
accuracy, and the prediction results are in agreement
with reality, so it can be used to predict floor water
inrush in coal mines in China to guide safe
production

(4) In the established CFOA-GRNN model, it is found
that the fruit fly search function has a great influence
on the convergence of the prediction results. In
future research, the optimization of the fruit fly
search function will be explored in depth to reduce
the prediction error caused by the change of the
search function
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A suite of Paleogene mafic rocks was collected from boreholes in the Huimin Sag of the Jiyang Depression with the aim of
investigating the petrogenesis and nature of mantle source for these rocks and further providing insights into the characteristic
of related mantle plume. Whole-rock geochemical data indicate that the mafic rocks have relatively lower SiO2 (42.93%–
48.57%) contents and similar characteristics to alkaline basalt and belong to transitional calc-alkaline series. These samples
were clearly enriched in LREEs and depleted in HREEs and were also characterized by the enrichment of LILEs, incompatible
elements, and HFSEs, similar to those of the Ocean Island Basalt (OIB). In addition, they exhibited Pb enrichment; Y, Pr, and
Yb depletion; absence of Nb-Ta anomalies; high Hf and low Zr; and Rb/Yb ratios exceeding 1.0, indicating characteristics of
intraplate rift-type alkaline basalt. The samples exhibited (Th/Ta)PM and (La/Nb)PM ratios less than 1 and plotted within the
OIB, EMI, and EMII fields, indicating that crustal components had no role in the generation of the rocks. With the exception
of individual samples that have a distinctive range of εNd values, the majority of samples have complex εNd values of -1.15 to
5.56, indicating a mixture of different sources, which was also apparent in the δ18O-87Sr/86Sr diagram, in which the samples
plot close to the downward nonlinear curve. Based on the isotopic and trace elemental analyses, these igneous rocks are
intraplate rift-type alkaline basalt and are of mantle plume origin. The variations in 87Sr/86Sr, 143Nd/144Nd, εNd values, LREEs,
and HFSEs were probably due to the different locations of the mantle plume for different samples. The primary magma of the
rocks likely originated from the melting of a mantle plume and the further metasomatism of lithospheric mantle, continental,
or oceanic crust.

1. Introduction

The impact of mantle plumes on mineralization involves all
stages of the Earth’s evolution. Some geologists have sug-
gested that most intracontinental deposits formed during
the Precambrian–Phanerozoic were all related to mantle
hotspots [1–3] and proposed mantle plume metallogenic
systems [4, 5]. Evidence from P-wave velocity, lithospheric

discontinuity, thinning and transformation, a rise of
asthenosphere with a mushroom cloud structure, and large
igneous province suggests that mineralization and petro-
leum accumulation in eastern China during the Mesozoic–
Cenozoic were tectonically controlled by submantle plumes
[6–10].

The submantle plume of North China Craton (NCC)
consists of Luxi, Jiaodong, Liaoxi, and Jibei mantle branches,

Hindawi
Geofluids
Volume 2022, Article ID 1571066, 18 pages
https://doi.org/10.1155/2022/1571066

https://orcid.org/0000-0003-2138-3496
https://orcid.org/0000-0003-4442-6292
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/1571066


which possess different deposits that are distributed spatially
or in groups [9]. Over the past three decades, some
researchers have proposed that the Bohai Bay Basin (BBB),
which is the largest basin in the Eastern Block of the NCC,
has close correlation with a mantle plume, on the basis of
seismic data and physical simulation [11–14]. Liu et al.
[11] concluded that five mantle plume uplifts, including
Bozhong, Bohai Bay, Miaoxi, Liaodong Bay, and Kenli
uplifts, existed in the BBB, according to studies on gravity
and magnetic fields, geothermal heat flow, and high conduc-
tivity layers in the upper mantle. Zhu [14] suggested that
mantle plume activities have occurred since the Jurassic
and controlled the basin’s tectonic evolution during the Late
Cretaceous and established a mantle plume evolution model
based on tectonic-sedimentation regularity, seismic section,
paleostress, and paleoflow direction. Xiao et al. [12] thought
that a mantle plume in the Songliao region, formed during
the Late Jurassic–Late Cretaceous, moved to the Beijing-
Tianjin-Bohai Bay regions and formed the BBB because
of the northward movement of the NCC, based on
regional seismic and sedimentary data and electron micro-
probe analysis. Ye and Wang [13] considered that the reg-
ular distribution of geological and geophysical
characteristics of Jiyang Depression was caused by the dif-
ference of subduction angle of the Western Pacific plate
from south to north, as well as tectonic migration of man-
tle plume from south to north.

Though some researchers have done research on various
aspects (e.g., sedimentary strata, structural patterns, and tec-
tonic evolutions), systematic studies focused on Cenozoic
igneous rocks that are well developed in the BBB are still
limited [15–20]. As a consequence, the petrogenesis and
source of the igneous rocks deduced by those studies are still
controversial. Liu et al. [15] suggested that the Tertiary
basaltic rocks in the BBB are typical intraplate basalts that
have a mantle source that was free from crustal contamina-
tion. Shen et al. [17] proposed that Tertiary basalts from the
Jiyang Depression were formed by mixing of DMM and
EMI, to varying degrees, with a minor contribution from
EMII based on Sr-Nd isotopic analysis. Liu and Xie [16]
argued that the magmas of Tertiary mafic intrusive and
volcanic rocks in the Jiyang Depression were sourced from
the upper mantle. The Tertiary basaltic rocks in the Huan-
ghua Depression, investigated by Zhang et al. [19], have
Sr-Nd isotopic characteristics similar with OIB, indicating
an asthenospheric mantle magma source. Wang [18]
argued that the Paleogene basaltic volcanic rocks from
eastern depression of Liaohe Basin have OIB-Continental
Flood Basalt (CFB) characteristics and probably sourced
from a depleted mantle which were mixed by enriched
components.

In this study, a suite of igneous samples was collected
from five drilling wells from the Xia 38, Xia 39, Xia 381,
Xia 382, and Shang 745 fault blocks of Huimin Sag, Jiyang
Depression. We report petrological observations, whole-
rock geochemical and Sr-Nd-O isotopic data for these rocks.
These new data provide great significances for the study of
the petrogenesis and nature of mantle source for the Ceno-
zoic igneous rocks of BBB.

2. Geological Background and
Petrological Characteristics

The BBB is a Meso-Cenozoic superimposed petroliferous
basin located in the Eastern Block of the NCC. It is sur-
rounded by four uplifted massifs, the Taihang Massif to
the west, the Yanshan Massif to the north, the Jiaoliao Mas-
sif to the east, and the Luxi Massif to the south. The Huimin
Sag is a NEE-trending sub-half-graben tectonic basin,
located to the west of the Jiyang Depression in the BBB
(Figure 1(a)). Its neighbours are Chengning Uplift to the
north, Luxi Uplift to the south, Linqing Depression to the
west, and Dongying Depression to the east. The Huimin
Sag has a complex fracture system and faulted structures
that were controlled by the north-dipping Xiakou Fault
and south-dipping Linshang Fault. Many Cenozoic igneous
rocks are developed in the Huimin Sag, especially near the
conjunct parts of faults in the Linnan Sag and Yangxin Sag
(Figure 1(b)). The Cenozoic igneous rocks in this region
are more than 1000m thick and were proposed to be divided
into several eruption cycles (Figure 2). The collected igneous
rock samples belong to the middle section of the third mem-
ber, the upper section of the third member–lower section of
the second member, and the first member of the Shahejie
Formation (Figure 2). The collected igneous rocks are
mainly mafic intrusive rocks and volcanic rocks of overflow
facies; the petrography of which is described as follows.

2.1. Intrusive Bodies. The intrusive rock samples from Xia
38, Xia 381, and Xia 39 wells in the study area are greyish
green and black-green in colour and have a dense massive
structure and poikilitic and ophitic textures (Figures 3(a)–
3(f)). These samples are mainly composed of augite
(~45%), plagioclase (~40%), amphibole-biotite-sericite
(~10%), and other opaque minerals (~5%). The augites are
pink, Ti-enriched, and characterized by positive high protu-
berance, obvious pleochroism, and the highest interference
colour of second order blue-to-green. The plagioclases are
mainly euhedral plate-prismatic with polysynthetic twins,
positive low protuberance, and the highest interference col-
our of first order grey-to-white. Amphiboles are mainly
hornblende and barkevicite, with some replaced by biotite.
The products of alteration of the intrusive rocks are mainly
chlorite, sericite, and saponite.

2.2. Volcanic Rocks. The volcanic rock samples from Xia 382
well in this study are greyish green and black-green in colour
with tiny holes and cracks. They have a porphyritic texture,
and the groundmass has intergranular and intersertal tex-
tures (Figures 3(g)–3(l)). The phenocrysts are mainly augite
and plagioclase. Minor hornblende and pyrite are also
observed in the volcanic rocks (Figures 3(g) and 3(i)). The
products of alteration of the volcanic rocks are mainly chlo-
rite, sericite, and saponite.

3. Analytical Methods

Fifteen magmatic core samples for this study were collected
from 5 wells, Xia 38, Xia 39, Xia 381, Xia 382, and Shang
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745, including 7 intrusive rock samples (from wells of Xia
38, Xia 39, Xia 381, and Xia 382, collected from upper Es3
submember) and 8 volcanic rock samples (from the Shang
743 and Shang 745 wells, collected from the middle Es3 sub-
member). Samples were first crushed, cleaned, soaked, dried,
and then ground to a powder. The major elements, trace ele-
ments, rare earth elements, oxygen isotopes, and strontium-
neodymium isotopes were analysed at the Geological Analy-
sis and Testing Research Center of the Nuclear Industry.
Major elements were analysed by Axios Max X-ray fluores-
cence spectrometer (Axios mAX) using fused glass disks
according to the Chinese national standard (GB/
T14506.14-2010). Trace elements were determined using a
NexION 300D inductively coupled plasma mass spectrome-
ter (ICP-MS) according to the Chinese national standard
(GB/T14506.30-2010). Analytical results for Chinese stan-
dards (GBW07104 and GBW07312) indicate an analytical
precision of >95% for both major and trace elements.
Oxygen isotopes were determined using a Finnigan MAT
253 instrument with an accuracy exceeding 0.2% indicated
by the Chinese standards GB04416 and GB04417. Stron-
tium and neodymium isotopes were analysed using an
IsoProbe-T thermal surface ionization mass spectrometer.
During the collection of isotopic data, repeated analysis
of the Nd isotopic standard JNdi-1 [21] gave an average
143Nd/144Nd value of 0:512098 ± 0:000007 (n = 3), and
the strontium NBS SRM 987 isotopic standard gave an
average 87Sr/86Sr value of 0:710248 ± 0:000008 (n = 3).
Further details of the analytical methods are given in Lu
et al. [22].

4. Analytical Results

4.1. Major and Trace Elements. The presence of a certain
amount of secondary minerals and the moderate to high loss
on ignition (LOI, 2.55–5.98) imply that the studied rocks
have undergone varying degrees of hydrothermal alteration
or metamorphism, to which some elements (such as Rb,
Ba, Sr, Na, and K) are sensitive [23–25]. Therefore, the ele-
ments that are considered immobile during alteration, such
as high field strength elements (HFSEs) and some transition
metals, are chosen to describe the primary chemical features
of the samples in this study. The igneous rocks in the Hui-
min Sag exhibited relatively concentrated major elements
(Table 1), with SiO2 ranging from 42.93% to 48.57%, with
an average of 46.11%. They have relatively higher TiO2,
P2O5, FeO, and total alkaline (K2O+Na2O) and lower CaO/
TiO2 and Al2O3/TiO2 values, with TiO2 contents ranging
from 1.62% to 2.79% (average 2.07%, which was significantly
higher than the value of 0.85% for active continental margin
basalts) (Table 1). All the samples show transitional to alka-
line Nb/Y ratios and plot in the alkaline basalt field on a Zr/
Ti versus Nb/Y diagram (Figure 4(a), [26]). In addition, they
were plotted onto the Y versus Zr diagram exposing charac-
teristics of transitional to calc-alkaline series rocks
(Figure 4(b), [27]).

The basic igneous rocks in this study exhibited total rare
earth elements (ΣREE) of 85.27 to 297.31 ppm (average
154.36 ppm) (Table 2). The light rare earth elements
(LREEs) ranged from 69.77 to 272 ppm (average
134.25 ppm), whereas the heavy rare earth elements
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Figure 1: (a) Distribution of Cenozoic igneous rocks in the Bohai Bay Basin [55]. (b) A simplified structural map of the Huimin Sag.
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(HREEs) ranged from 15.38 to 27.50 ppm (average
19.77 ppm). The samples were relatively enriched in LREEs
and depleted in HREEs (Figures 5(a) and 5(b)). In the prim-
itive mantle-normalized trace element spider diagrams
(Figures 5(c) and 5(d)), all samples were relatively enriched
in large ion lithophile elements (LILEs, e.g., Ba, Pb, Sr, U,
and K), incompatible elements (Rb, Ba, Th, U, and K), and
some high field strength elements (HFSEs, e.g., Nb, Ta, Zr,
and Hf).

4.2. Sr-Nd and O Isotopes. The Sr-Nd and O isotopic compo-
sitions of Paleogene igneous rocks from the Huimin Sag are
given in Tables 3 and 4. The 87Sr/86Sr ratios varied from
0.7046 to 0.7098 (average 0.7078), whereas the 143Nd/144Nd
ratios varied from 0.5117 to 0.5129 (average 0.5126). The εNd

values ranged from -17.71 to 5.56 (average -0.75), while the
εSr values ranged from -1.99 to 71.49 (average 41.8822). The
δ18O values ranged from 5.4‰ to 10.4‰, with an average of
7.9‰.

5. Discussion

5.1. Petrogenesis of the Mafic Rocks

5.1.1. Fractional Crystallization. It is noticed that the studied
mafic rocks from the Huimin Sag have variable MgO, Cr,
and Ni contents. In the variation diagrams of MgO versus
selected major and trace elements (Figure 6), with the excep-
tion of Fe2O3+FeO, which was not correlated with MgO, the
SiO2, K2O+Na2O, TiO2, Al2O3, and CaO concentrations
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were negatively correlated with MgO, whereas Cr and Ni
concentrations were positively correlated with MgO. These
data suggest that the geochemical differences of different
samples may be attributed to the fractional crystallization
of olivine and/or clinopyroxene. In addition, the TiO2
(1.62%–2.79%) contents of the samples are relatively consis-
tent, implying that the fractionation of Fe-Ti oxides did not
occur. Moreover, no obvious Eu anomalies (0.92–1.17) have
been observed in the studied samples, reflecting no signifi-
cant fractionation of plagioclase.

5.1.2. Crustal Contamination. The petrological observation
and geochemical analysed results imply a mantle source for
the magma of studied rocks from the Huimin Sag. Thus, it is
important to understand the effects of crustal contamination
on the mafic rocks, which is a potential process during the
ascent and evolution of mantle-derived magmas [28, 29]. It
is widely accepted that minor crustal contamination could
produce positive Zr-Hf anomalies of mantle-sourced rocks

[24]. However, the Paleogene igneous rocks from the Huimin
Sag have no positive Zr-Hf anomalies (Figures 5(c) and 5(d)),
ruling out the possibility of crustal contamination. This
hypothesis can be further evidenced by the lower Th
(1.58ppm–4.76ppm) and U (0.79–2.31) contents of these
samples relative to the upper crust (e.g., Th = 10:5 ppm and
U = 2:7 ppm) [30]. Moreover, the Paleogene igneous rocks
from theHuimin Sag had εNd values of -17.71 to 5.56 and were
mostly within the range of mantle plume-derived CFB, with
the exception of samples Xia 382-1 and Shang 745-11, which
had negative εNd values and 143Nd/144Nd of 0.5117 and
0.5122, respectively, close to that of average continental crust
(0.5119), reflecting the lithospheric mantle or crustal contam-
ination [31]. Samples Shang 745-A, Shang 745-B, Shang 745-
C, Shang 745-D, and Shang 745-8 exhibited high positive
143Nd/144Nd and εNd values of 0.5127 to 0.5128 and 1.80 to
3.22, respectively, implying an upper depleted mantle source.
The remaining samples had εNd values of -1.15 to 0.62, consis-
tent with the CHUR evolution curve (Figure 7), implying that
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Figure 3: Microphotographs for Paleogene mafic rocks in Huimin Sag. (a, b) Intrusive rock from Xia 38 well, 3830.4m. This sample is
mainly composed of plagioclase and augite, with minor amphibole and magnetite and has a poikilitic texture. Corrosion of amphibole
and sericitization of plagioclase can be seen. (c, d) Intrusive rock from Xia 38 well, 3668.5m. This sample is mainly composed of
plagioclase and augite and has a poikilitic texture. The augite shows latticed corrosion and obvious chloritization. The plagioclase
experienced severe dissolution, and the dissolved pores were filled with asphaltic components. (e, f) Intrusive rock from Xia 381 well,
4006.1m. This sample is mainly composed of plagioclase, augite, and olivine with minor amphibole and magnetite and has an ophitic
texture. The augite and plagioclase were severely dissolved, and the pores were filled with asphaltic components. (g, h) Volcanic rock
from Shang 745 well, 3215.2m. This sample has a porphyritic texture with the matrix showing intergranular and interseptal textures.
The phenocrysts are mainly plagioclase and augite, whereas the matrix is composed of subdirectionally distributed fine lath plagioclase,
pyroxene, and glass, with a small amount of hornblende. (i, j) Volcanic rock from Shang 745 well, 3200.2m. This sample has an
interseptal texture and is mainly composed of randomly distributed long strip plagioclase, the spaces of which filled with granular
pyroxene and glass that experienced devitrification, as well as a small amount of large pyroxene particles, with some of which have been
saponified. (k, l) Volcanic rock from Shang 745 well, 3200.2m. This sample has an interseptal texture, with a locally intersertal texture. It
is mainly composed of randomly distributed long strip plagioclase, the spaces of which filled with granular pyroxene and magnetite.
Structural fractures that filled with calcite can be seen. Pl—plagioclase; Hbl—hornblende; Ol—olivine; Aug—augite; Mag—magnetite.
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the magma was derived from different degrees of mixture of
mantle plume and lithosphere.

Ratios of O isotopes and incompatible elements have been
proposed to identify crustal contamination [32]. In the
δ18O-87Sr/86Sr diagram (Figure 8), the studied igneous rock
samples plot within or close to the area of source contamina-
tion, also ruling out the significant impact of crustal contami-
nation. (Th/Ta)PM was close to 1.0 and (La/Nb)PM exceeded
1.0 when lower crustal materials were involved, whereas the

above ratios exceeded 2.0. The (Th/Ta)PM and (La/Nb)PM
ratios of the Paleogene igneous rocks from the Huimin Sag
were 0.54–0.79 and 0.55–0.72, respectively, suggesting that
the upper crustal component had no role in the generation
of the rocks.

5.1.3. Mantle Sources and Lithospheric Interaction. During
mantle melting and metasomatism, Ti, P, and K can be easily
enriched or depleted, as they are strongly incompatible

Table 1: Major element (%) compositions for Paleogene igneous rocks in Huimin Sag.

Sample no. Lithology SiO2 AI2O3 TFe2O3 MgO CaO Na2O K2O MnO TiO2 P2O5 FeO Loss

X38-2 Intrusive rock 47.57 15.94 10.80 4.52 9.98 3.65 1.02 0.145 2.12 0.327 7.73 3.88

X38-3 Intrusive rock 47.45 14.27 12.89 4.73 7.67 4.44 2.13 0.207 2.79 0.456 3.4 2.96

X39-1 Intrusive rock 46.94 15.56 11.97 6.62 8.02 3.47 1.37 0.174 2.03 0.3 2.75 3.48

X381-1 Intrusive rock 45.02 12.22 13.41 13.16 6.57 2.36 0.918 0.18 1.73 0.266 5.07 4.07

X382-1 Volcanic rock 46.38 14.47 12.28 8.05 8.43 3.22 0.866 0.169 1.96 0.291 9.03 3.78

X382-5 Volcanic rock 47.54 14.05 12.31 8.37 5.42 4.41 0.658 0.179 1.86 0.29 3.53 4.85

S745-4 Intrusive rock 47.64 15.07 11.84 5.38 8.39 3.71 1.69 0.192 2.03 0.302 4.05 3.23

S745-6 Intrusive rock 48.57 14.06 13.25 4.63 8.11 3.94 1.7 0.192 2.59 0.403 5.27 2.56

S745-8 Volcanic rock 47.17 15.25 10.25 7.52 6.86 4.44 1.28 0.135 1.67 0.557 7.7 4.85

S745-11 Intrusive rock 48.08 13.63 13.22 4.62 8.91 4.32 1.35 0.191 2.68 0.437 9.35 2.55

S745-A Volcanic rock 44.6 15.27 10.21 5.64 10.94 3.77 1.39 0.151 1.74 0.565 8.15 5.73

S745-B Volcanic rock 44.66 14.9 11.78 7.32 8.49 3.54 1.57 0.177 1.62 0.573 9.48 5.33

S745-C Volcanic rock 42.97 15.74 11.26 7.01 10.64 3.17 0.848 0.175 1.63 0.58 8.78 5.98

S745-D Volcanic rock 42.93 15.65 11.04 6.4 11.82 2.77 1.02 0.159 1.74 0.565 8.69 5.89

S745-E Volcanic rock 44.08 13.51 12.93 4.5 11.36 3.62 0.512 0.161 2.46 0.37 8.45 5.49

Deccan Continental basalt 50.18 13.70 3.72 6.58 11.44 1.70 0.73 0.21 2.20 — 9.08

Siberia Continental basalt 48.58 15.88 2.80 6.48 9.98 2.10 1.02 0.13 1.23 0.10 8.74

Mount Emei Continental basalt 44.75 7.70 13.25 17.95 9.00 1.18 0.71 0.18 2.24 0.20 —

Hawaii Haleakala OIB 46.46 10.85 — 17.65 8.07 1.93 0.39 0.16 2.06 0.22 12.20

Hawaiian Islands OIB 50.29 12.92 1.48 8.07 10.84 2.26 0.46 0.14 3.03 0.36 9.77
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Table 2: Trace element (ppm) compositions for Paleogene igneous rocks in Huimin Sag.

Sample no. X38-2 X38-3 X39-1
x381-
1

x382-
1

x382-
5

S745-4
S745-
6

S745-
8

S745-
11

S745-
A

S745-
B

S745-
C

S745-
D

S745-
E

Sr 703.00 490.00 589.00 280.00 386.00 267.00 1479.00 568.00 631.00 389.00 313.00 530.00 482.00 437.00 200.00

Ba 320.00 452.00 895.00 218.00 224.00 307.00 926.00 463.00 665.00 302.00 775.00 637.00 283.00 391.00 64.10

Cr 96.80 31.30 251.00 467.00 291.00 336.00 125.00 81.70 232.00 46.50 214.00 196.00 228.00 212.00 84.60

V 233.00 259.00 216.00 181.00 198.00 199.00 195.00 249.00 178.00 250.00 183.00 149.00 164.00 182.00 237.00

Li 29.00 11.70 25.10 36.50 25.30 40.00 22.30 24.90 24.80 20.80 27.90 33.50 35.90 31.40 21.40

Be 1.17 1.76 1.10 0.77 1.21 1.68 0.91 1.34 2.45 1.08 2.62 1.85 3.66 4.15 1.84

Sc 30.00 27.00 26.60 21.90 25.10 22.90 26.20 31.70 22.60 32.00 21.60 18.80 20.40 22.50 30.00

Co 33.90 32.90 42.70 67.50 44.60 54.60 35.10 34.60 41.00 31.60 36.30 31.70 38.50 37.20 33.80

Ni 41.50 26.10 91.30 314.00 127.00 185.00 46.30 24.50 104.00 20.70 88.90 87.60 99.90 91.50 25.60

Cu 92.30 75.60 68.70 65.40 67.10 76.00 59.50 76.70 63.80 74.90 39.90 42.70 34.70 38.50 71.20

Zn 118.00 155.00 130.00 137.00 142.00 139.00 129.00 161.00 112.00 154.00 142.00 109.00 131.00 125.00 151.00

Ga 20.70 22.80 20.40 16.00 19.40 23.70 16.20 19.80 18.80 18.70 23.30 18.80 25.50 25.30 20.20

Rb 24.60 37.10 26.50 17.50 16.20 12.90 33.70 27.20 25.60 25.10 30.60 25.90 16.60 21.20 12.80

Y 30.30 42.20 30.10 25.10 28.50 28.40 30.60 37.70 24.70 35.30 24.10 21.00 24.00 26.90 36.80

Zr 146.00 233.00 141.00 114.00 140.00 133.00 139.00 173.00 172.00 163.00 153.00 155.00 175.00 182.00 171.00

Nb 26.70 50.60 26.20 22.10 25.40 26.20 22.50 30.00 64.90 30.40 65.00 56.30 61.90 64.30 28.20

Mo 2.96 7.59 3.86 2.05 2.60 2.19 6.24 5.22 6.23 4.43 6.42 5.24 5.26 5.61 5.29

Cd 0.19 0.21 0.15 0.14 0.21 0.09 0.19 0.16 0.11 0.15 0.18 0.18 0.21 0.18 0.27

Cs 0.77 6.69 1.94 1.85 0.51 0.37 0.95 0.49 1.44 0.59 1.37 1.08 1.22 1.63 1.65

La 18.40 26.90 16.00 13.10 15.50 15.80 15.70 19.10 39.10 20.40 41.20 36.70 41.50 39.40 18.00

Ce 36.00 51.80 32.10 26.20 30.30 31.10 31.40 39.30 69.90 39.80 73.00 63.20 70.90 68.00 36.40

Pr 4.68 6.84 4.30 3.42 3.89 4.15 4.49 5.45 8.25 5.42 8.53 7.27 8.03 8.00 4.99

Nd 19.90 28.80 18.30 14.50 17.00 17.60 20.40 24.90 30.40 24.30 32.10 27.20 30.40 31.00 22.90

Sm 5.20 7.07 4.72 3.65 4.64 4.64 5.32 6.65 6.09 6.50 6.25 5.05 6.02 6.15 6.14

Eu 1.71 2.07 1.76 1.30 1.63 1.44 1.83 2.02 1.87 1.90 2.20 1.64 1.99 2.19 1.75

Gd 4.90 6.74 4.78 3.80 4.50 4.47 4.82 6.07 5.27 5.97 5.30 4.74 5.24 5.46 5.42

Tb 0.98 1.35 0.99 0.76 0.95 0.90 1.00 1.15 0.89 1.16 0.88 0.80 0.89 0.95 1.08

Dy 6.11 8.42 5.80 4.68 5.67 5.74 6.01 7.32 5.12 7.15 4.99 4.28 4.81 5.22 6.87

Ho 1.15 1.53 1.17 0.87 1.08 1.07 1.14 1.38 0.88 1.30 0.88 0.79 0.84 0.93 1.36

Er 3.03 4.11 3.07 2.27 2.80 2.78 3.03 3.69 2.28 3.29 2.38 2.05 2.28 2.53 2.44

Tm 0.53 0.68 0.52 0.40 0.52 0.47 0.52 0.58 0.39 0.55 0.41 0.35 0.38 0.40 0.59

Yb 2.97 4.08 3.07 2.38 2.93 2.81 3.18 3.75 2.43 3.57 2.50 2.10 2.32 2.63 3.63

Lu 0.43 0.59 0.44 0.33 0.41 0.40 0.42 0.49 0.34 0.46 0.35 0.28 0.30 0.33 0.49

Hf 3.95 6.30 3.92 3.20 3.88 3.77 3.94 4.79 4.86 4.67 4.33 4.52 4.76 4.85 4.65

Ta 1.58 2.91 1.60 1.30 1.55 1.57 1.32 1.80 4.20 1.76 4.12 3.55 3.90 3.96 1.61

W 0.42 0.66 0.41 0.21 0.51 1.90 0.49 0.45 7.25 0.54 1.09 0.75 0.79 0.81 0.87

Pb 4.76 20.30 5.30 6.13 22.00 15.60 3.00 5.51 8.39 14.40 17.70 8.37 11.00 7.78 4.90

Th 2.60 3.80 2.20 1.58 2.09 2.26 2.02 2.21 4.68 2.19 4.76 4.12 4.57 4.53 2.10

U 1.34 1.90 1.34 0.79 1.13 1.07 1.26 1.12 1.72 1.41 2.31 1.58 1.56 1.79 1.27

∑REE 112.79 172.78 104.92 85.27 100.22 101.97 101.36 126.95 207.71 127.88 213.87 185.54 207.40 206.49 117.35

LREE 92.69 145.28 85.08 69.77 81.36 83.33 81.24 102.52 190.11 104.42 196.18 170.16 190.34 188.04 95.48

HREE 20.10 27.50 19.84 15.50 18.86 18.64 20.12 24.43 17.60 23.46 17.69 15.38 17.06 18.45 21.87

LREE/
HREE

4.61 5.28 4.29 4.50 4.31 4.47 4.04 4.20 10.80 4.45 11.09 11.06 11.16 10.19 4.37

LaN/YbN 4.44 4.73 3.74 3.95 3.79 4.03 3.54 3.65 11.54 4.10 11.82 12.54 12.83 10.75 3.56

δEu 1.04 0.92 1.13 1.07 1.09 0.97 1.10 0.97 1.01 0.93 1.17 1.02 1.08 1.16 0.93

δCe 0.95 0.94 0.95 0.96 0.96 0.94 0.92 0.94 0.95 0.93 0.95 0.95 0.95 0.94 0.94
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elements. The high contents of Ti, P, and K of the Paleogene
igneous rocks from the Huimin Sag are consistent with those
of mantle plume-derived basalts, indicating a mantle plume
source. In addition, the ΣREE contents (average 154.36ppm)
of these rocks are clearly higher than those of basalts (average
85ppm) in eastern China [33], showing the characteristics of
mantle plume-derived basalt, which are usually enriched in
LREEs (e.g., the Emeishan basalts, Kerguelen mantle plume
volcanic rocks, and Iceland volcanic rocks) [5, 34, 35]. The
igneous rocks of the present study were characterized by

enrichment of LILEs (e.g., Ba, Pb, Sr, U, and K), incompatible
elements (Rb, Ba, Th, U, and K), and HFSEs, (e.g., Nb, Ta, Zr,
and Hf), similar to those of the mantle-plume-related OIB
(e.g., Hawaii basalt of Pacific Plate and Kerguelen basalt of
Indian Ocean Plate) or CFB (e.g., Emeishan, Siberia, Deccan,
and African continental basalts) [5]. Furthermore, the remark-
able Pb enrichment and slightly depleted Y, Pr, and Yb indi-
cate that the Cenozoic mafic rocks in the study area are
intraplate rift-type alkali basaltic rocks, which display the
characteristics of upper mantle sources. This view is further
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Figure 5: (a, b) Chondrite-normalized REE patterns and (c, d) primitive mantle (PM) normalized trace element diagrams for the Paleogene
igneous rocks in Huimin Sag. The values of chondrite and PM are from Sun and McDonough [57].
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supported by the Rb/Yb ratios (>1), high Hf and low Zr con-
tents, and the absence of Nb-Ta anomalies in the samples
[16, 36]. In the primitive mantle-normalized trace element spi-
der diagrams (Figures 5(c) and 5(d)), the samples plot between
the OIB and N-MORB, but closer to the OIB. The concentra-
tions of compatible elements of Cr and Ni for the studied sam-
ples were 31.3–467ppm and 20.7–314, respectively, consistent
with those of the basaltic magma derived from primary man-
tle [37].

The average 87Sr/86Sr and 143Nd/144Nd ratios of the Paleo-
gene igneous rocks from the Huimin Sag were 0.7078 and
0.5126, respectively, consistent with those of EMII
(87Sr/86Sr = 0:7078, 143Nd/144Nd = 0:5126), close to those of
EMI (87Sr/86Sr = 0:7053, 143Nd/144Nd = 0:5124) and HIMU
(87Sr/86Sr = 0:7028, 143Nd/144Nd = 0:5128), and higher than
those of depleted mantle (87Sr/86Sr = 0:7022, 143Nd/144Nd =
0:5133). The average Zr/Nb, La/Nb, Ba/Nb, K/Nb, Th/Nb,
Th/La, and Ba/La ratios for the samples were 4.42, 0.63,
13.48, 279.96, 0.08, 0.12, and 21.39, respectively, distributed
in the enriched mantle EMII, EMI, and HIMU fields [22,
38]. In the 87Sr/86Sr-143Nd/144Nd diagram, samples Xia 38-3,

Xia 381-1, and Xia 39-1 plot in the OIB field, sample Xia
382-1 plots in the EMI field, sample Shang 745-11 plots in
the ancient lithospheric mantle field close to the EMII, and
the remaining samples plot close to the OIB, indicating a man-
tle source, which is further supported by the positive εNd
values of most samples (Figure 7(a)). Most samples plot in,
or close to, the mantle source field, except samples Xia 382-1
and Shang 745-11, which plot in the EMI field and upper crust
field, respectively (Figure 7(b)). The 87Sr/86Sr ratios of the
igneous rocks in the study area varied from 0.7046 to 0.7098,
similar to those of the OIB and CFB (<0.710) formed by man-
tle plume magmatism (e.g., mantle plume-derived basalts of
Emeishan, Hawaii, Iceland, and Siberia), showing characteris-
tics of typical mantle plume-derived basalt and deep mantle
source [5].

The samples examined in the present study exhibited δ18O
values of 5.4‰ to 10.4‰, with an average of 7.93‰, similar to
those of the continental tholeiite (5.0‰ to 7.5‰) and conti-
nental mafic lava (4.9‰ to 8.0‰), as well as clinopyroxene
in the Emeishan mantle plume-derived basalt (6.2‰ to
7.86‰), but higher than those of the OIB (5.4‰) [39, 40].

Table 3: Sr-Nd-O isotopic compositions of Paleogene igneous rocks in Huimin Sag.

Sample no. 87Sr/86Sr Std err 143Nd/144Nd Std err εSr εNd δ18O (‰)

X38-2 0.708209 0.000016 0.512579 0.000015 49.08 -1.15 9.5

X38-3 0.706001 0.000009 0.512670 0.000010 17.75 0.62 8.3

X39-1 0.706680 0.000016 0.512670 0.000013 27.39 0.62 5.5

X381-1 0.704610 0.000016 0.512651 0.000010 -1.99 0.25 5.4

S745-4 0.708250 0.000013 0.512605 0.000010 49.66 -0.64 —

S745-6 0.708224 0.000011 0.512657 0.000010 49.29 0.37 —

S745-11 0.708823 0.000009 0.512652 0.000016 57.79 -9.23 —

X382-1 0.706250 0.000016 0.511730 0.000008 21.82 -17.71 8.5

X382-5 0.709788 0.000008 0.512620 0.000006 71.49 -0.35 10.4

S745-8 0.708294 0.000012 0.512783 0.000009 50.29 2.83 —

S745-A 0.708671 0.000012 0.512803 0.000009 55.64 3.22 —

S745-B 0.708346 0.000016 0.512730 0.000008 51.03 1.80 —

S745-C 0.708308 0.000013 0.512743 0.000010 50.49 2.05 —

S745-D 0.708127 0.000008 0.512751 0.000010 47.92 2.20 —

S745-E 0.708378 0.000013 0.512622 0.000005 51.48 -0.31 —

Table 4: Comparison of trace element ratios of Paleogene igneous rocks in Huimin Sag and crust and different mantle members (data of
different mantle end members are from [22, 38]).

Element ratio Primitive mantle Depleted mantle Crust HIMU EMI EMII Volcanic rock in study area

Zr/Nb 14.8 30 16.2 2.7~5.5 3.5~13.1 4.4~7.8 2.35~6.18 (4.42)

La/Nb 0.94 1.07 2.2 0.64~0.82 0.78~1.32 0.79~1.19 0.53~0.70 (0.63)

Ba/Nb 9.0 4.3 54 4.7~6.9 9.1~23.4 6.4~13.4 2.27~41.16 (13.48)

K/Nb 323 296 1341 66~187 207~523 203~378 109.21~623.33 (279.96)

Th/Nb 0.117 0.07 0.44 0.07~0.12 0.09~0.13 0.10~0.17 0.07~0.10 (0.08)

Th/La 0.125 0.07 0.2 0.10~0.16 0.09~0.15 0.11~0.18 0.11~0.14 (0.12)

Ba/La 9.6 4 25 6.2~9.36 11.3~19.1 7.3~13.5 3.56~58.98 (21.39)
87Sr/86Sr 0.7022 0.7028 0.7053 0.7078 0.7046~0.7098 (0.7078)
143Nd/144Nd 0.5133 0.5128 0.5124 0.5126 0.5117~0.5129 (0.5126)
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However, the δ18O values of the samples were slightly higher
than those of the mantle, which was probably caused by con-
tamination of crustal materials and source mixing, as the O
isotopes were obtained by whole rock analysis. Enrichment
of incompatible elements can be caused by the partial melting
of an overlying mantle wedge, if the mantle source was influ-
enced by fluids released by the subduction plate. Some
researchers suggested that Sr and other incompatible elements
can reflect the characteristics of the subduction plate, whereas
O isotopes and other elements represent the characteristics of
the overlying mantle wedge [39]. In the δ18O-87Sr/86Sr dia-

gram, the igneous rocks in the study area plot close to the
downward nonlinear curve, indicating that the isotopic char-
acteristics resulted from source mixing (Figure 8).

To sum up, the Sr-Nd-O isotopic and trace elemental
characteristics described above were similar to those of the
enriched OIB, indicating a mantle plume source and the
existence of components from ancient subduction oceanic
crust in the source region (Figures 7 and 9) [41]. The char-
acteristic trace element ratios were consistent with those of
the HIMU, EMI, and EMII OIB, which are represented by
Mangaia, Pitcairn, and Society, respectively. Samples Shang
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745-8, Shang 745-A, Shang 745-B, Shang 745-C, and Shang
745-D plot within the HIMU OIB field and the Ontong Java
field, represented by oceanic platform basalt, whereas the
remaining samples plot within the EMI and EMII fields, rep-

resented by Pitcairn and Society, respectively (Figure 9(a)).
The enrichment of subduction-related materials suggests
that there were heterogeneous source rocks of the magmatic
rocks, which probably originated from different positions or

EM I EM II

50%

0.704

20%

10%

20%

MORB
PREMA

0.5115
0.706 0.708 0.710 0.712

0.5120

0.5125

0.5130

0.702

Hannouba
Jining
Fanshi other legend same an above

87Sr/86Sr

14
3 N

d/
14

4 N
d

Ancient lithospheric mantle

OIB

(a)

0.7130.707 0.709 0.7110.7050.7030.7010.609

0

0

–Ve

+Ve

Mantletrend

Continental crust

Juvenile crust

+4

+8

+12

+16

-–4
-–8

–12

–16

–20

–24

–30

–25 +75 +100+25
–Ve
–50–75

0.5126

0.5122

0.5130

0.5118

0.5114

0.5134

EM II

PREMA

Low Rb/Sr
High Sm/Nd

87Sr/86Sr

𝜀Sr +Ve
+50

High Rb/Sr
High Sm/Nd

Depleted source

Depleted mantle

Global rock origin

CHUR

Upper crust

High Rb/Sr
Low Sm/Nd

Low Rb/Sr
Low Sm/Nd

EM I
Lower crust

Enrichment source

Ancient crust

𝜀 N
d

14
3 N

d/
14

4 N
d

(b)

Figure 7: 87Sr/86Sr vs. 144Nd/143Nd costing point of Paleogene igneous rocks in Huimin Sag. Data sources in (a): Hannuoba basalts [58–60],
MORB, OIB, EMI, EMII, and PREMA [61]; data source in (b): EMI, EMII, and PREMA are after Zindler and Hart [61] and Xia [62].
Symbols are as in Figure 5.

12 Geofluids



stages of the mantle plume. The 143Nd/144Nd ratios of the
samples plot within the field close to the Society OIB (EMII),
implying that a recycled oceanic crust that contains a small
amount (i.e., a few percent) of terrigenous sediments was
involved in the source (Figure 9(b)) [42, 43]. They distribute
within the continental lithospheric mantle and crustal con-
tamination fields, represented by Society and Siberia
(Figure 9(b)).

The EMII enriched units have been proposed as being
related to crustal derived material or recycled oceanic crust
[44], whereas the HIMU are related to subducted ancient
metamorphic oceanic crust [45]. The EMI are widely
accepted to be formed in the lithosphere mantle, astheno-
sphere, mantle plume, and metasomatic lithosphere mantle
by subducted ancient crust [46]. Based on the isotopic and
trace elemental analyses discussed above, we suggest that
the Paleogene igneous rocks from the Huimin Sag were
sourced from the mantle rather than the crust. The primary
magma of the rocks likely originated from the melting of a
mantle plume and the further metasomatism of lithospheric
mantle and continental or oceanic crust.

5.2. Mantle End Member. Based on the Sr-Nd-O isotopic
and trace elemental analyses discussed above, three end
members in the study area can be proposed. The character-
istics of the samples are similar to HIMU, EMI, and EMII,
which are represented by those of Mangaia, Pitcairn, and
Society, respectively (Figure 9). Samples Shang 745-8, Shang
745-A, Shang 745-B, Shang 745-C, and Shang 745-D, which
have high 143Nd/144Nd ratios, plot within the HIMU and
Ontong Java OIB fields, whereas other samples plot within
the EMI and EMII fields close to the Society field, suggesting
the involvement of subduction-related materials. The analy-
ses presented above suggest that the three mantle plume end
members of the study area are as follows.

First is the low 143Nd/144Nd region represented by sam-
ples Xia 382-1 and Shang 745-11. Samples Xia 382-1 and
Shang 745-11 have 143Nd/144Nd, 87Sr/86Sr, and εNd of
0.5117 and 0.5122 (average of 0.5119), 0.7063 and 0.7088
(average of 0.7075), and -17.71 and -9.23, respectively, and
plot within the EMI and ancient lithospheric mantle fields
(Figure 7). These characteristics, in conjunction with the
high Y contents and Rb/Sr ratios and low LREEs and HFSE
contents and Sm/Nd ratios, indicate that the primary
magma experienced crustal remelting and mixing of multi-
ple sources.

Because Zr/Nb and La/Nb ratios can be slightly influenced
by fractionation, they are considered to represent those of the
mantle-derived rocks [41]. The Zr/Nb and La/Nb ratios of pri-
mary mantle and Ontong Java were 15.96 and 0.98 and 17.65
and 1.03, respectively, suggesting that the Ontong Java experi-
enced a higher degree of melting (Figure 9(a)). Samples Xia
382-1 and Shang 745-11 exhibited relatively low Zr/Nb and
La/Nb ratios of 5.118 and 0.610 and 5.362 and 0.671, respec-
tively, close to those of Pitcairn and Society (7). They plot in
the HIMU field and the boundary between Pitcairn and Soci-
ety fields, which are not exactly the same as typical OIB,
implying the influence of mixing of multiple sources [43].
The Th/Nb and Nb/U ratios of samples Xia 382-1 and Shang
745-11 were 0.082 and 22.488 and 0.072 and 21.56, respec-
tively, and the samples plot within the Ontong Java field; the
Th/Nb and Nb/U ratios of which were 0.082 and 35.15
(Figure 9(b)). They exhibited Rb/Sr ratios of 0.042 and 0.065,
respectively, close to those of the Ontong Java (0.069) and plot
within the OIB (Figure 9(c)). They exhibited La/Sm and Sm/
Yb ratios of 3.341 and 1.584 and 3.138 and 1.821, respectively,
and plot within the Siberia field, between the CLM and BCC
(Figure 9(d)). They exhibited average Nb/Y and Zr/Y ratios
of 0.966 and 4.906, respectively, and plot within the OIB field
(Figure 9(e)).

Second is the high 143Nd/144Nd region represented by
samples Shang 745-8, Shang 745-A, Shang 745-B, Shang
745-C, and Shang 745-D. These samples displayed 87Sr/86Sr
of 0.7081 to 0.7087 (average of 0.7083) and the highest
143Nd/144Nd of 0.5127 to 0.5129 (average of 0.5128); they
plot in a cluster close to the OIB (Figure 7). They also exhib-
ited positive εNd values, implying a depleted mantle source,
high LREEs, HFSEs, Rb/Sr and Sm/Nd, and low Y contents.
These samples had low Zr/Nb and La/Nb ratios of 2.70 and
0.62, respectively, plotting within the HIMU OIB field
(Figure 9(a)). They exhibited relatively lower average Th/
Nb and higher average Nb/U ratios of 0.074 and 36.493,
respectively, close to those of the Ontong Java (0.082 and
5.15) and plot within the Mangaia and Ontong Java fields,
which represent the HIMU OIB and oceanic platform basalt
(Figure 9(b)). They displayed an average Rb/Sr ratio of
0.057, close to the Ontong Java (0.069) and plot within the
BCC field (Figure 9(c)). These samples had the highest aver-
age La/Sm and Sm/Yb ratios (6.58 and 2.52, respectively) of
all the studied samples, implying that the magma experi-
enced no crustal contamination (Figure 9(d)). They exhib-
ited average Nb/Y and Zr/Y ratios of 0.937 and 4.866,
respectively, and plot within the OIB field (Figure 9(e)).
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Third is the moderate 143Nd/144Nd region, represented by
samples Xia 381-1-a, Xia 38-3, Xia 39-1, Shang 745-6, Xia 38-
2, Shang 745-4, Shang 745-E, and Xia 382-5. These samples

exhibited 87Sr/86Sr of 0.7046 to 0.7098 (average of 0.7075)
and 143Nd/144Nd of 0.5126 to 0.5127 (average of 0.5126).
The samples plot within the area close to the OIB and the
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CHUR line and had moderate Rb/Sr and Sm/Nd, low LREEs
and HFSEs, and high Y contents, implying an ancient rock
source. These samples had average Zr/Nb and La/Nb ratios
of 6.178 and 0.698, respectively, close to those of Pitcairn
and Society (7) and plot in the HIMU field and the boundary
between Pitcairn and Society fields (Figure 9(a)), which are
not exactly the same as typical OIB, implying the influence
of mixing of multiple sources. The average Th/Nb and Nb/U
ratios of the samples were 0.097 and 27.975, respectively, con-
sistent with those of the Ontong Java (0.082 and 35.15), and
they plot within the Ontong Java, Pitcairn, and Society fields
(Figure 9(b)). They had average Rb/Sr, Nb/Y, and Zr/Y ratios
of 0.042, 0.795, and 4.649, respectively, and plot within the
OIB field (Figures 9(c) and 9(e)). The average La/Sm and
Sm/Yb ratios of the samples were 3.073 and 1.722, respec-
tively, and they plot within the Siberia field, between the
CLM and BCC (Figure 9(d)).

5.3. Characteristics of Mantle Plume Magmatism. Mantle
plumes usually have a very large spherical head and a narrow
tail, along which fluids canmove upward rapidly [5, 47]. How-
ever, the nature of the reactions between mantle plume and
lithosphere remains controversial. Campbell and Griffiths
[47] suggested that the head of a mantle plume is a mixture
of source materials and materials from the sides of magma
channels. Because of the different sizes and depths of different
mantle plumes, the representative magmatic products of a
mantle plume head are alkaline rocks, due to crystallization
differentiation, metasomatism, and contamination when the
spherical head moves up and leads to the melting of the local
lithosphere, as well as involvement of mantle mixed sources
with different degrees of enrichment [5, 48]. The narrow and
long mantle plume tail can provide channels for the ascent
of high temperature and low viscosity mantle materials. The
melting of a mantle plume tail and agglutination and ascent
of magma provide the heat source and volatile components
that enhance further mantle rock melting. The rocks formed
by the mantle plume tail exhibit OIB-like geochemical charac-
teristics, including low Yb contents and high LREEs and
HFSEs (Ti, P, and Nb) contents [5]. The remelting of ascend-
ing mantle materials in the mantle plume channels caused by
abnormal heat can form picrite and picritic basalt, whereas the
magmatic products of a mantle plume tail are ultrabasic rocks.
The OIB are extremely geochemically enriched and were usu-
ally considered to be related to hotspots or mantle plumes
[49–51]. The samples examined in the current study have gen-
erally low 87Sr/86Sr ratios (mostly >0.710) and plot in the OIB
field (Figures 5–7 and 9(a)–9(e)), showing the characteristics
of a deep mantle source, which suggest that the genesis was
the mantle plume. The Sr-Nd-O isotopic and geochemical
characteristics of the studied samples indicate that the mantle
plume in the study area consists of a head, a tail, and a middle
section.

The mantle plume head: the EMI end member was
formed by metasomatism and melting of mantle materials,
which corresponds approximately to the MORB, and the
subducting oceanic crust, whereas the EMII end member is
formed by metasomatism of crust-mantle-derived fluids of
crustal components from the descending ancient slab or oce-

anic crust [45, 52]. The early formed magma of the mantle
plume has large proportions of crustal and lithosphere man-
tle materials because of contamination and involvement of
fertile mantle (EMI and EMII) during ascent. The mantle
plume head usually has mixed characteristics of two sources,
as the magma forms in the magma chamber of shallow crust
and experiences contamination and fractional crystalliza-
tion. Samples from Xia 382-1 and Shang 745-11 wells have
the lowest εNd values of -17.71 and -9.23, respectively, signif-
icantly lower than those of the OIB (-4.1 to 8.0) and MORB
(6.9 to 11.9) [53]. In the 87Sr/86Sr-143Nd/144Nd diagram, the
samples plot in the EMI, EMII, and ancient lithospheric
mantle fields (Figure 7). The lowest 143Nd/144Nd values of
0.5117 and 0.5122, as well as the depletion of LREEs, HFSEs
(Ti, P, and Nb), and Nb-Ta, indicate that the lithospheric
mantle that was previously metasomatized by crustal mate-
rials has experienced a low degree of homogenization.

The mantle plume tail: this section of mantle plume was
formed by the eruption of high-energy mantle materials that
experienced no crustal contamination. Rocks formed in the
mantle plume tail are mainly ultrabasic rocks, which have
high 143Nd/144Nd ratios, εNd values, LREEs, HFSEs (Ti, P,
and Nb), and low Yb contents. Samples Shang 745-A, Shang
745-B, Shang 745-C, Shang 745-D, and Shang 745-8 have
high 143Nd/144Nd ratios (0.5127 to 0.5128), LREEs, and
HFSEs (except sample Xia 381-1), as well as other geochem-
ical and isotopic characteristics of typical OIB. We therefore
consider that they were formed in the mantle plume tail.
Furthermore, the samples exhibited the highest positive εNd
values of 1.80 to 3.22 consistent with those of the OIB
(-4.0 to 8.0), suggesting a mantle source [53].

The middle section: rocks formed in the middle section of
mantle plume represented by samples Xia 38-2, Xia 38-3, Xia
381-1, Shang 745-4, Shang 745-6, Xia 39-1, and Shang 745-E
which are formed by magmas that experienced a low degree
of melting [54], crustal contamination, as well as involvement
of lithospheric material. They have moderate 143Nd/144Nd
ratios, εNd values, LREEs, and HFSEs (Ti, P, and Nb) contents.
The moderate 143Nd/144Nd ratios (0.5126 to 0.5127), εNd
values (-1.15 to 0.62), LREEs, and HFSEs of these samples
are lower than those of the mantle plume tail but higher than
those of the mantle plume head. The εNd values are distributed
around zero and close to the CHUR line, consistent with those
of the OIB (-4.0 to 8.0) [53].

6. Conclusions

The high Ti, P, and K contents of the studied igneous rocks
are consistent with those of mantle plume-derived basalts.
They are relatively enriched in LREEs and depleted in
HREEs and have patterns of REE similar to OIB. The enrich-
ment of LILEs (Ba, Pb, Sr, U, and K), incompatible elements
(Rb, Ba, Th, U, and K), and HFSEs (Nb, Ta, Zr, and Hf) is
similar to that of the mantle plume-derived OIB. The εNd
values and 87Sr/86Sr ratios of the rocks were -17.71 to 5.56
and 0.7046 to 0.7098 (mostly less than 0.710), respectively,
and mostly plot within the OIB field, with a few samples
within the ancient lithospheric mantle field close to the
EMI and EMII, typical characteristics of mantle plume.
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The mantle plume in the study area consists of a head, a
tail, and a middle section. The mantle plume head was rep-
resented by samples Xia 382-1 and Shang 745-11, which had
low εNd, LREEs, HFSEs, Nb, and Ta contents and mixed
characteristics of two sources. The mantle plume tail was
represented by samples Shang 745-A, Shang 745-B, Shang
745-C, Shang 745-D, and Shang 745-8, which have the high-
est εNd, LREEs, and HFSEs and typical isotopic and trace ele-
mental characteristics of OIB. The remaining samples
represent the middle section of the mantle plume and had
εNd values of approximately zero and close to the CHUR
line.

Trace elemental and isotopic characteristics suggest that
the studied rocks were similar to the HIMU, EMI, and EMII
OIB, represented by the Mangaia, Pitcairn, and Society,
respectively. The samples Shang 745-8, Shang 745-A, Shang
745-B, Shang 745-C, and Shang 745-D of the high
143Nd/144Nd region plot within the HIMU and OIB fields,
whereas the remaining samples plot within the EMI and
EMII fields close to the Society field, indicating enrichment
by subduction-related materials.

The (Th/Ta)PM and (La/Nb)PM ratios of the samples
were both less than 1.0, suggesting that the upper crust
had no role in the generation of the rocks. The O isotopes
plot close to the downward nonlinear curve, also indicat-
ing the absence of crustal contamination. The εNd values
of the sample ranged from -17.71 to 5.56, similar to those
of the mantle plume-derived CFB. Based on the isotopic
and trace elemental analyses discussed herein, we suggest
that the Paleogene igneous rocks from the Huimin Sag
were sourced from the mantle, rather than the crust. The
primary magma of the rocks likely originated from the
melting of a mantle plume, followed by further metasoma-
tism of lithospheric mantle and continental or oceanic
crust.
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Deep underground engineering often utilizes cyclic loading. To understand the deformation and damage characteristics of rock
under cyclic loading conditions, cyclic loading tests of three different specimens with varying lithology were performed. The
dissipated energy method was used to analyze the magnitude of damage and rock failure characteristics during the energy
evolution process of cube specimens. The results indicated that the modulus of elasticity of three lithologies were stable prior
and subsequent to cyclic loading. While the cyclic loading profile improved the rock’s resistance to deformation, it increased
the internal mesostructure defects. Rock damage caused by the cyclic loading reduced the uniaxial compression strength. This
was especially true for coal samples. For coal samples, these observations were consistent with internal coal damage calculated
by analysis. Under the same lithology and different loading modes, rock damage was caused by cyclic action, and the elastic
strain energy released by instantaneous unloading of rock samples with significant damage was reduced. The rupture
magnitude for cyclic loading was observed to be less than that of uniaxial compression. Under cyclic loading and varying
different lithologies, sandstone absorbed the most energy, resulting in a larger final fracture magnitude compared to other
lithologies.

1. Introduction

With the acceleration of industrialization, near-surface
resources are being gradually exhausted, and the develop-
ment and utilization of deep mineral resources has become
essential [1]. Due to the significant depth to access deep
mineral resources, roadways to access such resources are
surrounded by rock in a variable geological environment.
The presence of the tunnel containing the roadway has a
direct impact on the stability of the surrounding rock. This
is consequence of the tunnel’s structural characteristics, the
strength and mechanical properties of the surrounding rock,
and the impact of excavation unloading. In addition, related
support disturbance, propagating up to three support
heights into surrounding rock, is a key factor for the defor-
mation and failure of rock surrounding a deep tunnel [2, 3,

4]. In the engineering activities such as deep coal mining,
the excavation of roadway tunnels was processed with for-
ward excavation support, chamber, and tunnel excavation.
During these processes, the surrounding rock experiences
cyclic loading and unloading. The cyclic load will cause the
mechanical properties of the surrounding rock to deteriorate
and induce secondary failures. Such processes are more seri-
ous for deep roadway excavation.

Scholars globally have characterized the stress and
energy evolution under cyclical loading conditions. In addi-
tion, damage characteristics have also been characterized.
Research in these area includes Meifeng et al. [5], Li et al.
[6], and Wu et al. [7]. From the perspective of thermody-
namics, instable rock destruction is the factor driving energy
conversion, accumulation, dissipation, and other similar
processes. There is a connection between the expansion
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and development of rock internal microcracks, energy evo-
lution law, and destructive morphology. Consequently, there
is important theoretical significance to characterizing the
destructive rock behavior from the perspective of energy
evolution. Based on damage mechanics, Lei et al. [8] estab-
lished a shear damage evolution model for joints which con-
sidered freeze-thaw cycles and joint persistence. Kai-Nan
et al. [9] conducted Brazil splitting tests for shale and char-
acterized the sample energy distribution characteristics.
Yao and Wang [10] studied the energy variation rule for
granite experiencing uniaxial compression failure and con-
cluded that there was a linear relationship between energy
and confining pressure in the failure process. Li et al. [11]
conducted compression tests for coal at different loading
rates and studied the relationship between energy conver-
sion of coal and lumpiness after crushing. Ping et al. [12]
conducted compression damage experiments on white sand-
stone under uniaxial conditions with different loading rates
along with triaxial loading experiments with varying confin-
ing pressures and different control modes. In addition, Li
et al. [11] discussed the relationship between the loading rate
and both the final failure form and the ultimate strength of
white sandstone. Loading rate was also related to confining
pressure, loading control, and unloading control. Meng
et al. [13] performed uniaxial compression tests on red sand-
stone with varying sizes and strain rates. It was found that
the higher the absorption energy of red sandstone, per unit
volume, in the compression process, the larger the magni-
tude of the final rupture. Liu et al. [14], Xu et al. [15], and
Zhizhen and Feng [16] conducted cyclic loading tests under
uniaxial compression for sandstone, characterized the rela-
tionship between load and elastic energy and dissipated
energy, and analyzed sandstone rock burst propensity using
the elastic energy index. Li et al. [17] calculated a prelimi-
nary estimate of the spatter velocity of broken rock particles
based on the principle of energy conservation and provided
a set of steps and methods for preliminary analysis of the
overall failure mode together with the state and strength of
rock mass structure from the perspective of an energy bud-
get. Guo et al. [18] studied the mechanical properties and
deformation characteristics of rock under uniaxial cyclic
loading and characterized the stress-strain curve under each
cyclic loading. The stress-strain curve formed a hysteresis
loop which translated in the direction of increasing strain.
Yang et al. [19] conducted uniaxial and cyclic tests on a
coal-rock assemblage and found that dissipative energy
accumulated had experienced sudden changes. In addition,
it was indicated that rock fracture is caused by the release
of elastic strain energy. Liu et al. [20] and Cheng and Xiao
[21] used normalized dissipative energy to characterize rock
damage. Zhang et al. [22–23] studied the fragmentation pro-
cess of granite through acoustic emission observations and
studied the law of total elastic strain energy change at differ-
ent times. In addition, acoustic emission events under differ-
ent stress conditions were studied. In addition, research
regarding rock damage has also been a research topic receiv-
ing considerable attention. Chuang et al. [24] established
damage variable expression based on residual strain princi-
ples and Yang et al. [25] established damage variable expres-

sion based on energy principles. Residual deformation
accumulation is an external manifestation of internal dam-
age. It is a qualitative rather than quantitative indicator.
Energy is the internal cause of driving damage. The damage
model based on energy principles may objectively reflect the
damage evolution during rock deformation. In terms of rock
uniaxial compression, Zhao et al. [26] conducted quasistatic
and dynamic uniaxial compression tests on cylindrical thick-
walled granite specimen with different clay filling volumes to
understand the dynamic characteristics of rock in a mud-
water environment. Fan et al. [27] conducted uniaxial com-
pression tests on samples with a single nonpenetrating defect
and presented the crack growth behavior and fracture char-
acteristics of sandstone specimens with nonpenetrating frac-
tures during uniaxial loading.

Most of the mentioned studies were based on the loading
of rocks or with lower limit stresses, which did not fully
reflect the cumulative effect of energy-induced fatigue dam-
age and the nature of the rock damage processes. Based on
this study’s context, utilizing the rock destruction theory of
energy change, the load cycle addition and unloading of dif-
ferent rock tests are developed to provide a theoretical basis
for geotechnical engineering practice.

2. Materials and Methods

2.1. Engineering Background. Shandong Energy Zaozhuang
Mining Group’s Fucun Mine 1009 contains a working sur-
face material roadway which utilizes tunnel arm excavation
after the use of anchor parallel operation technology. The
parallel operation of the tunnel construction area is divided
into a header cutting area and an anchor operation area.
The front of the header and the header behind the anchor
operation division operate in parallel. The working area con-
tains the roadway hydraulic support, back circulation sup-
port, and hydraulic door support. The working principle
utilizes auxiliary support lifting the front of the manipulator
roadway door hydraulic support from the support area. This
support method is equivalent to a roof. Such an area which
contains two cycle loading effects may cause surrounding
rock strength deterioration and induce secondary failures.
This risk is suggested by the working principle utilized by
door hydraulic support and the indoor tests of loading and
unloading. See Table 1 for material lithologic characteristics
of the 1009 working face and see Figure 1 for hydraulic por-
tal support.

Verification of the effectiveness of the hydraulic tempo-
rary support for improving stability of the rock surrounding
the new roadway tunnel is vital. Also, characterizing the
deformation and failure characteristics of rock surrounding
the roadway when subjected to the installation of an
advanced temporary support structure is very important
for fast and safe roadway excavation. According to the actual
geological situation of the roadway surrounding rock and
the working principle of hydraulic portal support, cyclic
loading and unloading tests related to sandstone, mudstone,
and coal are carried out, combined with uniaxial compres-
sion test, to analyze the deformation and damage
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characteristics and energy evolution law of the roadway sur-
rounding rock.

2.2. Test Process

2.2.1. Sample Preparation. The large coal block and roof slab
rock block were collected at the site and analyzed in the lab-
oratory. During this analysis, three rock samples including
sandstone, mudstone, and coal were utilized. These samples
characterized the site lithological conditions. After cutting,
grinding, and processing into a standard 70 × 70 × 70mm
sample, the flatness and verticality of the processed test sam-
ple were verified to satisfy the rock test specification stan-
dard. The equipment used included a cutter (DQ-6) and
grinder (SHM-200) shown in Figure 2(a), while the resulting
sample is shown in Figure 2(b).

2.2.2. Test Scheme. Specimen combinations including rock,
sandstone, mudstone, and coal were used and analyzed.
Prior to cyclic loading, an uniaxial compression test was
conducted on each lithology sample. In order to minimize
measurement error, three samples were selected for dupli-

cate testing test to determine the average compressive
strength of varying lithologies. In addition, to magnify the
failure characteristics and energy evolution law for varying
lithologies, the loading was as much as 40% of the compres-
sive material strength, which was subsequently unloaded.
This was to model the hydraulic portal support’s working
principle. A loading speed of 0.2mm/min was utilized. Uni-
axial cycle loading adopted stress control. The cycle loading
and loading rate was 0.1MPa/s and there were four cycles.
After the cycle loading, the loading continued until the spec-
imen ruptured and experienced instability. The test process
was completed in the ROCK600-50 rock test system accord-
ing to the set control procedure. Figure 3 shows the
ROCK600-50 rock test system. The cycle loading method
is shown in Figure 4.

2.3. Results and Discussion

2.3.1. Basic Mechanical Properties. Table 2 contains an aver-
age for mechanical parameters for different lithological sam-
ples and the testing processes. One should note that after the

(a)

(b)

Figure 1: Hydraulic door bracket. (a) Renderings of hydraulic door-type bracket. (b) Photo of the hydraulic gate bracket.

Table 1: Comprehensive histogram of working face conditions.

No. Thickness (m) Depth (m) Formation No. Thickness (m) Depth (m) Formation

1 1.85 52.66 Medium sandstone 6 5.5 82.46 Coal seam

2 9.0 61.66 Fine sandstone 7 0.3 82.76 Mudstone

3 10 71.66 Medium sandstone 8 5.12 87.88 Siltstone

4 5 76.66 Siltstone
9 0.15 88.03 Sandy mudstone

5 0.3 76.96 Mudstone
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cyclic loading, loading was continued until the specimen frac-
tured and became unstable. The sandstone, mudstone, and
coal strength limits decreased, with the coal strength limit

decreased significantly by 15.42MPa. At 40% cyclic loading
and unloading, the average elastic modulus of mudstone and
coal was greater than that of uniaxial compression. The sand-
stone elastic modulus was reduced but not significantly. The
test indicated that the elastic modulus for the three rocks did
not change significantly after four cycles of loading and
unloading. The cyclical loading improved rock deformation
resistance but produced defects within the fine visual structure
inside the rock (such as microcracks and microholes). The
above conclusions can be explained by examining the energy
evolution and magnitude of rock damage.

2.3.2. Deformation Characteristics Analysis. During loading
and unloading, elastic deformation and plastic deformation
will continuously occur. The elastic deformation will be
completely recovered after the removal of the stress, while
the plastic deformation will accumulate and increase contin-
uously during each cycle of loading and unloading. Such
deformation is referred to as residual strain. Figure 5 shows
the stress-strain curves of uniaxial compression and cyclic
loading for different lithologies. Under cyclic loading, the
stress-strain curves of different lithologies are similar to the
uniaxial compression curves, which are divided into com-
paction, elastic, plastic, failure, and residual stages.

Each cycle produces plastic deformation, which results
in a constant shift to the right for the hysteresis curve.
Because the pore cracks in the initial cycle are not com-
pacted by the test piece, the first residual strain generated
by the initial cycle is larger than that of later cycles. The
strain difference under different cycles and the residual
strain difference are shown in Figure 6. The unrecoverable
strain generated when the stress is unloaded is the residual

Figure 3: ROCK600-50 testing system.

Time (s)

Stress
(MPa)

Figure 4: Cyclic loading mode. The compressive strength of rock
sample is 40% and the loading/unloading slope is k = ±0:1MPa/s.

(a)

(b)

Figure 2: Processing instruments and produced rock samples. (a) Rock sample processing instrumentation and (b) resulting test sample.
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strain. However, in the stress-strain curve, with increasing
stress, the difference between the two adjacent loading
curves increases. This indicates that the corresponding strain
difference at a given stress state is greater than the residual
strain generated by a given cycle. This implies that some of
the irreversible deformation under high stress is restored at
low stress conditions. This portion of recoverable deforma-
tion may a result of the microelement rebound of rock, the
recovery of microdefects, and other similar factors. This por-
tion of the recoverable deformation may result in the illusion
of large irreversible strain under a load threshold.

One may observe from the above data that the residual
strain difference of the first coal cycle is larger than that of
other lithologies, which indicates that there are many cracks
and holes in the coal body resulting in large unrecoverable
deformation. The sandstone interior itself contains compar-
atively fewer defects; consequently, the unrecoverable defor-
mation is small. Mudstone has the lowest elastic modulus,
low deformation resistance, significant deformation ability,
and good recovery ability. Consequently, the residual defor-
mation produced by the first cycle addition and unloading is
less than other lithologies.

2.3.3. Analysis of Macrodestruction Characteristics. Three
different lithological cubes loaded to fracture are shown in
Figure 7. These specimens include three lithologies. The
sandstone specimen shows principally tapered damage, and
the mudstone specimen principally exhibits shear failure at
angles of 45°. For the coal specimens, failure is generally
tapered with some shear failure along angles of 45° along
with split failure. For these fracture conditions, a theoretical
study of 45° shear failure and cone failure is performed.

(1) Shear Failure. When the test block is in a state of uniaxial
compressive stress, the mechanical model of the shear belt

with a point of its force is shown in Figure 8. According to
the mechanical model for the uniaxial stress state, the
stresses along the oblique m-n plane are analyzed. The axial
pressure is decomposed into components parallel, τn, and
orthogonal to the m-n direction, σn. Using the Moore-
Coulen criterion principle, the following formulas are
obtained.

σn =
1
2σ1 +

1
2σ1 cos 2β = σ1 cos2β, ð1Þ

τn =
1
2 sin 2β = σ1 sin β cos β: ð2Þ

Here, τn is the “sliding force” that causes shear damage,
and σn improves the sliding friction resistance on the rup-
ture surface. The value of the angle β affects the magnitude
of τn and σn. The oblique section τn has the largest shear
stress when β is 45°, but the shear resistance at the oblique
section of 45° is the minimum. The surface generally rup-
tures at the section with the largest difference between the
shear stress and the shear strength. The failures for the spec-
imens with the three types of lithology generally occur on
surfaces oriented at angles of 45° from the applied load.

According to the Moore-Coulen criterion, the shear
strength τf at an angle β can be expressed as

τf = c + μσn: ð3Þ

Here, c is the cohesive force (MPa), and μ is the friction
coefficient on the inclined section, which is related to the
roughness of the inclined section. μ = tan φ, where φ is the
internal friction angle of the rock sample.

Table 2: Table of varying lithologic mechanical parameters.

Lithology
The specimen

number
Strength of
limit (MPa)

Average
intensity (MPa)

Modulus of
elasticity (GPa)

Average elastic
modulus (GPa)

Uniaxial compression

Sandstone

SY-1-01 58.58

56.04

4.173

3.861SY-1-02 52.48 3.490

SY-1-03 57.06 3.920

Mudstone

NY-1-01 12.29

10.89

1.099

0.981NY-1-02 9.24 0.704

NY-1-03 11.13 1.139

Coal

M-1-01 13.09

30.31

1.228

1.296M-1-02 32.33 1.420

M-1-03 28.29 1.241

Cyclic loading
and unloading

Sandstone
SY-2-01 55.39

50.34
3.582

3.665
SY-2-02 45.29 3.748

Mudstone
NY-2-01 12.00

9.96
0.896

1.030
NY-2-02 7.92 1.164

Coal
M-2-01 13.90

14.89
1.256

1.364
M-2-02 15.87 1.472
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Figure 5: Continued.
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When the coaxial pressure is greater than a threshold
value, the shear stress, τn, exceeds the shear strength τf ,
and fracture occurs along the oblique β surface. The oblique
β cross section is the most probable rupture surface with the
rock sample. The equation for τn at oblique angle β at the
limit of instability balance is

τn ≥ τn = c + μσn: ð4Þ

Substituting equations (1) and (2) into equation (4)
yields

1
2σ1 sin 2β ≥ c + μσ1 cos2β: ð5Þ

One may observe that shear damage occurs under the
conditions indicated previously. In addition, provided the
strength parameters for lithology, c, μ, and σ1, are known,
the rupture angle range and the most probable fracture angle
can be utilized to mitigate fraction risk.

(2) Cone Destruction. The cone disruption is caused by the
end-surface effect and shear. The test machine places pres-
sure on the sample face oriented toward the end face’s center
of the friction. Consequently, the transverse deformation of
the sample face is constrained, which restricts the lateral
deformation of the test sample and has a role similar to
the peripheral pressure. In the process of sample transition
from plastic deformation to fracture, specimen expansion
becomes more significant. The end surface effect has a more
important role as the loading continues. Friction with the
rigid loading plate restricts movement to two specimen
sides. Farther from the upper and lower specimen surfaces,
where the friction effect is less, the largest lateral displace-
ment occurs. This is approximately near the middle of the
rock sample. The observed and calculated damage agree well
near the middle of the outward bulge, which is shown in
Figure 9.

Prior to fracture, the specimen “collapse zone” (near the
specimen exterior at axal locations close the maximum
deformation) generally fractures and falls from the sample.
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Figure 5: Total stress-strain curves. (a) Uniaxial compression for the SY lithology. (b) Uniaxial compression for the NY lithology. (c)
Uniaxial compression for the M lithology. (d) Cyclic loading for the SY lithology. (e) Cyclic loading for the NY lithology. (f) Cyclic
loading for the M lithology.
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The “thrust area” (areas of the sample influenced by the
deformation constraints introduced by loading) thrust zone
has a tendency to penetrate into the cube. With increasing
pressure, two intersecting shear planes are formed inside
the rock sample. With increased loading, the thrust zone is
crushed into the collapse zone. The outer surface begins to
collapse. Finally, a pair of “core,” damaged surfaces, which
are approximately symmetric, results from the loading. This
process is summarized in Figure 10.
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Figure 6: Residual strain difference of different lithologies with number of cycles.
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Figure 7: Typical fracture patterns for different lithological specimens. (a) Sandstone (cone damage). (b) Mudstone (45° shear damage). (c)
Mudstone (crack break). (d) Coal (split break). (e) Coal (tapered damage). (f) Coal (45° shear damage).
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(3) Cleavage Breakdown. The mudstone and coal specimens
showed cleavage failure. The probability of cleavage failure
for mudstone was greater than that of coal, while sandstone
did not show cleavage failure. The nature of splitting failure
is that the rock tensile strength is significantly less than the
compressive strength, and the mudstone and coal specimens
reach their tensile strength before reaching their compres-
sive strength. This resulted in tensile cracks within the rock
samples. Under cyclic loading, tensile cracks grew and even-
tually formed splitting failure surfaces. The compressive
strength of the three lithologies was in the order sandstone
> coal > mudstone. The sandstone specimen’s compressive
strength was much greater than that of coal or mudstone.
Specimens with small compressive strength were subjected
to small compressive pressure by the pressing plate. Regard-
ing the neglecting of the end faces’ friction coefficient, the
friction effect of the end face can be reduced by using a spec-
imen with low compressive strength. This low compressive
strength was also a reason for the specimen splitting failure.

(4) Energy Analysis and Rock Damage under Cycle Loading and
Unloading. Rock damage is a deterioration process of material
or structure caused by fine structure defects (such as micro-
cracks and microholes), under the action of external loading
and environmental factors. Energy is the driving force driving
the development of fine structural defects; consequently, the
rock deformation and fracture processes must be accompanied
by capacity transformation. It is feasible to analyze the energy
transformation characteristics of the rock deformation and
rupture process to characterize the magnitude of rock damage.

The process of rock cycle loading and unloading results
in the external force constantly performing work on the

specimen. The external force is converted into elastic strain
and dissipation energy. Using the principles of thermody-
namics, energy transformation is the essential process by
which the energy state of the specimen changes, as mani-
fested by the rock deformation. Ultimately, the destruction
of the specimen is an instability driven by changes of inter-
nal energy. According to the conservation of energy,

U =Ue +Ud: ð6Þ

Here,U is pressure performing work on the rock, specifi-
cally, the strain energy stored within the rock lattice.Ud is
the dissipative energy transferred to the rock’s lattice during
the loading process. Ue is the elastic strain energy trans-
ferred to the rock’s lattice during the loading process.

During rock loading, a portion of the transferred energy
is absorbed by the rock’s lattice is consumed to drive plastic
deformation and damage, such as the formation and devel-
opment of cracks. The other portion of transferred energy
is stored in the lattice rock as elastic strain energy. This
energy is completely recovered when the rock sample is
unloaded. In cyclic loading, the elastic strain energy and dis-
sipation energy are numerically equal to the area enclosed by
the corresponding full stress-strain curve and the coordinate
axis, as shown in Figure 11.

Based on basic principles and methods of energy analy-
sis, cumulative dissipated energy is proposed to be indicative
of energy dissipation after different cycles. The magnitude of
damage is defined as the ratio of cumulative total strain
energy to that at the cycle of specimen failure. The calcula-
tion of cumulative dissipated energy is shown in equations
(7)–(9). The full stress-strain curve data of different lithology
cube specimens were decomposed, and the area of each cycle
was calculated by using the integral function provided in
Origin software.

Ud ið Þ = 〠
i

k=1
Ud

k , ð7Þ

where UdðiÞ is the cumulative dissipated energy in cycle i
and Ud

k is the dissipated energy during cycle k.

U ið Þ =Ue ið Þ +Ud ið Þ, ð8Þ

Direction of friction

Deformation

The binding force of
friction effect on the end

face of specimen

Direction of friction

n

Figure 9: Deformation produced by friction at the specimen top
and bottom faces.
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Figure 11: Calculated areas and the interrelationship of elastic
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where UðiÞ is the cumulative total strain energy during cycle
i and UeðiÞ is the cumulative elastic strain energy during
cycle i.

D ið Þ = Ud ið Þ
U tð Þ ∗ 100%, ð9Þ

where DðiÞ is the magnitude of rock damage when loading to
cycle i and UðtÞ is the cumulative total strain energy at the
failure cycle.

After the conversion of the strain, the test results are
shown in Table 3.

Based on test data, the cumulative energy dissipation and
rock damage trends are shown in Figure 12.

Table 3: Changes of various energy parameters for cycle loading and unloading.

(a)

Lithology Coal
Number of loading
and unloading cycles

Cumulative dissipation
energy Ud (kJ·m−3)

Cumulative strain
energy U (kJ·m−3)

Degree of
damage D (%)

Mean degree of
damage (%)

1
1.016 4.098 3.16

3.23
0.982 4.048 3.30

2
1.949 7.549 6.06

6.26
1.923 7.392 6.45

3
2.740 10.973 8.52

8.86
2.741 10.689 9.20

4
3.356 14.335 10.44

10.85
3.352 14.062 11.25

The final cycle
32.156

100.00
29.799

(b)

Lithology Mudstone
Number of loading
and unloading cycles

Cumulative dissipation
energy Ud (kJ·m−3)

Cumulative strain
energy U (kJ·m−3)

Degree of
damage D (%)

Mean degree of
damage (%)

1
0.720 1.088 3.36

3.21
0.590 1.326 3.05

2
1.055 1.877 4.93

4.78
0.892 2.503 4.62

3
1.451 2.684 6.78

6.53
1.211 3.744 6.27

4
1.935 3.624 9.04

8.45
1.519 4.974 7.86

The final cycle
21.40

100
19.32

(c)

Lithology Sandstone
Number of loading
and unloading cycles

Cumulative dissipation
energy Ud (kJ·m−3)

Cumulative strain
energy U (kJ·m−3)

Degree of
damage D (%)

Mean degree of
damage (%)

1
2.261 7.730 1.71

2.10
3.314 7.269 2.48

2
3.663 14.919 2.76

3.18
4.810 12.681 3.60

3
5.791 21.787 4.37

4.93
7.312 19.338 5.48

4
6.629 28.809 5.00

6.17
9.788 26.047 7.33

The final cycle
132.539

100.00
133.449
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Using the data presented, one can arrive at the following
conclusions. First, compared with the other two lithologies,
sandstone has the highest cumulative dissipation energy, but
after four loading cycles, its damage is the lowest at only
6.17%. This reflects the property of sandstone to have superior
antifatigue ability compared with that of coal and mudstone.
Second, the cumulative dissipated energy of coal is inferior
to that of sandstone, but the magnitude of damage for coal is
the highest of the studied lithologies. After four loading cycles,
the damage is 10.85%. This conforms with its deformation
characteristics, and the strength limit of coal decreases the
most of the considered lithologies, with a decrease of
15.42MPa. The deformation characteristics and energy and
magnitude damage verify each other. This infers that the test
results are reasonable. Third, for mudstone, the cumulative
dissipation energy after four loading cycles is the minimum
of the considered lithologies. This indicates significant elastic
deformation for mudstone in addition to a significant internal
deformation energy of total strain energy. This results in low
energy dissipation, which is similar to the low residual strain
of mudstone. Fourth, under different lithological cycle loading
modes, loud sounds were emitted during rock damage. This

was accompanied by the ejection of rock debris. The sandstone
absorbs the most energy of the considered lithologies. It stores
the most elastic strain energy, and the rupture magnitude is
greater than other considered lithologies.

During the test procedure, both coal and sandstone suf-
fered burst damage when the uniaxial compression reached
the ultimate compressive strength. The damaged area, frag-
mentation, and fragment speed were all “violent” than the
state caused by cyclic loading. This was mainly due to the
energy evolution difference between uniaxial compression
and cyclic loading. This is shown in Figure 13 for sandstone.

The observed behavior, including magnitude of damage,
of different rocks can be explained by the energy evolution
process. Studies have explained the principal reasons for
rock damage using energy conversion. Any rock stress state
corresponds to an energy state, from elastic and plastic
deformation to failure. Energy is always exchanged with
the surroundings, to maintain dynamic balance. Before the
rock mass reaches the ultimate stress, it primarily absorbs
energy from the surroundings. After the rock reaches the
ultimate stress, it releases this energy back to the surround-
ings. The dynamic failure of rock is the result of the rapid
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Figure 12: (a) Average cumulative dissipated energy. (b) Average degree of rock damage.
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Figure 13: (a) Uniaxial compression failure state. (b) Cyclical loading final failure state.
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accumulation and release of internal elastic energy in the
failure state. For the coal and sandstone, which exhibited sig-
nificant burst damage, the cyclic loading and magnitude
fracture can be analyzed from the perspective of energy con-
servation. The same analysis can be performed for fragment
ejection velocity being less than that of uniaxial compres-
sion. With an increasing of the number of loading cycles,
the dissipative energy accumulated continuously, promoting
the continuous formation and development of cracks.
Finally, through theoretical calculation, the magnitude of
damage for of coal and sandstone were 10.85% and 6.17%,
respectively. This indicated that these rock samples were in
the “plastic state.” When the rock sample reached the ulti-
mate strength failure, the elastic strain energy released by
instantaneous unloading was less for the cyclic loading than
for simple uniaxial loading.

3. Conclusions

It was demonstrated that the modulus of elasticity of the
three lithologies did not change significantly after four load-
ing cycles. The loading cycles improved the rock’s antidefor-
mation ability but caused material defects (such as
microcracks and microvoids) in the internal rock mesostruc-
ture. The magnitude of damage degree was the greatest for
coal. It was also found that the ultimate strength decreased
the most for coal, decreasing by 15.42MPa. The magnitude
of damage degree calculated by theory is consistent with
the mechanical properties observed in the test.

There are many defects, such as fissures and holes, with
in the coal body. This resulted in large, unrecoverable defor-
mation. Mudstone had the smallest elastic modulus, but it
had significant deformation and recovery ability; conse-
quently, the residual deformation produced by the first
cyclic loading was small. Comparing the failure modes of
the three cubic lithologies, except the mudstone and coal
specimens which generally failed by splitting failure, the
specimens generally failed by shear and conical failure.

Under the same lithology and different loading modes,
rock damage was caused by cyclic action, and energy evolu-
tion was different between the specimens. The transient
unloading with significant previous damage may release less
elastic strain energy. The cyclic loading and had a smaller
fracture damage than that of uniaxial compression. Under
different cyclic loading modes for different lithologies, sand-
stone absorbed the most energy, stored the most elastic
strain energy, and had the largest magnitude of rupture
destruction compared to other lithologies.
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The difficulty in enhancing the low permeability of deep coal seams is the key problem restricting gas extraction. The technology
of coal rock resonance and permeability enhancement excited by vibration wave is hailed as a new technology to enhance coal
seam permeability. In particular, the effect of resonance and permeability enhancement is remarkable when the excitation
frequency is exactly the same as the natural frequency of coal. In order to promote the application of the technology, the first
step is to explore the variation characteristics of coal natural frequency and its influencing factors. In this study, two
mathematical models of coal natural frequency were established, and the variations and influencing factors of coal natural
frequency were discussed through an experiment on the natural frequency of coal. The results show that coal vibration has
multiorder natural frequency which grows with the increase of the order. In addition, the natural frequency of coal is closely
related to its elastic modulus, density, size, mass, stiffness, and other physical and mechanical parameters. The larger the coal
size and mass are, the lower the natural frequency would be. The natural frequency parallel to the bedding plane is higher than
that perpendicular to the bedding plane. For the saturated coal sample, moisture changes its density and reduces its elastic
modulus. Consequently, its natural frequency is lower than that of the dried coal sample. The difference of organic matter and
mineral content coal of different rank affects the physical and mechanical properties of coal, which leads to the difference in
natural frequency of different-rank coals. The natural frequencies of different-rank coal show bituminous > anthracite >
lignite. The natural frequencies of coal samples under different influencing factors are all tens of Hz. Thus, the vibration
excitation of coal under the low-frequency condition is the focus of future research. The study can provide a theoretical basis
for the technology of coal resonance and permeability enhancement excited by vibration wave.

1. Introduction

The ground stress and gas pressure in coal seams increase
as coal mining continues to deepen, which brings difficulty
to gas extraction. Coal, as an organic matter containing
unconventional natural gas resources, forms different types
of pores during coalification [1]. Pore is the main place to
store coalbed methane and fracture system is the main
way of gas migration in coal seam. The abundance of
micro-nano pore determines the permeability and gas
adsorption capacity of coal seam, which directly affects
the extraction of coalbed methane [2]. In addition, the

permeability of coal is also affected by effective stress,
matrix shrinkage and expansion, and gas slippage [3]. This
shows that the mechanical properties of coal also affect the
production of coalbed methane. Therefore, aiming at low-
permeability coal seam, seeking a scientific new technology
to improve the permeability of coal seam is the key to the
success of coalbed methane exploitation.

Yuan [4] proposed that it is necessary to carry out
research on the mechanism of modified anti-reflection of
deep low-permeability coal seam to realize the large-scale
anti-reflection of coal seam. The technology of permeability
enhancement excited by mechanical wave vibration can not
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only disturb the coal seam and increase pores and cracks in
coal but also modify coal seam gas adsorption/desorption to
promote gas desorption and seepage. The technology has
become a hot spot of the research on the permeability
enhancement of low-permeability coal seams by means of
an external physical field.

In the prevention and control of coal mine gas disaster,
permeability enhancement mechanisms such as vibration-
induced coal and gas outburst [5, 6], deep-hole blasting
[7–9], CO2 presplitting [10, 11], hydraulic fracturing
[12–15], and acoustic or ultrasonic vibration [16, 17] are
related to the theories of coal rock excitation by vibration
wave. As a new technology, vibration wave excitation boasts
great potential in improving the permeability of coal rock.
Scholars have carried out extensive researches on gas
desorption and coal rock crushing excited by vibration wave.

In terms of gas desorption excited by vibration wave,
Chen et al. [18, 19] studied the influence of vibration on
gas desorption diffusion in granular coal and drew the fol-
lowing conclusions: (1) With the increase of vibration fre-
quency, gas desorption of coal samples first increased and
then decreased. (2) Mechanical vibration could generate
shear force in adsorbed gas to promote its desorption. (3)
A larger vibration amplitude is conducive to gas desorption.
Jiang et al. [20] proved that sound field can improve the
desorption volume of methane, and the desorption volume
increases with the increase of sound intensity. According
to the above studies, vibration can promote gas desorption
in coal, but the gas desorption effect varies greatly under dif-
ferent vibration frequencies.

In terms of coal rock crushing excited by vibration wave,
Li et al. [21] proved that with the increase of excitation fre-
quency, the drilling speed of rock increased and reached the
maximum value at the natural frequency of rock. Yin et al.
[22] found that the natural frequency of high-density hard
rock ranged from 20 kHz to 38 kHz. Li et al. [23] adopted a
large-scale vibration test device, and it is concluded that
the coal body accelerates rupture when resonance occurs.
Li et al. [24] put forward the theory of rock modal analysis
and concluded that the cracks inside the rock would lead
to the decrease of its natural frequency. The theory and prac-
tice [25, 26] show that the permeability enhancement is the
best when the frequency of vibration wave is the same as
the natural frequency of coal and rock. The study confirmed
that the natural frequency of coal rock was related to the
mass and stiffness of the system. The natural frequency of
soft rock and coal, which generally ranged from tens of Hz
to hundreds of Hz, belonged to low-frequency vibration.
At the same time, the natural frequency of coal rock
decreases with the fracturing of coal rock.

The technology of coal rock resonance and permeability
enhancement excited by vibration wave (hereafter referred
to as the RPEEVW technology) works in the following
way. When the frequency of vibration wave is close to the
natural frequency of coal, the amplitude of coal rises after
forced resonance, so that pores and cracks in coal expand
significantly. Obviously, the realization of this technology
is closely related to the natural frequency and vibration char-
acteristics of coal. However, compared with rock, coal has a

more complex and its natural frequency is affected by more
factors. Therefore, the study on the variations of coal natural
frequency and its influencing factors is the premise and basis
for the implementation of the RPEEVW technology.

In this study, considering the working requirements for
permeability enhancement excited by vibration wave in
low-permeability coal, the mathematical models of natural
frequency of coal were established based on theoretical anal-
ysis on the natural frequency of coal. Moreover, an experi-
ment was performed on the variations of the natural
frequency of coal. In this way, the influences of factors such
as coal bedding, size, coal rank, and moisture on the natural
frequency of coal were explored. The research results can
provide a theoretical basis for the RPEEVW technology.

2. Models of Natural Frequency of Coal

Natural frequency is a kind of inherent property of struc-
tural specimen, coal, and rock materials that have their
own natural frequency. In this paper, it is assumed that
coal is isotropic and homogeneous. On the premise of
ignoring the influences of pressure and temperature on
coal vibration, the vibration system of coal body is simpli-
fied according to the relevant vibration theories [27].
Based on the physical model of single-degree-of-freedom
coal, the entire mass of coal is concentrated on the particle
m, and all of its elasticity is concentrated in the equivalent
spring. In this case, the stiffness k of the coal is the equiv-
alent stiffness of the equivalent spring. All the damping
existing in the coal is equivalent to a damper represented
by c (Figure 1).

When the coal is in a static equilibrium position, the
generated velocity _x and acceleration €x are both functions
of time t. According to Newton’s Second Law, the free vibra-
tion differential equation of single-degree-of-freedom coal is:

m€x + c _x + kx = 0, ð1Þ

where m is the mass of coal, kg; c is the damping of coal,
dimensionless; k is the stiffness of coal, N/m; x is the dis-
placement of coal relative to the equilibrium position, m.

Eq. (1) is a linear homogeneous second-order differential
equation with constant coefficients. Let ωn =

ffiffiffiffiffiffiffiffi
k/m

p
, ξ = ðcÞ/

ð2 ffiffiffiffiffiffiffi
km

p Þ. The initial conditions are:
xð0Þ = x0 and _xð0Þ = _x0. Laplace transformation was con-

ducted on both sides of Eq. (1) to obtain the solution of the
differential equation of vibration frequency of single-degree-
of-freedom coal:

x tð Þ = e−ξωntB sin ωdt + φð Þ, ð2Þ

where B =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x20 + ð _x0 + ξωnx0/ωdÞ2

q
, ξ = c/2

ffiffiffiffiffiffiffi
km

p
, ωd = ð1 −

ξ2/2πÞ ffiffiffiffiffiffiffiffi
k/m

p
, φ = tg−1ðx0ωd/ _x0 + ξωnx0Þ;

B is the amplitude, m/s2; ξ is damping ratio, dimension-
less; ωd is the natural frequency of coal, Hz; φ is the phase
angle, rad. Assuming that coal is an elastic medium, then
its stiffness can be obtained from the stiffness equation of
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elastic material [28, 29]:

k = EA
L

, ð3Þ

where E is the elastic modulus of coal, N/m; A is the cross-
sectional area of coal, m2; L is the length of coal, m.

By substituting Eq. (3) into ωd in Eq. (2), the calculation
equation of coal natural frequency can be obtained:

ωd =
1 − ξ2

2π

ffiffiffiffiffiffiffi
EA
mL

r
: ð4Þ

When the coal is a cube or cylinder, its natural frequency
can be expressed as:

ωd =
1 − ξ2

2π

ffiffiffiffiffiffiffi
E
ρL2

s
, ð5Þ

where ρ is the density of coal, kg/m3.
It is concluded that the natural frequency of macroscopic

coal is not only related to the damping ratio and size of coal
but also closely related to the physical and mechanical
parameters such as density and elastic modulus of coal.
Among them, the damping ratio of coal and rock is generally
much less than 10%, so the influence of damping ratio on
the natural frequency of coal can be ignored.

In fact, as a special continuous elastic body, the internal
structure of coal is quite complex. Coal contains not only
pores and fractures but also cleft bedding structure. The
interaction between adjacent cleats and beddings can be
assumed as free vibration between homogeneous blocks.
Therefore, when the damping is ignored, the interaction
between coal cleats and beddings can be represented by the
physical model of the multi-degree-of-freedom system
(Figure 2).

According to D’Alembert’s principle, the differential
equation of free vibration of multi-degree-of-freedom coal
is:

M€X + KX = 0: ð6Þ

In Eq. (6),M is the mass matrix of adjacent bedding coal;
K is the stiffness matrix of adjacent bedding coal; X is the
displacement vector of coal.

The coal itself has n degrees of freedom due to the free
vibration between coal matrix blocks, and its vibration natu-

ral frequency can be expressed by the n-dimensional matrix
or the column vector:

K − ω2M
� �

ϕ = 0
X tð Þ = ϕ sin ωt + θð Þ

(
, ð7Þ

where ϕ is the n-dimensional column vector; ω is the natural
frequency of multi-degree-of-freedom coal, Hz; θ is the
phase angle, rad.

Conditions for the non-zero solution of Eq. (7) are as
follows:

K − ω2M
�� �� = 0: ð8Þ

The solution of Eq. (8) yields n values which can be
arranged in an ascending order:

0 < ω1 ≤ ω2 ⋯≤ωn, ð9Þ

where ωiði = 1, 2, 3,⋯nÞ is the i-th natural frequency of coal
vibration.

In the multi-degree-of-freedom coal vibration model, the
natural frequency of coal is closely related to the distribu-
tion, mass, and stiffness of bedding, and the vibration of coal
has multiorder natural frequency, which increases with the
increase of the order.

Based on the above established natural frequency vibra-
tion models on single-degree-of-freedom and multi-degree-
of-freedom coals, it can be seen that coal vibration has mul-
tiorder natural frequency which grows with the increase of
the order. In addition, the natural frequency of coal is
directly determined by the physical and mechanical param-
eters such as elastic modulus, density, size, bedding, mass,
and stiffness.

Taking coal as a whole specimen, the single-degree-of-
freedom vibration model of coal is established. The single-
degree-of-freedom vibration model of coal is used to illus-
trate the macroscopic influence factors of natural frequency.
However, any continuous structure can be regarded as com-
posed of infinite number of micro-rigid bodies. From the
microscopic point of view, the interaction between adjacent
cleft bedding inside coal can be considered the free vibration
between homogeneous blocks. The multi-degree-of-freedom
vibration model of coal body closely links the stiffness
matrix and mass matrix with the macroscopic physical
parameters such as elastic modulus, density, and size of the
specimen. It lays a foundation for the industrial analysis of
coal samples, the test of physical and mechanical parame-
ters, and the analysis of natural frequency experimental
results.

3. Experiment on Coal Natural Frequency

In order to further study the change characteristics of coal
natural frequency, typical experimental coal samples with
different rank of high, middle, and low coal were collected
and prepared. Furthermore, an experiment was performed
on the variations of coal natural frequency with the aid of

k c

m

Figure 1: Vibration model of single-degree-of-freedom coal.
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the experimental system setup using the relevant equipment
of the State Key Laboratory Cultivation Base Forgas Geology
and Gas Control relying on Henan Polytechnic University.

3.1. Test Principle and Device

(1) Test principle

Natural frequency is the inherent property of coal and rock
material. When the coal body is subjected to external excitation,
it will vibrate freely at a specific frequency, which is called the
natural frequency of the coal body [23]. In this paper, instanta-
neous hammering method is used to test the natural frequency
of coal. The specific operation is as follows: firstly, the accelera-
tion sensor is installed on the surface of the cube coal sample to
be tested by means of vaseline adhesive; secondly, using force
hammer for instantaneous percussion hammer of coal samples,
coal sample under a vibration shock pulse, the specimen will be
its own inherent low order natural frequency of free vibration;
finally, the frequency domain curve of the coal sample was
obtained by applying fast Fourier transform (FFT) to the col-
lected vibration signal, and the frequency corresponding to
the acceleration peak, namely, the natural frequency of coal,
was found on the curve.

(2) Test device

The test device of coal natural frequency comprises a
force hammer, a foam board, the experimental coal sample,
a vibration sensor, a vibration parameter detector, and a
computer. The schematic diagram and photo of the test
device are shown in Figure 3.

The vibration sensor used in the experiment is a three-
direction piezoelectric accelerometer PV-97I sensor produced
by RION, Japan. The sensor has a frequency measurement
range of 1-10,000Hz and a maximum test acceleration of
500 g. Since the natural frequency of coal is below 100Hz,
the sampling frequency in this experiment is set to 1-200Hz,
and the sampling number is 1,024. In addition, in order to
avoid the influence of external medium on the vibration signal
acquisition of acceleration sensor to the greatest extent, the
foam board was used to support the coal sample for testing.

The vibration parameter detector is a SA-02 vibration
noise analyzer produced by RION, Japan. The analyzer boasts
the function of multichannel vibration signal acquisition and
analysis. The analysis software that matches the vibration
noise analyzer, i.e., the exclusive SA-02BASE vibration noise
signal analysis system produced by RION, Japan, can conduct
FFT analysis on the vibration signal data obtained and calcu-
late the natural frequency of coal vibration.

3.2. Vibration Signal Processing

k1 k2 kn

Coal rock bedding

Coal rock bedding

Figure 2: Vibration model of multi-degree-of-freedom coal.

SA-02 vibration and noise analyzer

SA-02 Computer

Piezoelectric accelerometer PV-97IForce hammer

Foam board

Coal

(a) Schematic diagram

Coal

Piezoelectric accelerometer PV-97I

SA-02 vibration and noise analyzer

Computer

Force hammer

Foam board

(b) Physical map

Figure 3: Testing device of coal natural frequency.
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(1) FFT transform

The original signal obtained by the signal acquisition
system is the time-domain signal that changes with time.
The vibration noise analysis software SA-02 BASE can be
used to collect the time-domain signal for fast Fourier trans-
form (FFT) to get the frequency domain signal, in the fre-
quency domain diagram to determine the natural
frequency of the sample. The formula of FFT transform is
as follows [27]:

X fð Þ =
ð∞
−∞

x tð Þe−j2πf tdt, ð10Þ

where Xð f Þ is the frequency domain representation of the
signal; xðtÞ is the time-domain representation of the signal.

(2) Signal interception

Because the time-domain signal we collected is of finite
time length, so it is necessary to intercept the signal before
FFT transformation. The time-domain weighting function
used for intercepting signals is called window function. The
selection of window function depends on the purpose of anal-
ysis and the type of vibration signal, which is generally selected
according to the following principles: (1) If the truncated sig-
nal is a periodic signal, there is no leakage and no window is
needed. (2) If the signal is a random signal or there are multi-
ple frequency components in the signal, and the test focuses
on the frequency point rather than the energy size, Hanning
window should be selected. (3) For calibration, accurate
amplitude is required and flat-top window can be selected.

Combined with the selection principle of the above win-
dow function, the natural frequency of the coal sample is the
focus of the analysis when the “Instantaneous Hammering
method” is used to test the natural frequency of the coal
body. Therefore, Hanning window is selected for signal
interception in this paper.

(3) Frequency domain average

In order to improve the reliability of the test results, after
collecting the time-domain data of the specified test times,
the vibration and noise analysis software SA-02 BASE is
used. Firstly, the time-domain signal data collected each
time are transformed by FFT to obtain the corresponding
frequency domain data. Then, the acceleration amplitudes
of the same frequency points in the frequency domain signal
are automatically summed and averaged, and the final spec-
trum diagram with dominant frequency is obtained.

3.3. Experimental Coal Samples. Experimental lignite coal
with a low metamorphic degree from Dongsheng Coal Mine

Beijing
Lignite sampling location

Bituminous sampling location
Anthracite sampling location

Figure 4: Sampling locations of experimental coal samples.

Table 1: Proximate analysis results of coal samples.

Type of coal
Proximate (wt%)

Mad Aad Vad FCad

Lignite 5.82 9.56 35.88 48.74

Bituminous 3.71 11.30 27.17 57.82

Anthracite 1.72 8.06 15.73 74.49

Note: Mad: moisture content in the experimental coal sample; Aad: ash
content on an air: dried basis; Vad: volatile matter content on an air: dried
basis; FCad: fixed carbon content on an air-dried basis.

Table 2: Mechanical parameters of dried coal samples.

Type of
coal

Elasticity
modulus (GPa)

Poisson’s
ratio

Uniaxial compressive
strength (MPa)

Lignite 1.11 0.32 9.36

Bituminous 3.16 0.29 18.69

Anthracite 2.67 0.30 14.73
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in Inner Mongolia, bituminous coal with a medium meta-
morphic degree from Daliuta Coal Mine in Shenmu City,
Shaanxi Province, and anthracite coal with a high metamor-
phic degree in Chengzhuang Coal Mine in Shanxi Province,
China, were selected as experimental coal samples. The sam-
pling locations are displayed in Figure 4.

Proximate analysis was conducted on the three experi-
mental coal samples to determine four indexes including
moisture, ash, volatile matter, and fixed carbon. The deter-
mination results are given in Table 1, and the mechanical
parameters of dried coal samples are exhibited in Table 2.

The lignite with the original structure was processed into
cubes with sizes of 30mm×30mm×30mm,
50mm×50mm×50mm, and 100mm×100mm×100mm
based on the experimental needs. The bituminous coal and
anthracite coal were processed into
100mm×100mm×100mm cubes. Then, the experimental
coal samples were put into an incubator at 55°C to be dried
for 24 h. After the coal samples cooled to room temperature,
they were put into a dryer for sealing and preservation for
later use.

3.4. Test Schemes. In the hope of investigating the influences
of bedding, moisture, size, and coal rank on the natural fre-
quency of coal, four experimental schemes were developed.
The experimental schemes and flowchart are exhibited in
Figure 5.

(1) The influence of bedding on the natural frequency of
coal: Among three adjacent faces of the
100mm×100mm×100mm cubic dried lignite coal
sample with an obvious bedding structure, the face
parallel to the bedding was marked as Face B, and
the two faces perpendicular to the bedding were

labeled as Faces A and C; the faces corresponding
to these three faces were marked as Faces a, b and
c, respectively. Twenty natural frequency tests were
carried out on each side, and the frequency domain
signals of the six planes were obtained by the afore-
mentioned “frequency domain average” method,
and then the influence law of bedding on the natural
frequency of coal was analyzed

(2) The influence of moisture on the natural frequency
of coal: The 100mm×100mm×100mm cubic lignite
coal sample in Scheme (1) was soaked in water to
obtain the saturated coal sample. The natural fre-
quency of the saturated coal sample was tested and
analyzed for the Faces A, B, and C, respectively.
The results were compared with those measured in
Scheme (1).

(3) The influence of size on the natural frequency of
coal: The 30mm×30mm×30mm,
50mm×50mm×50mm, and
100mm×100mm×100mm cubic dried lignite coal
samples, ignoring the influence of bedding, were
selected for obtaining frequency domain signals of
different-size coal samples for the Face A according
to the method in Scheme (1). Next, the values of nat-
ural frequencies of the coal samples for the Face A
were used for analyzing the influence of size on nat-
ural frequency

(4) The influence of coal rank on the natural frequency
of coal: Cubic dried lignite, bituminous coal, and
anthracite coal with the size of
100mm×100mm×100mm, ignoring the influence
of bedding, were selected for obtaining frequency

Drying ovenCA
B

Immersion treatment

CA
B

1 2

43

SA-02 vibration and noise analyzer

SA-02 Computer

Piezoelectric accelerometer PV-97IForce hammer

Foam board

Coal

Drying oven Drying oven

Figure 5: Experimental schemes and flowchart.
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domain signals for the Face A of different-rank coal
samples according to the method in Scheme (1).
Next, the values of natural frequencies of the coal
samples for the Face A were used for analyzing the
influence of coal rank on natural frequency

4. Analysis and Discussion on the
Experimental Results

4.1. Influence of Bedding. To analyze the influence of bedding
on the natural frequency of coal, the frequency domains for
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Figure 6: Frequency domains for the six faces of the dried lignite coal sample.
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the six faces of the 100mm×100mm×100mm cubic dried lig-
nite coal sample were obtained according to Scheme (1) in
Section 3.3. The test results are displayed in Figure 6.

The following findings are obtained from the frequency
domain diagrams for the six faces of the dried lignite coal
sample:

(1) The amplitudes of acceleration signals for different
faces are not the same. This is because when the nat-
ural frequency of the coal sample is measured by the
instantaneous hammering method, it was difficult to
ensure that the intensity of each percussion is exactly
the same. The amplitude of acceleration signals rep-
resents the magnitude of the percussion force to a

certain extent, but this does not affect the test and
analysis on the natural frequency of coal.

(2) Obvious natural frequencies of the first two orders,
whose values lie in the range of 0-30 Hz, are excited
for all the faces of the coal sample. Among them, the
first-order and second-order natural frequencies for
Faces A and a are both 12.5 Hz and 22.5 Hz; those
for Faces B and b are both 15 Hz and 25 Hz; those
for Faces C and c are both 12.5 Hz and 22.5 Hz. This
indicates that the measured results of natural fre-
quencies of coal samples conform to the reciprocity
theorem. In other words, in the case of single excita-
tion, the response remains unchanged when the
positions of the excitation port and the response port
are exchanged.

(3) For all the faces of the coal sample, the second-order
natural frequency is higher than the first-order natu-
ral frequency, which agrees with the conclusion that
the natural frequency of the coal sample increases
with the rise of the order described in the multi-
degree-of-freedom theoretical model.
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Figure 7: Frequency domains for the three adjacent faces of the saturated lignite coal sample.

Table 3: Mechanical parameters of dried and saturated lignite coal
samples.

State of coal
sample

Elasticity
modulus (GPa)

Poisson’s
ratio

Uniaxial compressive
strength (MPa)

Dried 1.11 0.30 9.36

Saturated 0.95 0.27 7.69
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(4) The first-order and second-order natural frequencies
for Faces B and b are higher than those for Faces A,
a, C, and c, mainly because the complexity of the
internal structure of the coal sample results in the
discrepancy of the direction of its internal mechani-
cal properties.

In the literature [30], the influence of anisotropy on the
mechanical response characteristics of coal was expounded
in detail. The uniaxial compressive strength and peak
strength parallel to the Faces of bedding are higher than
those perpendicular to the Faces of bedding. The directional
distribution characteristics of microstructures in the coal
sample cause regular changes in mechanical properties.
Therefore, the natural frequencies measured for faces paral-
lel to the bedding are higher than those measured perpendic-
ular to the bedding.

4.2. Influence of Moisture.Microscopically, coal has a porous
structure of pores and cracks, and its molecular structure is
rich in oxygen-containing functional groups, showing strong
hydrophilicity [31]. The change of coal natural frequency is

an external expression of its internal structural parameters.
The influence of moisture erosion on coal natural frequency
cannot be ignored.

According to Scheme (2) in Section 3.3, the natural fre-
quencies for the six faces of the saturated coal sample were
measured. The natural frequency of coal satisfied the reci-
procity theorem based on the analysis in Scheme (2) in Sec-
tion 4.1. Hence, the frequency domain diagrams for the
three adjacent Faces A, B, and C of the saturated coal sample
were plotted (Figure 7).

From the frequency domain diagrams for the three adja-
cent faces of the saturated lignite coal sample, it can be con-
cluded that:

(1) When it comes to the saturated lignite coal sample,
the first-order and second-order natural frequencies
for Face A are 7.5Hz and 15Hz; those for Face B
are 10Hz and 17.5Hz; those for Face C are 7.5Hz
and 15Hz, respectively. Compared with the test
results of the Faces A, B, and C of dried lignite sam-
ples in Section 4.1, the natural frequencies of satu-
rated water coal sample are significantly reduced
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Figure 8: Frequency domain diagrams and natural frequency variation pattern diagram of different-size dried lignite coal samples.
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(2) Under water erosion, the natural frequencies for
Face B are still higher than those for Faces A and C
even of the same coal sample, which further verifies
the influence of bedding structure on the natural fre-
quency of coal

(3) The density of the coal sample increases after satura-
tion treatment. According to Eq. (5) of the mathe-
matical model of natural frequency of coal in
section 2, the increase of coal sample density is
bound to induce the reduction of natural frequency

(4) The moisture content of coal also exerts a signifi-
cant effect on its mechanical parameters. The elas-
tic modulus and uniaxial compressive strength of
coal samples after saturated treatment are signifi-
cantly reduced, which leads to the decrease of nat-
ural frequency of coal samples. The comparative
test results of some mechanical parameters of dried
and saturated lignite coal samples are listed in
Table 3

4.3. Influence of Size. Due to the limitations of coal damping
and vibration wave propagation energy, the size of coal also
considerably influences on its natural frequency in the range
of vibration wave transmission. A relevant study discloses
that the strength of rock decreases monotonously and tends
to approach its minimum strength value with the increase of
its size [32]. In order to reveal the influence of size on the
natural frequency of coal, frequency domain diagrams for
Face A of dried lignite coal samples with the sizes of
30mm×30mm×30mm, 50mm×50mm×50mm, and
100mm×100mm×100mm were obtained according to
Scheme (3) in Section 3.3 (Figure 8).

From the frequency domain diagrams and natural fre-
quency variation pattern diagram of different-size dried lig-
nite coal samples, the following conclusions can be drawn:

(1) The first-order and second-order natural frequencies
for Face A of the 30mm×30mm×30mm dried lig-
nite coal sample are 25Hz and 42.5Hz; those for
Face A of the 50mm×50mm×50mm dried lignite
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Figure 9: Frequency domain diagrams and natural frequency variation pattern diagram of different-rank dried lignite coal samples.
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coal sample are 17.5Hz and 30Hz; those for Face A
of the 100mm×100mm×100mm dried lignite coal
sample are 12.5Hz and 22.5Hz, respectively. Under
the same condition, the natural frequency decreases
with the increase of coal sample size

(2) When the elastic modulus, density, moisture, bed-
ding, and other conditions of coal remain constant,
the natural frequency of coal is inversely propor-
tional to its size. That is, the larger the coal size is,
the lower the natural frequency will be. Through for-
mula (5), the experimental results agree well with the
theoretical model

Hence, the size effect of coal should be considered when
using vibration wave for permeability enhancement excita-
tion. Low-frequency vibration excitation should be applied
to large-size coal for the purpose of achieving resonance
and permeability enhancement effect.

4.4. Influence of Coal Rank. For different-rank coals, pores
and cracks are distributed in different ways and the contents
of organic matters and minerals also differ notably, which
directly determines and affects the mechanical properties
[33, 34]. In order to explore the influence of coal rank on
the natural frequency of coal, frequency domain diagrams
for Face A of the 100mm×100mm×100mm typical dried
coal samples of high, middle, and low rank were obtained
according to Scheme (4) in Section 3.3 (Figure 9).

The following conclusions can be drawn from the fre-
quency domain diagrams and natural frequency variation
pattern diagram of different-rank dried lignite coal samples:

(1) Natural frequencies of different-rank coal samples
are significantly different. The first-order and
second-order natural frequencies of lignite are
12.5Hz and 22.5Hz; those of bituminous coal are
27.5Hz and 42.5Hz; those of anthracite coal are
20Hz and 32.5Hz. Under the conditions of identical
bedding, size, and moisture, the first-order and
second-order natural frequencies of different-rank
coals follow the order: bituminous coal > anthracite
coal > lignite

(2) The main frequency of signal refers to the frequency
with the greatest response energy under the same
impulse excitation. The main frequencies of signals
generated by different-rank coal samples also differ.
The main frequency of signals generated by lignite
coal is located at the first-order natural frequency,
while those of bituminous coal and anthracite coal
are at the second-order natural frequency. Such a
result suggests that the coal samples have multiple
orders of natural frequencies, but the response
degrees of different frequencies differ under the same
impulse excitation

(3) A comparison of the relevant parameters of
different-rank coal samples in Tables 1 and 2 dem-
onstrates that the ash contents (one of the main

parameters of mineral content) in the three coal
samples follow the order: bituminous> anthracite >
lignite. Besides, minerals fill the pores and cracks in
coal, strengthen the compressive strength of the
matrix skeleton, and improve the mechanical
strength and elastic modulus. In the corresponding
dry coal samples of the same size, the elastic modu-
lus and uniaxial compressive strength of bituminous
coal are the largest, followed by anthracite and lig-
nite. According to the single-degree-of-freedom the-
oretical model, the larger the elastic modulus of the
material is, the larger the natural frequency is. The
physical and mechanical parameters of coal directly
determine the natural frequency of coal samples of
different rank

5. Conclusions

In this study, the natural frequency of coal was theoretically
analyzed first. Based on the theoretical analysis, mathemati-
cal models of coal natural frequency were established, and an
experiment was performed on the variations of coal natural
frequency. Furthermore, the main factors influencing coal
natural frequency were explored. The following conclusions
were drawn:

(1) Based on the established natural frequency vibration
models of coal, it is concluded that coal vibration has
multiorder natural frequency which grows with the
increase of the order. In addition, the natural fre-
quency of coal is directly determined by the physical
and mechanical parameters such as size, elastic mod-
ulus, density, bedding, mass, and stiffness

(2) The bedding structure characteristics of the experi-
mental coal sample lead to regular variations of its
mechanical properties, so that the natural frequency
parallel to the bedding plane is higher than that per-
pendicular to the bedding plane. Besides, the size of
the coal sample primarily exerts an influence on its
mass. The larger the coal size and mass are, the lower
the natural frequency would be

(3) For the saturated coal sample, moisture changes its the
density and reduces its elastic modulus. Resultantly, its
natural frequency is lower than that of the dried coal
sample. Moreover, the physical and mechanical prop-
erties of different-rank dried coal samples are affected
by the content of organic matter and minerals, which
results in the difference of natural frequencies of
different-rank dried coal samples. Thus, the natural
frequencies of different-rank coal samples follow the
order: bituminous >anthracite > lignite

(4) The experiment results indicate that the natural fre-
quencies of coal samples under different influencing
factors are all tens of Hz. Thus, in the application of
the RPEEVW technology, attention should be paid
to the vibration excitation under the low-frequency
condition

11Geofluids



Data Availability

The data used to support the findings of this study are
included within the article.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (Grant No.: 51974109), the Project
funded by China Postdoctoral Science Foundation
(2021M700132), the Program for Leading Talents in Scientific
and Technological Innovation of Henan Province (Grant No.:
204200510032), the Scientific and Technological Projects of
Henan Province (Grant No.: 202102310220), the Plan of Key
Scientific Research Project of Colleges and Universities in
Henan Province (Grant No.: 20A620001), the Fundamental
Research Funds for the Universities of Henan Province (Grant
No.: NSFRF210301), and the Doctoral Fund of Henan Poly-
technic University (Grant No.: B2019-55).

References

[1] Y. Li, C. Zhang, D. Z. Tang et al., “Coal pore size distributions
controlled by the coalification process: An experimental study
of coals from the Junggar, Ordos and Qinshui basins in
China,” Fuel, vol. 206, pp. 352–363, 2017.

[2] Y. Li, J. H. Yang, Z. J. Pan, and W. Tong, “Nanoscale pore
structure and mechanical property analysis of coal: an insight
combining AFM and SEM images,” Fuel, vol. 260, 2020.

[3] Y. Li, Y. B. Wang, J. Wang, and Z. J. Pan, “Variation in perme-
ability during CO2-CH4 displacement in coal seams: Part 1 -
Experimental insights,” Fuel, vol. 263, 2020.

[4] L. Yuan, “Strategic thinking of simultaneous exploitation of
coal and gas in deep mining,” Journal of China Coal Society,
vol. 41, no. 1, pp. 1–6, 2016.

[5] B. S. Nie and X. C. Li, “Mechanism research on coal and gas
outburst during vibration blasting,” Safety Science, vol. 50,
no. 4, pp. 741–744, 2012.

[6] X. C. Li, B. S. Nie, and X. Q. He, “Mechanism of coal and gas
bursts caused by vibration,” Journal of University of Science
and Technology Beijing, vol. 33, no. 2, pp. 149–152, 2011.

[7] P. Li, X. D. Zhang, and H. Li, “Technology of coupled perme-
ability enhancement of hydraulic punching and deep-hole pre-
splitting blasting in a "three-soft" coal seam,” Materials Tech-
nology, vol. 55, no. 1, pp. 89–96, 2021.

[8] C. G. Huang, Y. B. Zhang, J. F. He, Y. Luo, and Z. G. Sun, “Per-
meability improvements of an outburst-prone coal seam by
means of presplitting and blasting with multiple deep boreholes,”
Energy Science & Engineering, vol. 7, no. 5, pp. 2223–2236, 2019.

[9] Q. Ye, Z. Z. Jia, and C. S. Zheng, “Study on hydraulic-
controlled blasting technology for pressure relief and perme-
ability improvement in a deep hole,” Journal of Petroleum Sci-
ence and Engineering, vol. 159, pp. 433–442, 2017.

[10] H. D. Wang, Z. H. Cheng, Q. L. Zou et al., “Elimination of coal
and gas outburst risk of an outburst-prone coal seam using
controllable liquid CO2 phase transition fracturing,” Fuel,
vol. 284, article 119091, 2021.

[11] H. D. Chen, Z. F. Wang, X. Chen, X. J. Chen, and L. G. Wang,
“Increasing permeability of coal seams using the phase energy
of liquid carbon dioxide,” Journal of CO2 Utilization, vol. 19,
pp. 112–119, 2017.

[12] S. F. Yin, H. F. Ma, Z. H. Cheng et al., “Permeability enhance-
ment mechanism of sand-carrying hydraulic fracturing in
deep mining: a case study of uncovering coal in cross-cut,”
Energy Science & Engineering, vol. 7, no. 5, pp. 1867–1881,
2019.

[13] S. Gehne and P. M. Benson, “Permeability enhancement
through hydraulic fracturing: laboratory measurements com-
bining a 3D printed jacket and pore fluid over-pressure,” Sci-
entific Reports, vol. 9, no. 1, pp. 1–11, 2019.

[14] Y. C. Feng, L. Chen, A. Suzuki et al., “Enhancement of gas pro-
duction from methane hydrate reservoirs by the combination
of hydraulic fracturing and depressurization method,” Energy
Conversion and Management, vol. 184, pp. 194–204, 2019.

[15] S. Li, Q. Lei, X. Wang, B. Cai, G. F. Liu, and L. Wang, “Perme-
ability regain and aqueous phase migration during hydraulic
fracturing shut-ins,” Scientific Reports, vol. 9, no. 1, pp. 1–10,
2019.

[16] Y. D. Jiang, X. F. Xian, J. Yi, Z. F. Liu, and C. Y. Guo, “Exper-
imental and mechanical on the features of ultrasonic vibration
stimulating the desorption of methane in coal,” Journal of
China Coal Society, vol. 33, no. 6, pp. 675–680, 2008.

[17] Z. L. Ge, Y. Y. Lu, and D. P. Zhou, “Study on regular and
mechanism of coal bed methane desorption experiment under
sonic vibrating of cavitation water jets,” Journal of China Coal
Society, vol. 36, no. 7, pp. 1150–1155, 2011.

[18] X. X. Chen, L. Zhang, and M. L. Shen, “Experimental research
on desorption characteristics of gas-bearing coal subjected to
mechanical vibration,” Energy Exploration & Exploitation,
vol. 38, no. 5, pp. 1454–1466, 2020.

[19] M. L. Shen and X. X. Chen, “Influence rules and mechanisms
of mechanical vibration at different frequencies on dynamic
process of gas diffusion from coal particles,” Energy Explora-
tion & Exploitation, vol. 39, no. 6, pp. 1939–1957, 2021.

[20] Y. D. Jiang, X. Song, H. Liu, and Y. Z. Cui, “Laboratory mea-
surements of methane desorption on coal during acoustic
stimulation,” International Journal of Rock Mechanics and
Mining Sciences, vol. 78, pp. 10–18, 2015.

[21] W. Li, T. Yan, S. Q. Li, and X. N. Zhang, “Rock fragmentation
mechanisms and an experimental study of drilling tools during
high-frequency harmonic vibration,” Petroleum Science,
vol. 10, no. 2, pp. 205–211, 2013.

[22] S. Y. Yin, D. J. Zhao, and G. B. Zhai, “Investigation into the
characteristics of rock damage caused by ultrasonic vibration,”
International Journal of Rock Mechanics and Mining Sciences,
vol. 84, pp. 159–164, 2016.

[23] C. W. Li, X. Y. Sun, T. B. Gao, B. J. Xie, and X. M. Xu, “Coal
and rock vibration failure and the characteristics of micro-
seismic signals,” Journal of the China Coal Society, vol. 40,
no. 8, pp. 1834–1844, 2015.

[24] S. Q. Li, T. Yan, W. Li, and F. Q. Bi, “Simulation on vibration
characteristics of fractured rock,” Rock Mechanics and Rock
Engineering, vol. 49, no. 2, pp. 515–521, 2016.

[25] M. S. Mullakaev, V. O. Abramov, and A. V. Abramova,
“Development of ultrasonic equipment and technology for
well stimulation and enhanced oil recovery,” Journal of
Petroleum Science and Engineering, vol. 125, pp. 201–208,
2015.

12 Geofluids



[26] Q. Sun, A. Retnanto, and M. Amani, “Seismic vibration for
improved oil recovery: a comprehensive review of literature,”
International Journal of Hydrogen Energy, vol. 45, no. 29,
pp. 14756–14778, 2020.

[27] W. T. Thomson, Theory of Vibration with Applications, Taylor
& Francis, London, UK, 1993.

[28] R. Denzer, F. J. Barth, and P. Steinmann, “Studies in elastic
fracture mechanics based on the material force method,” Inter-
national Journal for Numerical Methods in Engineering,
vol. 58, no. 12, pp. 1817–1835, 2003.

[29] S. Q. Li, S. L. Tian,W. Li, T. Yan, and F. Q. Bi, “Research on the
resonance characteristics of rock under harmonic excitation,”
Shock and Vibration, vol. 2019, Article ID 6326510, 11 pages,
2019.

[30] H. H. Song, Y. D. Jiang, D. Elsworth, Y. X. Zhao, J. H. Wang,
and B. Liu, “Scale effects and strength anisotropy in coal,”
International Journal of Coal Geology, vol. 195, pp. 37–46,
2018.

[31] L. L. Si, H. T. Zhang, J. P. Wei, B. Li, and H. K. Han, “Modeling
and experiment for effective diffusion coefficient of gas in
water- saturated coal,” Fuel, vol. 284, 2021.

[32] B. C. Liu, J. S. Zhang, Q. Z. Du, and J. F. Tu, “A study of size
effect for compression strength of rock,” Chinese Journal of
Rock Mechanics and Engineering, vol. 17, no. 6, pp. 611–614,
1998.

[33] D. K. Wang, F. C. Zeng, J. P. Wei, H. T. Zhang, Y. Wu, and
Q. Wei, “Quantitative analysis of fracture dynamic evolution
in coal subjected to uniaxial and triaxial compression loads
based on industrial CT and fractal theory,” Journal of Petro-
leum Science and Engineering, vol. 196, 2021.

[34] Z. H. Wen, Q. Wang, Y. P. Yang, and L. L. Si, “Pore structure
characteristics and evolution law of different-rank coal sam-
ples,” Geofluids, vol. 2021, Article ID 1505306, 17 pages, 2021.

13Geofluids



Research Article
Effects of Real-Time High Temperature and Loading Rate on
Deformation and Strength Behavior of Granite

YiFeng Zhang, Fan Zhang , Ke Yang, and ZhengYu Cai

School of Civil Engineering, Architecture and Environment, Hubei University of Technology, Wuhan 430068, China

Correspondence should be addressed to Fan Zhang; fanzhang@hbut.edu.cn

Received 16 March 2022; Revised 11 April 2022; Accepted 15 April 2022; Published 14 May 2022

Academic Editor: Zhijie Wen

Copyright © 2022 YiFeng Zhang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Knowledge of deformation and strength behavior of rocks under high in situ temperature is highly important for the control of
geological disasters in exploration of hot dry rock and mining in deep formation. In this study, uniaxial compression tests were
carried out on granite under different real-time high-temperature conditions (25, 200, 300, 400, 500, 600, and 700°C) and
loading rates (0.01, 0.1, and 0.5mm/min). The effects of real-time high temperature and loading rate on the uniaxial
compressive strength and elastic modulus of granite were studied, and the microscopic morphology of the fracture surface was
analyzed. The results show that the uniaxial compressive strength and elastic modulus of granite increase first and then
decrease with the increase of temperature. The uniaxial compressive strength clearly increases at 200°C and decreases gradually
when the temperature exceeds 300°C. Under the same temperature conditions, the uniaxial compressive strength of granite
decreases and the elastic modulus increases with increasing loading rate. When the temperature reaches 600°C, the effect of the
loading rate on the uniaxial compressive strength and elastic modulus of granite decreases significantly. The test results are
compared with the results of work performed on quenched granite. Under real-time high-temperature conditions, the thermal
crack effect has a significant influence on the uniaxial compressive strength and elastic modulus of granite, without the thermal
hardening effect of quenched granite. During hydraulic fracturing, the rock skeleton near the injection well is cooled and
shrunk, as is the thermal hardening effect caused by high-temperature quenching. The formation of thermal equilibrium leads
to the large-scale extension of fracture cracks along the weak plane structure, such as the effect of thermal cracks on granite
under real-time high-temperature conditions.

1. Introduction

Hot dry rock (HDR) energy is a well-recognized clean and
renewable green energy which has many advantages, such
as stability and safety, high utilization rate, and low operat-
ing cost [1]. HDR is widely distributed in the granite at
depths in the order of 5 to 6 km, temperatures varying from
150 to 650°C [2, 3]. At present, HDR development is mainly
concentrated in the granite thermal reservoir. Therefore, it is
important to investigate the effect of real-time high temper-
ature on the physical properties and mechanical behavior of
granite for the design, construction, and maintenance of
enhanced geothermal system (EGS).

A large number of experimental studies have been per-
formed to investigate the physical properties and mechanical
behavior of rocks subjected to thermal treatment. Zhang

et al. [4] investigated the changes in the physical behavior
of granite and sandstone after heat treatment by the uniaxial
compression test and showed that the loss of adhered water,
bound water, and structural water has a great influence on
the mechanical properties of rocks at high temperature.
Wang et al. [5] investigated the acoustic emission (AE) char-
acteristics of granite during uniaxial compression tests after
thermal treatment, and the experimental results showed that
AE energy increases with the increase of treatment tempera-
ture. Chen et al. [6] measured the macroscopic mechanical
properties of granite using uniaxial compression test after
high-temperature thermal treatment and found that the uni-
axial compressive strength gradually decreases with increas-
ing temperature. Liu et al. [7] studied the mechanical
properties of granite after high-temperature thermal treat-
ment by the uniaxial compression test, and the results
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showed that 600°C is the critical temperature of granite.
Zhao et al. [8] and Sun et al. [9] found that high temperature
causes prefabricated cracks in granite to continue to expand
and even produce new cracks. As the temperatures increase,
the number and width of the microcrack increase, and the
granite transforms from brittle to ductile. David et al. [10]
analyzed the relation of the evolution of the physical proper-
ties and the amount of damage induced and indicated that
changes in mineral composition and fracture size are the
reasons for the decline of granite strength. Heuze [11] stud-
ied the influence of the thermal expansion coefficient and
the thermal diffusivity on the mechanical properties of gran-
ite. Chaki et al. [12] confirmed the strong influence of ther-
mal damage on physical properties of granite and
determined parameters for the characterization of connected
porosity and overall damage.

Furthermore, the thermal stimulation method can be
effectively utilized to improve flow performance in tight
porous media with an induced thermal shock by inducing
the thermal gradient for permeable cracks, thus achieving
geothermal reservoir stimulation [13]. Kumari et al. [13,
14] conducted strength tests under unconfined conditions,
Brazilian tensile strength tests, and permeability tests in
quenched granite. The results showed that increasing tem-
perature causes significant reductions in the permeability
of granite due to the thermally induced volumetric expan-
sion. The failure mechanism of granite transitions from a
brittle to a quasibrittle state. Zhang et al. [15] studied the
damage variables and pores of granite after thermal shock,
and the results showed that thermal shock induced by rapid
cooling can cause more damage to granite than that induced
by slow cooling, leading to a larger size and number of inter-
nal pores. Weng et al. [16] utilized integrated acoustic emis-
sion (AE) and digital image correlation (DIC) techniques to
study the micro/macrocracking characteristics of the granite
sample upon different heating/cooling cycles. The results
showed that surface cracks and internal microcracks
(including intergranular and intragranular) in granite
increase significantly with the number of heating/cooling
cycles. Li et al. [17] observed the generation of granite cracks
in the process of hydraulic fracturing using AE and indicated
that the coalescence of microcracks is a key precursor to
hydraulically induced cracking. Avanthi Isaka et al. [18]
comprehensively investigated the influence of heating
followed by cooling on the alteration of microstructural
properties of granite. The analysis revealed considerable
unstable deterioration of quartz and feldspar grains sub-
jected to thermal stresses, while biotite minerals show the
most stable behavior against thermal shock-induced micro-
cracking. Shao et al. [19] studied the effect of the cooling rate
on the mechanical behavior of heated granite through uniax-
ial compression tests, and the results showed that thermal
cracks during the cooling treatment of the heated sample
for higher temperatures are the main reason for the decrease
of the mechanical characteristics.

Thermal cracking behavior of granite at high tempera-
ture and high pressure is the key to the performance of
HDR geothermal energy extraction system. Yang et al. [20]
evaluated the influence of thermal effect on strength and

deformation behavior, and the results showed that crack
damage and maximum axial deformation gradually increase
with increasing temperature. Gautama et al. [21] measured
the thermal physical properties of granite in the range of
25 to 250°C and found that the thermal expansion coefficient
of granite increases with the increase of temperature, while
the thermal conductivity, thermal diffusivity, and elastic
wave velocity of granite decrease gradually with increasing
temperature. Gu et al. [22] explored the mechanical proper-
ties of granite under heating conditions, and indicated that
the ability of the rock to resist deformation gradually
weakens under the effect of temperature. Zhao et al. [23]
conducted permeability tests on granite at high temperature
and high pressure, and the results showed that thermal
cracks in granite are induced by intragranular and intergran-
ular thermal stress, and the critical temperature of perme-
ability change decreases with increasing confining pressure.
Yin et al. [24] performed triaxial compression tests on gran-
ite at high temperature, and the results showed that the
larger crystal particles and the extreme heterogeneity of the
coarse-grained granite lead to larger thermal deformation
and greater deterioration of the mechanical properties. Ran-
jith et al. [25] carried out the uniaxial compressive tests of
sandstone at various temperatures and found that the min-
eralogical changes in the sandstone cement with heating
temperature have a significant influence on changes in
mechanical behavior.

The previous work is devoted to rock by investigating
the influence of thermal treatment and high-temperature
quenching treatments on the macroscopic mechanical prop-
erties of rock. The results of experimental studies performed
on preheated samples at room temperature are insufficient
to represent the essential characteristics of rocks at high
temperature in geothermal applications. In addition, the
mechanical testing of granite has rarely integrated the cou-
pling effects of real-time high-temperature conditions and
loading rates. For this, uniaxial compression tests were car-
ried out under different real-time high-temperature condi-
tions (25, 200, 300, 400, 500, 600, and 700°C) and loading
rates (0.01, 0.1, and 0.5mm/min). The present study investi-
gated the coupled high in situ temperature and loading rate
effects. Then, the effect of real-time high temperature on the
thermal damage characteristics of granite was analyzed using
scanning electron microscopy (SEM). These comprehensive
experimental studies provided knowledge of the underlying
mechanisms of thermally induced damage in the geothermal
reservoir rocks. The results of the testing were compared to
results obtained for similar work carried out on quenched
granite, which highlights the variability in the response of
granite to real-time high temperatures. The research results
could be of great significance for understanding the thermal
damage and mechanical behavior of HDR mining.

2. Test Preparation and Process

2.1. Rock Description and Sample Preparation. For the pres-
ent study, granite samples were collected from Miluo Village
of Hunan Province, China. Initial granite samples are uni-
form and complete, with uniform texture, and no visible
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defects were observed on the rock surface. The dimensions
of the samples are 38mm in diameter and 76mm in length.
The surface was polished smooth, and the height, diameter,
and flatness all met the requirements. The parallelism was
controlled within ±0.05mm and the surface flatness was
controlled within ±0.02mm, which satisfied the standards
of the International Society of Rock Mechanics and Rock
Engineering (ISRM) [26]. The natural density and porosity
of granite samples are 2.62 g/cm3 and 0.92%, respectively.
The mineral compositions were analyzed by X-ray diffrac-
tion, and the results show that the main mineral compo-
nents are albite (34%), biotite (31%), potash feldspar
(21%), quartz (13%), and plagioclase (1%).

2.2. Experimental Equipment and Testing Procedure. In this
study, a computer-controlled universal testing machine was
used to study real-time high-temperature uniaxial compres-
sion tests of granite. As shown in Figure 1, the test equip-
ment is composed of a reaction frame, a high-temperature
fixture, a high-temperature furnace, and two displacement
sensors (LVDTs). The reaction frame is made of alloy steel
and the system has an axial force capacity of 300 kN, which
can ensure that the overall stiffness of the testing machine
meets the test requirements. The high-temperature fixture
is located in the high-temperature furnace with the maxi-
mum heating temperature of 1200°C. The granite sample
was placed in the center of the high-temperature fixture to
ensure that the center of the sample was under pressure.
Granite samples were heated in the furnace at atmospheric
pressure with a rate of 5°C/min until the prescribed temper-
ature was reached. The heating temperature was held for 2 h
to achieve stabilization of the temperature throughout the
samples, in order to reduce the effect of the thermal gradient
inside the samples and to ensure that the cracking process
was induced merely by the temperature effect. Uniaxial com-
pression tests of granite were carried out under the condition
of constant target temperature. The granite sample was
loaded using the displacement control method. The axial
strain was measured by two displacement sensors (LVDTs).
The difference between the two displacement sensor
(LVDTs) measurements was not significant. This difference
was mainly attributed toward that the sample was not
completely parallel to the main direction of the axial stress
at the time of installation. Installation errors were eliminated

using average values. At least three samples were taken for
each working condition to ensure the accuracy of the test.

3. Results and Discussion

3.1. Macroscopic Failure Mode. Figure 2(a) shows the macro-
scopic failure mode of granite after the uniaxial compression
test at real-time high temperature. Granite exhibits an X-
shaped conjugate inclined plane shear failure. The angle
between the failure surface and the load axis is the conjugate
shear fracture angle (β). Figure 2(a) also shows that the
granite samples are thorough and serious. The area affected
by the end effect of the granite sample has many minor
extensile cracks at both ends of the sample and the junction
of the shear cracks. The middle of the granite sample pre-
sents an X-type shearing fracture along the axial loading
direction, and its macroscopic cracks are diagonally through
[27, 28]. The damage surface is rough. The granite samples
are broken down to a number of little pieces at the end of
the tests. As shown in Figure 2(b), with the increase of tem-
perature, the surface color of granite samples gradually
changes from gray-blue to gray-white. The main reason for
this color change is oxidation of biotite and K-feldspar min-
erals at high temperature. The obvious oxidation of ferrous
compounds of these minerals is found in black mica and
potassium feldspar minerals [13, 29, 30].

3.2. Microstructure of Fracture Surface. Figure 3 presents the
microcrack morphology of the granite after uniaxial com-
pression test under real-time high-temperature conditions
by scanning electron microscope (SEM), and the red dotted
line indicates the microcracks. Figure 3 shows that high tem-
perature has a significant effect on the expansion of cracks in
granite. At 25°C, a few initial cracks are observed in the frac-
ture plane of the granite sample (Figure 3(a)), indicating that
the fracture surface of the granite mineral grains in the initial
state, the crystal grains remain in tight contact and have
almost complete microstructure. When the temperature
increases to 200°C, although a few initial grain boundaries
and cracks can be observed, the relatively weak grain bound-
ary cementation produces a small amount of grain boundary
cracks with small length and small pore size. Most of the
grain boundaries remain undivided in this temperature
(Figure 3(b)). Below 300°C, no transgranular cracks occur

Hand control switch
Reaction frame

Moving beam

Force sensor
Immovable fixture (indenter)

High temperature thermometer

Universal
testing machine

High temperature furnace

Resistance wire

Immovable fixture (pedestal)
LVDT
Electronic control acquisition system

Emergency stop button

Power switch

Figure 1: Microcomputer-controlled electronic universal testing machine.
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in granite samples [20]. When the temperature exceeds
300°C, the number of grain boundary cracks increases grad-
ually, the length and aperture of grain boundary cracks
increase accordingly, and some grain boundary cracks begin
to connect. At 400°C, the fracture aperture of intercrystalline
cracks increases significantly (Figures 3(c) and 3(d)) [14, 31].
When the real-time temperature is 500°C, the length and
width of intracrystalline cracks and intergranular cracks had
been increasing as the temperature increases, and the transgra-
nular cracks become increasingly obvious (Figure 3(e)). The
quartz undergoes the transition in the crystal structure from
α type to β type at 573°C [32]. At temperatures above 600°C,
a large number of transgranular cracks appear on the fracture
plane, and many crystals are segmented into small cellular
structures by transgranular cracks (Figures 3(f) and 3(g)).
The internal cracks in granite expand from intergranular
cracks to transgranular cracks with the increase of tempera-
ture. Further, widely propagated larger cracks arise at the
quartz-quartz and quartz-feldspar grain boundaries. The
microfracture zone is composed of the main crack and inter-
secting branch cracks [33, 34]. Under the coupling effect of
high temperature and stress, macroscopic cracks are formed,
which led to the rapid deterioration of the macroscopic
mechanical properties of granite.

3.3. Stress-Strain Curve. The typical stress–strain curves
obtained from the real-time high-temperature uniaxial com-
pression tests are shown in Figure 4. Figure 4 also shows that
the stress-strain curves of the granite uniaxial compression
test under real-time high temperature and different loading
rates undergo the compaction stage, the linear elastic stage,
the yield stage, and the failure stage [35]. In the initial com-
paction stage, the curve shows a “downward concave” non-
linear increase under the action of low load, and the
microcracks in the granite gradually close under the action
of pressure [36, 37]. As the temperature increases, the longer
the compaction stage of the stress-strain curve [38–40]. In
the linear elastic stage of the stress-strain curve, the micro-
cracks expand stably, and the slope of the curve decreases
with the increase of temperature. In granite from the yield
phase of the curve to the failure phase of the curve, the gran-
ite changes from elastic deformation to plastic deformation
with the increase of axial pressure, and the internal fissure

expands continuously [41, 42]. In the failure stage, the
stress-strain curves display the granite to reach the peak
stress and then the stress suddenly decreases. Cracks develop
rapidly, forming a macroscopic fracture surface, and the
internal structure is destroyed and completely losing the
bearing capacity. Between 25 and 500°C, the stress-strain
curve shows that the failure mode of the granite is abrupt
instability. Granite has typical brittle failure characteristics.
The temperature increases from 600 to 700°C, and the plas-
tic properties of granite increases, whereas the brittle proper-
ties decrease with increase in temperature. The stress-strain
curves have obvious ductile deformation characteristics.
For the granite sample, the strain variation increases from
the yield point to peak pressure, and the time for the growth
of internal cracks to breakdown gets longer. Figure 4 also
shows that the process from the yield point to the peak
strength is accompanied by an obvious nonlinear behavior.
This is due to the high temperature causing the gradual
transformation of quartz and feldspar in granite from brittle
microcracks to a wider fragmented flow zone. The failure
mode of granite becomes from brittle failure to ductile fail-
ure and presents the characteristics of semibrittle flow failure
[42–44].

3.4. Uniaxial Compressive Strength (UCS). As shown in
Figure 5, the UCS of granite shows a variation pattern of
increasing and then decreasing with the increase of temper-
ature. The UCS of granite increases significantly with
increasing temperature from 25 to 200°C. The enhance-
ment of biotite particles is the main reason for the rein-
forcement in mechanical properties under the effect of
high temperature. At the same time, the mineral particles’
volume expansion causes intergranular contact compaction,
resulting in increased mutual attraction and cohesion
between minerals [37, 45]. The UCS decreases continuously
with increasing temperature between 300 and 600°C. This is
due to the uneven thermal expansion of the mineral parti-
cles with different thermal expansion coefficients in granite,
leading to the continuous expansion of cracks [32]. As the
temperature rises, the cohesion continues to decrease [45].
Furthermore, the loss of adhered water, bound water, and
structural water leads to the damage of mineral crystalline
structure [46, 47]. At 573°C, the α-type to β-type transition
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Figure 2: Macroscopic failure morphology of granite samples. (a) Failure morphology of the granite sample in the uniaxial compression test.
(b) Color change and failure morphology of granite samples under different real-time high temperatures.
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Figure 3: SEM images of the granite fracture surface at different real-time high temperatures: (a) 25°C; (b) 200°C; (c) 300°C; (d) 400°C; (e)
500°C; (f) 600°C; (g) 700°C.
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in the quartz crystal structure leads to microstructural rear-
rangement [48]. The extension of the crack in the quartz
region increases significantly, forming a good crack net-
work, leading to a rapid increase in structural failure [12,
49, 50]. Above 600°C, the number of cracks remains con-
stant, without forming new cracks, and the length and
width of the cracks gradually increase with continuous
loading of the axial load [40]. The UCS of granite shows
a slight decrease.

As shown in Figure 5, the UCS of granite for three differ-
ent loading rates (0.01, 0.1, and 0.5mm/min) shows the sim-
ilar general trend with increasing temperature. The UCS of
granite hardly changes with increasing loading rate, indicat-

ing that loading rate has not significantly influenced granite
strength [33]. Compared to the other two loading rates (0.01
and 0.1mm/min), at the loading rate of 0.5mm/min, the
UCS of granite is greater from 25 to 200°C, and the UCS is
smaller in the range of 200 to 600°C. Between 600 and
700°C, a similar decreasing trend of UCS is observed for all
three loading rates of granite. Under the loading rate of
0.5mm/min, the UCS increases in the range of 25 to
200°C, which is due to the fact that the distance between
individual mineral interfaces decreases more rapidly, result-
ing in the increase of cohesion. When the temperature
exceeds 300°C, the higher the loading rate, the stronger the
sliding of the various mineral particles, and the faster the

2 4 6 8 10
𝜀 (‰)

12 14 16 18

200

180

160

140

120

100

80

60

40

20

0

𝜎
 (M

Pa
)

25°C
200°C
300°C
400°C

500°C
600°C
700°C

(a)

20 4 6 8 10
𝜀 (‰)

12 14 16 18

200

180

160

140

120

100

80

60

40

20

0

𝜎
 (M

Pa
)

25°C
200°C
300°C
400°C

500°C
600°C
700°C

(b)

200

180

160

140

120

100

80

60

40

20

0
20 4 6 8 10

𝜀 (‰)
12 14 16 18

𝜎
 (M

Pa
)

25°C
200°C
300°C
400°C

500°C
600°C
700°C

(c)

Figure 4: Stress-strain curves of granite under uniaxial compression at real-time high temperature: (a) 0.01mm/min; (b) 0.1mm/min; (c)
0.5mm/min.
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crack expansion produces secondary cracks and branches of
the crack, accelerating the formation of internal defects [51].
As shown in Figures 3(d)–3(g), the length and width of
intracrystalline and intercrystalline cracks in the granite
increase greatly as the temperature increases from 400 to
700°C [52]. At 600°C, the amount of quartz has a significant
effect on thermally induced microcracks due to the particu-
larity of its thermal expansibility. Microcracks are growing
into one other, creating a mesh of microcracks. Between
600 and 700°C, the brittle to plastic transition of granite
occurs within this temperature range. Ductile properties
dominate granite damage at high temperatures [53]. The
increase in the loading rate has no obvious effect on crack
propagation [54], and the UCS is almost unchanged.

3.5. Elastic Modulus. In this study, the tangent modulus in
the elastic region of the stress–strain curve (approximately
40 to 60% of the peak strength in the experiments) is
defined as the elastic modulus [22]. As shown in Figure 6,
the elastic modulus of granite under real-time high temper-
ature shows an overall decreasing trend with increasing
temperature. In the range of 25 to 200°C, the mineral par-
ticles of granite are compacted, the microstructure is
slightly damaged, and the elastic modulus hardly changes.
The elastic modulus gradually decreases when the tempera-
ture is between 300 and 500°C, and the trend of the elastic
modulus is similar to the trend of the UCS. When the tem-
perature exceeds 600°C, microcracks are growing into one
other, creating a mesh of microcracks, and the porosity
continue to increase, resulting in no significant change in
elastic modulus [30, 54].

Figure 6 shows that the elastic modulus variation with
increasing temperature follows the similar tendency for all
three different loading rates (0.01, 0.1, and 0.5mm/min) of
granites. Under the loading rate of 0.5mm/min, the elastic
modulus of granite increases in general. In the range of 25

to 500°C, the cracks in granite dominated by axial load have
a lower degree of expansion and fewer numbers than those
under low loading rate, resulting in an overall increase of
elastic modulus. When the temperature exceeds 600°C, the
increase in the loading rate has no effect on the elastic
modulus.

4. Further Discussions

4.1. Comparison of Mechanical Properties of Real-Time High-
Temperature Granite and Quenched Granite. Figure 7 shows
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the trend of normalized peak strength versus test tempera-
ture curves for granite at real-time high temperature and
granite after high-temperature quenching. Between 25 and
200°C, the UCS of granite samples increases significantly
with the increase of temperature. Between 200 and 500°C,
the UCS decreases greatly with increasing temperature.
When the temperature exceeds 600°C, the UCS decreases
slightly with increasing temperature. The UCS increases sig-
nificantly at 200°C. Beyond 300°C, the high temperature
leads to uneven thermal expansion of the mineral particles
and the thermal cracks gradually expand with increasing
temperature [9]. At this time, the thermal crack creation
has a significant effect on the UCS of granite samples. Com-
pared with the granite samples after high-temperature
quenching, there is no uneven stress field and cooling
shrinkage [55]. Due to the propagation of the thermal
cracks, the internal microstructure of granite is destroyed,
leading to a gradual decrease in the UCS of granite samples
within the temperature range of 300 to 500°C. Beyond
600°C, the UCS of granite samples decreases under real-
time high-temperature conditions. This can be attributed
toward the absence of thermal hardening effect in the gran-
ite, which results in a higher degree of crack expansion and a
larger number of cracks [56], and the UCS decreases more
clearly. After high-temperature quenching, the UCS of gran-
ite samples increases from 25 to 500°C. The UCS decreases
significantly after the temperature reaches 500°C. Between
25 and 500°C, the strength of the outer surface of quenched
granite increases rapidly, while the mineral particles do not
cool synchronously with the outer surface of quenched gran-
ite. The strong temperature gradient results in high local
thermal stress, resulting in the nonuniform local plastic
strain field, which inhibits thermal crack propagation. The
cohesion of granite samples increases, and the internal
shrinkage occurs sharply, which has an obvious thermal
hardening effect; the UCS of granite samples increases
[15]. Above 500°C, a large number of thermal cracks occur
and the cohesion of the material decreases significantly,
resulting in a significant decrease in the UCS of granite
samples.

Figure 8 shows the trend of normalized elastic modulus
versus test temperature curves for granite at real-time high
temperature and granite after high-temperature quenching.
When the temperature is between 25 and 500°C, the elastic
modulus of granite samples decreases greatly with increas-
ing temperature. When the temperature reaches 500°C, the
elastic modulus of granite samples decreases slightly under
real-time high-temperature condition. The degree of prop-
agation of cracks in granite under real-time high-
temperature loading increases with increasing temperature,
resulting in the destruction of microstructure and the
decrease of elastic modulus. Compared with the granite
sample after high-temperature quenching, there is no
strong temperature gradient in the sample to inhibit the
propagation of thermal crack [19]. The elastic modulus of
granite samples after high-temperature quenching is simi-
lar to the trend of UCS. It increases rapidly between 25
and 500°C and decreases rapidly when the temperature
reaches 500°C.

4.2. Granite Fracturing Mechanism under Real-Time High
Temperature. The thermal cracking behavior of granite at
high temperature and high pressure is the key to the perfor-
mance of HDR geothermal reservoir extraction system [23].
During hydraulic fracturing, the fracturing fluid is pumped
into the wellbore to increase the pressure at the bottom of
the well. With the injection of fracturing fluid, the pressure
increases until the rock breaks and produces cracks, as
shown in Figure 9(a). At the same time, the injection of frac-
ture fluid causes the solid skeleton to shrink in both trans-
verse and vertical directions. The cooling contraction strain
increases over time and remains maximum near the injec-
tion well. This phenomenon is similar to the thermal hard-
ening effect of quenched granite [23]. The coupled
behavior of real-time high temperature and loading rate is
controlled by the characteristic difference between the fluid
and the rock matrix. Fluid heat transfer occurs in rock
matrix and cracks by convection and conduction. The ther-
mal depletion of the rock matrix is limited to the vicinity of
the injection well. As the heat transfer between the fluid and
the rock matrix completes, a thermal equilibrium state is
formed that causes cracks to continue to grow along the
weak interface [57]. Under real-time high-temperature con-
ditions, thermal cracking occurs when the thermal stress
exceeds the grain bearing capacity of the granite. Under
low-pressure conditions, the difference in the thermal
expansion of adjacent minerals is considered to be high-
temperature thermal damage to granite. However, under
high-temperature and high-pressure conditions, thermal
cracking occurs both between adjacent grains (intergranular
thermal stress) and within grains (intragranular thermal
stress) [52]. According to the microscopic morphology of
the granite fracture plane, fractured cracks can extend in a
wide range along the weak plane structure, and the weak
plane structure can form a natural and efficient water chan-
nel. It provides excellent geological conditions for the
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Figure 8: Normalized elastic modulus versus test temperature
curves for granite at real-time high temperature and granite after
high-temperature quenching.

8 Geofluids



construction of large-volume artificial reservoir and effec-
tively forms large-volume artificial geothermal reservoirs,
as shown in Figure 9(b). However, previous studies have
shown that the pumping rate during hydraulic fracturing
has little effect on the formation of cracks in HDR geother-
mal formations. The main factors that affect the formation
of cracks are geological characteristics such as stress and ini-
tial cracks [33]. This is consistent with the effect of the load-
ing rate on the physical and mechanical properties of granite
at the real-time high temperature.

5. Conclusions

In this study, uniaxial compression tests were carried out on
granite at different real-time high-temperature conditions
(25, 200, 300, 400, 500, 600, and 700°C) and loading rates
(0.01, 0.1, and 0.5mm/min). The tests showed that granite
has significant thermal damage and mechanical behavior at
real-time high temperature. It is found that microcracks
occur in granite under real-time high temperature, grain
boundary cracks gradually evolve into transgranular cracks,
and the extension of microcracks is related to mineral com-
position and microstructure. The macroscopic cracks
formed under the coupling effect of high temperature and
stress can lead to rapid deterioration of the macroscopic
mechanical behavior of granite. From 25 to 200°C, the
UCS and elastic modulus of granite increase significantly.
When the temperature is between 200 and 500°C, the ther-
mal cracks continue to expand with increasing temperature,
and the UCS and elastic modulus of granite gradually
decrease with the increase of temperature. The UCS and
the elastic modulus have no obvious changes after 500°C.
Compared to the other two loading rates (0.01 and

0.1mm/min), at the loading rate of 0.5mm/min, from 25
to 200°C, the UCS and elastic modulus of granite are greater.
In the range of 200 to 600°C, the UCS is smaller, and the
elastic modulus is greater. Between 600 and 700°C, the
UCS and elastic modulus of granite with three loading rates
are basically similar. However, the tests showed that the UCS
and elastic modulus of granite under real-time high temper-
ature are weakly dependent on the loading rate overall. The
results of the testing were compared to results obtained for
work carried out on quenched granite; it is found that the
UCS and elastic modulus are only affected by the thermal
crack.
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As resource extraction moves deeper underground, backfill mining has received a lot of attention from the industry as a very
promising mining method that can provide a safe workplace for workers. However, the safe and efficient transport of fill slurry
through pipelines still needs more exploration, especially in the bend section. In order to investigate the flow characteristics
and velocity evolution of the slurry in the bend section of the pipe, a three-dimensional (3D) pipe model was developed using
the computational fluid dynamics software Fluent, and nine sets of two-factor, three-level simulations were performed.
Furthermore, a single-factor analysis was presented to investigate the effects of the two main influencing factors on the shifting
of the maximum velocity of the slurry towards the distal side in the bend section, respectively. Then, the response surface
analysis method was applied to the two-factor analysis of the maximum velocity shift and the weights of the two influencing
factors were specified.

1. Introduction

Some of the world’s biggest mining operations are currently
at the stage of deep mining. For instance, the mining depth
of coal resources has reached 1,500m, the respective depth
for the exploitation of geothermal resources has exceeded
3,000m, and the mining depth of nonferrous metals has
reached 4,350m, while the exploitation of oil and gas
resources has reached an astonishing depth of 7,500m [1].
Based on forecasts made for the next ten to fifteen years,
50% of iron ore resources, 33% of nonferrous metal or min-
eral resources, and 53% of coal resources will be exploited at
a mining depth of 1,000m and below [2]. However, after the
resource is mined out at such depths, significant geotechni-
cal issues may increase. The vertical original rock stress
caused by gravity and the tectonic stress generated by the
addressed tectonic movement are basically exceeding the
compressive level of the rock mass and the stress concentra-

tion level due to excavation, especially when large-scale min-
ing activities take place. According to results of stress
measurements in deep mining operations located in South
Africa, at a depth ranging from 1 to 5 km, the ground stress
can range from 50 to 135MPa [3]. Other than that, accord-
ing to surveys, in China alone, there are 1,600 coal gangue
dumping fields, with a total volume of 4.5 billion tons, occu-
pying a wide surface area [4].

The backfill mining method is a relatively new mining
approach that can not only dispose of hazardous solid on
the surface but also provide the operators underground a
safe working space by supporting the adjacent rock mass
or layers [5, 6]. In addition, a case study shows that the sur-
face reclamation rate after filling and mining is up to 37.6%
higher than that of other mining methods [7].

Therefore, with the further increase in environmental
awareness, backfill mining has received unprecedented
attention and many related practices were executed [8–10].
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Furthermore, the continuous transport capacity of the pipe-
line system makes itself a superior transportation method
that is being applied broadly [11, 12]. Accordingly, an inten-
sive investigation was conducted in this research field [13].

For instance, Zhang et al. [14] analyzed the factors that affect
the backfilling pipeline resistance of the tailing slurry, in
order to accurately calculate the pressure loss. In another
experimental and modeling study done by Qi et al. [15],
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the pressure evolution in pipe flow of cemented backfill is
investigated. Liu et al. [16] compared experimental and sim-
ulation data in an effort to study the pipe flow characteristics
of the cemented paste backfill slurry considering hydration
effects.

In addition to the experimental study of the flow charac-
teristics of fluids in pipes, many scholars adopted the

numerical simulation method to reduce material and time
costs [17–21]. In a research paper, Zhang et al. [22] pre-
dicted the erosion in a sharp bend geometry by applying a
comprehensive CFD-based erosion prediction procedure,
while Nuno and his colleagues [23] employed a computa-
tional fluid dynamics (CFD) model to analyze the laminar
transients in pressurized pipes and proved that the strongest
link between the wall shear stress and the axial component
of the velocity occurs in the region close to the pipe wall as
well as that the time shift between the wall shear stress and
the local instantaneous flow acceleration increases signifi-
cantly as time elapses.

The bend is an indispensable part of all pipeline trans-
portation systems, and it is also the most easily worn or
clogged place in the whole pipeline system. Although
numerous experimental or simulation studies related to
pipeline transportation are being carried out as described
above, the velocity study of gangue fly ash high-
concentration slurry in the bend part is still very limited.
Thus, in this paper, computational fluid dynamics software
was employed to reproduce the velocity characteristics of
the slurry flowing through the bend part and to analyze
how the influencing factors affect the offset of the velocity
in the bend section of the pipe.

2. Material and Rheological Properties

The raw coal gangue used in this paper was collected from a
coal mine located in Jining city, Shandong province, China.
And after two stages of crushing, the processed coal gangue
particle size is presented in Figure 1. From this figure, we can
see that around 80% of the coal gangue particles are in sizes
below 10mm, and the particles smaller than 5mm account
for 54% of the total.

Fly ash (FA) is a byproduct produced during coal com-
bustion in thermal power plants, with a large specific surface
area and high adsorption activity. The particle size distribu-
tion of the fly ash being used in this paper is shown in
Figure 2. And it is clear from this graph that the median par-
ticle diameter is 41 microns.

In addition to the size of the particles of the filling mate-
rial which can have an influence on the properties of the
slurry, the physical properties and chemical composition of
the material are also factors that cannot be ignored. Never-
theless, the aforementioned properties of the filling material
are not fixed; for example, the type of coal burned in a ther-
mal power plant or even the manner and degree of burning
of the coal can cause changes in the compounds of the fly
ash particles. Hence, before preparing the filling material,
the chemical composition of the particles needs to be speci-
fied in combination with an accurate measurement of the
particle size distribution.

Table 1: Chemical composition of coal gangue and fly ash.

Classification Composition Loss SiO2 Fe2O3 Al2O3 CaO MgO TiO2 Na2O K2O

Gangue Percentage (%) 17.8 51.92 3.87 19.03 1.0 1.18 0.75 0.54 1.47

Fly ash Percentage (%) 10.33 43.84 27.40 4.01 12.13 1.09 — — —
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The physical and chemical properties of coal gangue and
fly ash are shown in Table 1. The main phase of coal gangue
is SiO2, and the high content of SiO2 indicates a decent com-
pressive strength of the backfill mass. The content of the
CaO in the fly ash accounts for 12.13%, and that defines
the fly ash as a C type.

In the present study, fly ash and ordinary Portland
cement (OPC) are mixed together as the binding agent in
producing the backfill slurry, and the mixing ratio of FA
and OPC by weight is 2 to 8, while the crushed coal gangue
particles are used as aggregates.

After weighing the raw materials according to the
planned proportion, the desired slurry with 76% solid con-
centration was mixed for 1min at the speed of 100 r/min,
then immediately transferred to rheological tests. The shear
stress and shear rate relationships are demonstrated in
Figure 3. However, the rheological curve shows a significant
difference from that of a Newtonian flow; it is a nonlinear
curve and needs critical stress to start the moving of the
slurry flow. And according to some scholars’ research, a suit-
able rheological model is the foundation that can achieve
accurate prediction of flow characteristics [24–26]. There-
fore, in this present paper, the Herschel-Bulkley model is
adopted based on previous research studies [27–31].

3. Simulation Model

In order to reduplicate the flow characteristics of the CGFA
slurry at the bend section of the pipeline, a 3D numerical
model was developed as plotted in Figure 4. This model con-
sists of three main parts (vertical section, bend section, and
horizontal section), and the vertical section and the horizon-
tal section were all set to be 10m to ensure that a fully devel-
oped and stable slurry flow can be formed before or after
passing through the bend section. The radius of the bend
is 0.5m. To facilitate the collection of fluid velocity informa-
tion in the subsequent simulation experiments, a measure-
ment line Y = X was set up in the bend section. An
observation plane at the measurement line position, as well
as at theX = 7mandZ = 0mpositions, was set up.

An appropriate discretization is a foundation for the
subsequent simulation; therefore, it is vital to have a fine
mesh for the targeted computational domain [32]. There
are three main types of adaptive mesh generation
approaches that are most commonly used in engineering
applications: the triangulation method [33], the advancing
front method [34], and the quadtree/octree method [35, 36].
Among these three types of methods, the triangulation
method is automatic, robust, and easy to control mesh density.
When the triangulation method is applied, the computation
convergence can be ensured and the meshing results are opti-
mized greatly. For this reason, triangular prisms are used in
this paper. The independence of the mesh was proven since
simulated pressures no longer exhibit nonnegligible differ-
ences when changing themesh density.Moreover, considering
the more complex flow conditions of the boundary layer fluid,
five inflation layers were deployed to capture the boundary
layer effects accurately (see Figure 5).

In the present paper, we focus on the effect of the
slurry transport velocity and pipe diameter on the maxi-
mum offset ratio. For that purpose, three-level experiments
on the two main factors are performed in the CFD simu-
lation software, and the detailed simulation scheme is pre-
sented in Table 2.

Figure 5: Mesh of the fluid domain.

Table 2: Model setting.

Diameter (m) Velocity (m/s) Concentration (%)

0.15

2.0

76

2.5

3.0

0.18

2.0

2.5

3.0

0.21

2.0

2.5

3.0
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Figure 6: Velocity contour of the observation plane Z = 0m.
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Figure 7: Velocity contour of the observation plane X = 7m.
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4. Results and Discussion

Following the setting of all parameters, the simulations are
run, and hereinafter, the influence that the various pipe
diameters and slurry flow velocities have on the velocity off-
set is analyzed. The velocity contours on the observation
planes aforementioned are plotted to show the velocity evo-
lution when the slurry flows through the bend section of the
pipe. Then, a single-factor analysis and a two-factor com-
bined analysis are used to show how the two main influenc-
ing factors change the flow pattern of the slurry.

Since the distribution of velocity in the pipe and the ten-
dency of deflection in the bend section are similar under dif-
ferent variables, in this paper, only the velocity contours are
shown when the pipe diameter is 0.15m and the slurry flow
velocity is 2.5m/s as demonstrated in Figures 6–8.

Figure 6 depicts a contour of velocities as the slurry flows
through the pipe, from which we can clearly see the distribu-
tion of velocities and the large excursions that occur in the
bend part of the pipe.

It can be seen that generally in the core section of the
slurry flow, the velocity is larger than the margin layers close
to the pipe wall. The reason behind this phenomenon is that,
unlike in a Newtonian flow, the viscosity of the backfill
slurry in the present study is relatively larger, and the slip
velocity is positive near the pipe walls, whereas it is negative
in the middle portion of the pipe cross-section. The same
phenomenon was discussed in a study by Kumar et al.
[37], in which they investigated the flow of highly concen-
trated iron ore slurry through a horizontal pipeline. There-
fore, when the backfill slurry flows in a pipe, it forms a
plug-like flow that has a special flow pattern with a distin-
guishing characteristic that the central section of the flow
moves faster compared to its ambient flow section [38, 39].
And this velocity disparity is more intuitive and prominent
in Figure 7.
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Figure 10: Offset ratio vs. velocity.
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Table 3: Coded run scheme.

Run Factor 1: diameter Factor 2: velocity Response: offset ratio

1 0.000 1.000 7.5

2 -1.000 0.000 13.8

3 0.000 -1.000 7.1

4 -1.000 -1.000 13.4

5 -1.000 -1.000 13.4

6 -1.000 1.000 13.4

7 1.000 -1.000 9.3

8 0.000 0.000 10

9 1.000 0.000 9.7

10 0.000 0.000 10

11 0.000 0.000 10

12 1.000 1.000 9.3

13 0.000 1.000 7.5

14 -1.000 -1.000 13.4

15 1.000 0.000 9.7

16 0.000 0.000 10

Table 4: Fit summary.

Source
Sequential
p value

Adjusted
R2

Predicted
R2

Linear 0.0070 0.4621 0.2643

2FI 0.7769 0.4213 0.0054

Quadratic <0.0001 0.9163 0.7622 Suggested

Cubic 0.9600 0.8964 -2.7962 Aliased
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When the slurry flows through the elbow section of the
pipeline, the slurry flow direction changes 90°, which
denotes from vertical negative to horizontal. During this
process, despite the fact that the slurry flow generally follows
the original flow pattern attributed to the dominating role
that the inertial force plays, the velocity profile changes dra-
matically. The largest velocity moves from the central region
of the slurry flow to the pipe bottom as illustrated in
Figure 8. The large difference between Figures 7 and 8 repre-
sents a huge change in velocity in the bend section, and an
in-depth study of the change in velocity in the bend section
is of great significance for the pipeline transport of the
slurry.

Figure 9 shows the velocity profile reproduced from the
velocity information collected on the measurement line.
The diameters were normalized to facilitate the comparison
of the velocity offset under different pipe diameters. From
this figure, it can be seen that the positions where the highest
velocities occur in the slurry are shifted towards the distal
side of the bend which is consistent with the velocity con-
tours presented above (see Figure 8). However, the slurry
deflections at different combinations of the flow velocity
and pipe diameter show a marked difference.

The offset ratio of the maximum velocity position
(OROMVP) varies with the conveying velocity, and the
changing tendency between different investigated velocity-
diameter combinations shows vast variance (see Figure 10).

For instance, the OROMVP value of the slurry that flows
in a pipe with a 0.15m diameter is much larger than that
of the other two counterparts. When the pipe diameter is
0.21m or 0.15m, the OROMVP reveals a gentle change with
transport velocity, which implies that the maximum velocity
of the slurry occurs at the same position when the slurry
passes the bend section no matter what the transport veloc-
ity is. However, the OROMVP changes greatly with various
flow velocities; when the pipe diameter is 0.18m, it increases
with the slurry conveying velocity until the conveying veloc-
ity reaches 2.5m/s, and then the OROMVP decreases with
the further increase of conveying speed.

Figure 11 demonstrates the effects of the pipe diameter
on the OROMVP, and for all the three investigated groups,
the largest OROMVP appears when the pipe diameter is
0.15m. In terms of the slurry being transported at 2.5m/s,
the OROMVP decreases with the increasing conveying
velocity although the speed of reduction becomes very slow
when the pipe diameter exceeds 0.18m. For the slurry that
flows at 2m/s, when the pipe diameter is in the interval of
0.15m to 0.18m, the OROMVP decreases with the rising
pipe diameter, while when the pipe diameter is larger than
0.18m, the OROMVP gradually increases with the increas-
ing pipe diameter. And not only the tendency but also the
values of the OROMVP of the slurry with a 3m/s conveying
velocity show a minor difference from that of the slurry with
a 2m/s conveying velocity.

A comparative analysis of Figures 10 and 11 shows that
the 0.18m diameter is special since, at this point, the
OROMVP exhibits characteristics that clearly differ from
other counterparts. Perhaps, designing the conveying system
with a pipe diameter of about 0.18 meters can make the
slurry velocity more stable when slurry flows through the
bend section.

From the analysis in the previous section, it is clear that
both the slurry transport velocity and the pipe diameter have
a significant effect on the OROMVP, but it is not well
explained how these two influences work together and what
the respective weights of their contributions to the offset are.
Therefore, the following parts will deal with this issue.

In order to determine the weights of the flow velocity
and pipe diameter on OROMVP in the bend section, the
response surface methodology (RSM) was adopted and run
in a professional software program named Design-Expert
(Stat-Ease Inc.). Response surface methodology [40] is a col-
lection of mathematical and statistical techniques that can
analyze all the dominant factors and how they influence

Table 5: Coefficients in terms of coded factors.

Factor Coefficient estimate df Standard error 95% CI low 95% CI high VIF

Intercept 9.52 1 0.2953 8.86 10.18

A: diameter -2.19 1 0.2387 -2.72 -1.66 1.15

B: velocity -0.0584 1 0.2387 -0.5903 0.4736 1.15

AB 0.0707 1 0.2983 -0.5940 0.7354 1.16

A2 2.92 1 0.3568 2.12 3.71 1.13

B2 -1.49 1 0.3568 -2.29 -0.6997 1.13
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Figure 12: Predicted offset ratio vs. actual offset ratio.
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the dependent variables [41]. A central composite design
with two independent variables (namely, the pipe diameter
and slurry velocity) at three levels was performed by apply-
ing the Design-Expert 12.

The historical data RSM design and the response for this
study can be found in Table 3. After 16 runs in total, the fit
summary of different fitting models’ accuracy and practical-
ity is listed in Table 4, from which the most suitable model
was automatically presented (denotes quadratic model in
this present paper). And the adjusted R2 and predicted R2

indicate that the selected model has excellent accuracy.
The coefficient estimate represents the expected change

in response per unit change in the factor value when all
remaining factors are held constant while the intercept in
an orthogonal design is the overall average response of all

the runs. The coefficients are adjustments around that aver-
age based on the factor settings, and the coefficients of all the
independent variables are documented in Table 5. Based on
the value of the estimated coefficient, the weights of each
independent variable on the response variable were deter-
mined and the pipe diameter has a much more notable influ-
ence on the OROMVP than flow velocity. And the most
influencing term is A2, namely, the diameter-square.

The accuracy of the regression model was also ascer-
tained since the experimental data and the model response
are evenly distributed around the diagonal line in
Figure 12. The actual value of the offset ratio represents
the measured result for each experimental run while the pre-
dicted value is evaluated from the independent variables in
the regression model.

In this paper, the three-dimensional plots and the two-
dimensional contour depicted in Figures 13 and 14 were
studied to investigate the behavior of the OROMVP from
the interactions of the two operational variables.

The 3D plot, overall, appears to have a smooth saddle
shape showing the effect of the combination of the flow
velocity and pipe diameter on the OROMVP. It can be
inferred from this figure that the effect of the pipe diameter
in adjusting OROMVP at the bend section overwhelms that
of the flow velocity as the OROMVP reflects a more pro-
nounced change under the influence of varying the pipe
diameter. The minimum OROMVP always occurs at a pipe
diameter close to 0.18m, when the pipe diameter varies from
0.21m to 0.15m, regardless of the flow velocity. Corre-
spondingly, among all two-factor combinations of the flow
velocity and pipe diameter, the OROMVP of the combina-
tion at a flow velocity of 2.5m/s has been maintained as
the largest. In the present paper, among all the investigated
flow velocity and diameter combinations, the OROMVP of
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the 0.15m diameter and 2.5m/s flow velocity group ranks
the highest. When the pipe diameter is close to 0.19m and
the slurry transport velocity is more than 3m/s or less than
2m/s, the optimal OROMVP can be achieved. However, this
conclusion was reached only considering the reduction of
the OROMVP, and if more factors need to be included, such
as filling efficiency or economics, a more comprehensive
investigation is required.

5. Conclusion

Given the strong correlation between the velocity offset of
the fluid flowing through the bend part and the damage to
the bend, this paper focuses on the flow characteristics of
the fluid in the bend part. In the present research, rheo-
logical parameters of the slurry were acquired by con-
ducting a series of lab tests, and then the computational
fluid dynamics simulation was operated to reproduce the
fluid flow in the bend section, followed by an analysis of
how the two influencing factors affect the OROMVP indi-
vidually, and investigate how the two independent vari-
ables determine the OROMVP in the bend section by
the response surface method. The following conclusions
can be drawn:

(i) Although both the transport velocity and the pipe
diameter have a significant effect on the OROMVP
in the bend section, their weights differ significantly;
in other words, the variation in the pipe diameter is
more determinative

(ii) The critical conveying velocity for the slurry should
be around 2.5m/s since all the investigated samples
show that conveying velocities above or below
2.5m/s lead to a decrease in the OROMVP in the
bend section. Therefore, in order to clarify the effect
of conveying velocity on the OROMVP, further
studies for the extended velocity range need to be
conducted

(iii) The 3D response surface demonstrates the good
performance of the 0.19m diameter pipe in reduc-
ing the OROMVP of the slurry passing through
the bend section. Therefore, under the premise of
satisfying the mine filling efficiency, it is recom-
mended to adopt 0.19m pipes for slurry transporta-
tion to reduce damage such as abrasion of the pipe
at the bend part
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Mudstone rich in clay minerals exhibits an obvious water-induced weakening effect, and the mechanical properties of mudstone
are significantly affected by the groundwater. To investigate the effect of water on mechanical characteristics of mudstone at
microscale, a series of uniaxial compression and nanoindentation tests were conducted on mudstone specimens at different
moisture contents. Microscale measurements are upscaled to estimate the corresponding magnitudes at the macroscale using
the Mori-Tanaka method. The results showed that the indentation modulus varied significantly, from as low as 0.2 GPa to a
quite high value of 125GPa, indicating a strongly heterogeneous distribution of mudstone. The water illustrated a significant
effect on the microscale mechanical properties of water-sensitivity minerals like clay minerals. The water-sensitivity minerals
occupied the highest proportion of the mudstone and were believed to play an important role in the mechanical properties of
mudstone. For water-bearing specimens, the comparison with elastic modulus data obtained from common method indicated
similar values as those predicted by homogenization method. The results of this study indicated that nanoindentation
technique is a feasible experimental technique to assess the macroscale mechanical properties of rock materials.

1. Introduction

In China, about 60% of identified coal reserves are located at
depth of more than 800m and about 53% at depth below
1000m [1–3]. The deep roadways are often excavated in sed-
imentary rocks near the coal seams [4, 5], such as mudstone.
For decades, most research has been focused on the mechan-
ical properties of coal measures rocks, including strength,
deformation, and failure characteristics [6–10]. Due to the
heterogeneity of coal measures rocks, it is thus vital to
understand the mechanical characteristics at microscale
[11, 12].

Nowadays, nanoindentation is used to investigate the
microscale mechanical properties of rocks. Nanoindentation
is based on elastic contact theory allowing obtaining the
mechanical parameters at microscale, such as indentation
modulus and hardness. Oliver and Pharr [13] established
an improved method to determine the modulus and hard-
ness from nanoindentation load-depth curves, which has

been widely used in rock-like materials [14, 15]. Afterward,
many researchers studied the microscale mechanical proper-
ties (e.g., deformation, modulus, and hardness) of coal
[16–19], shale [20], and cement-based materials [21–24].
Furthermore, Scanning Electron Microscopy (SEM) and
Atomic Force Microscope (AFM) were also used to investi-
gate nanoscale detection of the pore distribution and
mechanical properties of rock [25, 26]. With large numbers
of indents that carried out on the specimen surface, the
mechanical properties of material can be obtained exclu-
sively. However, previous studies have mainly focused on
the field of oil and gas exploitation (such as shale and coal)
or construction materials. By contrast, the microscale
mechanical properties of coal measures mudstone are still
not fully understood [19].

Furthermore, the mechanical properties of coal measures
mudstone do not only depend on mineral components but
are significantly affected by the external environment, espe-
cially the groundwater [27–30]. Mudstone rich in clay

Hindawi
Geofluids
Volume 2022, Article ID 9032572, 16 pages
https://doi.org/10.1155/2022/9032572

https://orcid.org/0000-0002-7260-5020
https://orcid.org/0000-0001-7763-9329
https://orcid.org/0000-0003-2433-0533
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/9032572


0

1000

800

600

400

200

1200

0 50 100 150 200 250 300 350

Holding
Pmax

dP
dh

hmax

Elastic-plastic loading

hr

Unloading

Lo
ad

, P
 (𝜇

N
)

Depth, h (nm)

Figure 1: Typical load-depth curve obtained from nanoindentation.

Yellow Sea

Shandong Province

Henan Province

Anhui Province

Jiangsu Province

Kouzidong Coal Mine

Hubei Province

Figure 2: Sampling location map in Anhui, eastern China.

Figure 3: SEM photomicrographs of mudstone.

2 Geofluids



minerals exhibits an obvious water-induced weakening effect
[31], and the increase in moisture content usually reduces
the strength of rock [32]. However, due to the water sensitiv-
ity of argillite, it is generally a delicate task to investigate the
mechanical properties in high moisture content mudstone
by the specimens with standard size by bulk measurements
(e.g., acoustic emission, uniaxial compression, triaxial com-
pression, and direct shear test) in some engineering fields.
Thus, nanoindentation is a feasible experimental technique
allowing for assessment of the mechanical properties of rock
materials.

To the best of our knowledge, studies related to the effect
of water on the microscale mechanical properties of coal
measures mudstone are still lacking. Hence, nanoindenta-
tion was adopted to investigate the microscale mechanical
properties of mudstone in this work. The effects of water
on micro mechanical properties were analyzed, and the
results were discussed.

2. Theory and Background

The principle of nanoindentation consisted of making con-
tact between an indenter tip and the material surface. The
changes in the applied load and penetration depth were
measured simultaneously [33–35]. A typical indentation
load-depth curve is shown in Figure 1. It consisted of three
stages: loading, holding, and unloading. During the loading
stage, the load increased as a function of the penetration
depth, regarded as elastic-plastic loading. In the unloading
stage, only elastic deformation was recovered and used to
calculate the microscale mechanical properties of the speci-
men [36]. In Figure 1, Pmax is the peak indentation load,
hmax refers to the indentation depth at peak load, and hf is
the final depth of the contact impression after unloading.

From the load-depth curve, the initial unloading stiffness
(S) can be expressed by Equation (1) [13].

S = dP
dh

= 2ffiffiffi
π

p 1
Er

� �−1 ffiffiffiffiffi
Ac

p
, ð1Þ

where P is indentation load, h denotes the indentation
depth, Ac is contact area of indenter at peak load, and Er
refers to the reduced modulus that can be determined by
Equation (2).

1
Er

= 1‐ν2
E

+ 1‐νi2
Ei

, ð2Þ

where E and v are Young’s modulus and Poisson’s ratio of

specimen, respectively. Ei and vi are Young’s modulus and
Poisson’s ratio of indenter, respectively. A common Berko-
vich indenter was used in the present study, with Young’s
modulus Ei = 1140GPa and Poisson’s ratio vi = 0:07.

Based on the principles of elastic contact theory, the
modulus and hardness (H) of mudstone specimen can be
calculated according to Equations (3) and (4).

E = 1‐ν2
� � 1

Er
‐ 1‐νi

2

Ei

� �‐1
, ð3Þ

H = Pmax
Ac

: ð4Þ

3. Experimental Material and Methods

3.1. Specimen Preparation. The mudstone was collected from
the floor strata of a coal seam in Kouzidong coal mine
located at Anhui in eastern China. Figure 2 shows the loca-
tion where the mudstone was found. Figure 3 illustrates the
SEM photomicrographs of the tested mudstone specimens.
Loosed thin sheets were observed in the microstructure of
the mudstone. According to the XRD results, the main min-
eral components of the mudstone were made of kaolinite
(~52.2%), illite (~12.3%), chlorite (~28.1%), and quartz
(~7.4%).

For uniaxial compression testing, the mudstone was cut
into a series of cylindrical specimens with 50mm in diame-
ter and 100mm in height. All specimens were fabricated
from a large block of mudstone. The ends of the finished
specimens were adjusted with a surface grinder to ensure
nonparallelism and nonperpendicularity both less than
0.02mm. The prepared specimens were tested by ultrasonic
velocity measurements to select homogeneous specimens. In
this study, specimens with three different moisture contents
were prepared and the experimental scheme is summarized
in Table 1. Three tests were repeated for each condition to
minimize the dispersion of test results caused by the hetero-
geneity of the specimen.

After uniaxial compression tests, broken pieces were col-
lected from the fractured specimens to prepare the speci-
mens for nanoindentation, as shown in Table 1. For
nanoindentation, it was based on the assumption of a per-
fectly smooth material surface since the smoothness was
very important in obtaining reliable nanoindentation data
[37, 38]. Before nanoindentation, the specimens were care-
fully ground and polished to achieve a smooth surface. The
specimens were then cast in epoxy resin to create total stabil-
ity for grinding and polishing during surface preparation.
After solidification for 24 h, the specimens were ground
using a grinder-polisher machine. An initial grinding and
polishing of specimens were then conducted on silicon car-
bide papers with reduced gradation 52μm, 35μm, 22μm,
and 15μm to expose the surface of each specimen. Prepara-
tion of specimens was completed after the final stage of
grinding and polishing by diamond suspension with
decreased size of 9μm, 6μm, 3μm, 1μm, and 0.05μm on
a polishing cloth. To avoid further change in the moisture
content of mudstone, methanol-based liquids were used as

Table 1: Experimental scheme.

Uniaxial compressive
test

Nanoindentation
Moisture content

(%)

M-1 NM-1 ~0.0
M-2 NM-2 ~2.4
M-3 NM-3 ~6.4
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lubricants in the polishing process. The well-prepared spec-
imens with smooth and flat surfaces used for nanoindenta-
tion are shown in Figure 4.

3.2. Nanoindentation. After polishing the specimens, a Hysi-
tron T1 Premier (Figure 5) was used to investigate the
microscale mechanical characteristics of all three mudstone
specimens. A representative area of 100 μm× 100 μm was
selected for nanoindentation, as shown in Figure 6. A matrix
of 100 indents was made on the surface, whereas the indent
spacing was kept to 10μm in the vertical and lateral direc-
tions (Figure 6). In this study, a load control mode was
adopted, and tests were programmed in such a way that
the indenter came in contact with the specimen surface.
Afterward, the load was increased at a constant rate of
200μN/s until reaching a maximum load value of 1000μN.
For the tested point, the maximum load of 1.0mN here
was determined so to respect on-average the scale separabil-
ity condition and the 1/10 rule of thumb [39]. Next, the load
was held at its maximum value for 2 s at the same loading
rate before unloading to minimize the short-term creep
and size effect [40, 41]. The movement protocol from one
indent to the next was set as a constant direction mode.
The unloading data were used to determine the indentation
modulus and hardness values based on well-established
equations.

3.3. Statistical Analysis. The experimental data obtained by
nanoindentation were used to estimate the elastic properties
of different phases of mudstone specimens. Using a statisti-
cal Gaussian fitting method [14, 15, 42, 43], the microscale

(a) (b)

(c)

Figure 4: Well-prepared specimens: (a) NM-1, (b) NM-2, and (c) NM-3.

Figure 5: Hysitron T1 Premier.
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mechanical properties of different phases were analyzed sta-
tistically. The best model based on multimodal normal dis-
tribution curves (Gaussian distribution) was used to fit the
experimental results following Equation (5).

f x, μ, σð Þ = 1
σ

ffiffiffiffiffiffi
2π

p exp −
x − μð Þ2
2σ2

" #
: ð5Þ

The mean value μ and standard deviation σ of distribu-
tion can be extracted from each model fitting. When the
number and distribution type of phases comprising a com-
posite are known, the volume fraction for different phases
can be estimated by the area under the normal distribution
curve [15, 44].

4. Results and Discussion

4.1. Mechanical Behavior of Mudstone at Macroscale. The
uniaxial compression tests were performed on mudstone
specimens with different moisture contents, and typical
stress-strain curves of the three specimens are shown in
Figure 7. All three types of mudstone specimens exhibited
similar mechanical behaviors. The values of uniaxial com-
pressive strength and Young’s modulus of different speci-
mens are summarized in Table 2. Compared to specimen
M-1, the average uniaxial compression strength of speci-
mens M-2 and M-3 decreased by 35.2% and 46.4%, and
Young’s modulus declined by approximately 29.5% and
32.8%, respectively. Due to the water-weakening effect, the
macroscale mechanical properties significantly decreased.

4.2. Nanoindentation Load-Depth Curves. To investigate the
mechanical properties of mudstone at microscale, Figure 8
shows the typical load-depth curves of indented points in
the tested areas of all three mudstone specimens. As shown
in Figure 8, each loading and unloading cycle illustrated a
deformation behavior of mudstone around the indented
point.

The visual inspection of the load-depth curves revealed
large differences in final depth values at the end of loading.
Such different characteristic shapes represented the mechan-

ical responses of various types of minerals induced by the
heterogeneousity of mudstone. At the same maximum load
(1000μN), the final depths of left-most curves were much
lower than in other curves, indicating strong resistance to
external stress due to the existence of hard mineral grains
in mudstone. The right-most curves with the largest final
depth and clear creeping branch represented typical
responses on the weakest mineral grains. When the maxi-
mum load was maintained for 2 s, the creep deformation of
mudstone at the right-most curves was much larger than
in left-most curves. Furthermore, the final depth of most
curves observed from the mudstone specimens increased as
a function of moisture content (Figure 8).

4.3. Mechanical Mapping of Indentation Modulus and
Hardness. The indentation modulus and hardness of differ-
ent tested points were calculated from the obtained load-
depth curves using the Oliver-Pharr method. Figures 9–11
show the distribution of the indentation modulus and hard-
ness in tested regions of three mudstone specimens. The
color difference in the tested regions indicated a relatively
complex and highly heterogeneous composition of mud-
stone. The blue area showing the lower modulus (hardness)
represented the weak zones in mudstone, whereas the red
area with a significantly higher modulus (hardness) dis-
played the rigid part. The other areas with the modulus
(hardness) between the weak zones (shown in blue) and
rigid part (shown in red) were exhibited in green or yellow.
The elastic modulus of tested points in mudstone varied sig-
nificantly, indicating a strongly heterogeneous distribution.
This was caused by different mineral components in the
rocks.

The general comparison of the mechanical properties
maps (indentation modulus and hardness) showed consider-
able variations in different mudstone specimens. For speci-
men NM-1, the red area with higher indentation modulus
accounted for a large proportion (Figure 9(a)) but decreased
in specimens NM-2 (Figure 10(a)) and NM-3 (Figure 11(a)).
Furthermore, the red area with highest modulus (100-
120GPa) still existed after water adsorption (Figure 11(a)).

Additionally, the tested points with higher indentation
moduli corresponded to the elevated hardness values
(Figures 9–11). The distribution map of indentation modu-
lus and hardness looked similar in appearance. The correla-
tion between indentation modulus and hardness of the three
mudstone specimens is shown in Figure 12. The correlation
between indentation modulus and hardness varied linearly
with a positive slope.

4.4. Microcharacterization of Multiphase Structure in
Mudstone. In multiphase (multimineral) materials like mud-
stone, nanoindentation could provide approximate informa-
tion related to the microscale of each phase, as well as the
role in the effective properties of multiphase systems [16].
Here, the contact surface area was around a few square
microns, and different phases can be identified at a much
finer scale. To distinguish different phases, Figure 13 shows
a histogram of indentation moduli of different tested points
in the three mudstone specimens. The distribution of

Table 2: Mechanical properties of mudstone.

Rock types
Uniaxial compressive

strength (MPa)
Young’s modulus (GPa)

Experimental Average Experimental Average

M-1

34.8 34.7 5.7 6.1

34.8 5.6

34.6 6.9

M-2

21.8 22.5 3.8 4.3

24.1 4.9

21.7 4.2

M-3

18.4 18.6 5.5 4.1

17.8 3.6

19.6 3.2
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indentation modulus was in a wide range from 0.2GPa to
125GPa. More than one peak can be observed in the inden-
tation modulus histogram, indicating relatively heteroge-
neous characteristics. For each specimen, the indentation
modulus concentrated on 0-60GPa occupied the highest
proportion.

For specimen NM-2 (Figure 13(b)), the frequency
increased firstly with the increase in modulus from 0GPa,
until it reached a peak value between 3GPa and 9GPa.
Afterward, the frequency decreased from 9 to 24GPa. Note
that the frequency between 0 and 24GPa accounted for the
largest proportion of 75.0%. As the modulus increased from

24GPa to 63GPa, the frequency exhibited an initial increase
followed by a decrease. The modulus in the range of 24-
63GPa accounted for 16.0%. After a large discontinuity
(63-84GPa), the frequency of modulus at 84-115GPa
reached 9.0%.

After drying, the frequency distribution of indentation
modulus of NM-1 (Figure 13(a)) was different from that of
NM-2 and looked more uniform. The frequency of modulus
at 5-45GPa, 45-80GPa, and 80-130GPa was 62.0%, 25.0%,
and 13.0%, respectively. For specimen NM-3
(Figure 13(c)), the frequency distribution of modulus was
similar to that of specimen NM-2.
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4.5. Effect of Water on Microscale Mechanical Properties of
Phases. In terms of microscale characterization, mudstone
is a material composed of different phases. To further inves-
tigate the effects of moisture contents on the mechanical
properties of mudstone specimens at microscale, Gaussian
fitting was used to analyze the statistical results of mechani-
cal properties. Figure 14 shows the experimental data and
fractions of each Gaussian probability density of indentation
modulus of all three mudstone specimens. In each figure,
three model normal distribution curves were used to pro-
duce the best fit of the experimental data. Table 3 summa-
rizes the modulus values extracted from the model fits of
individual phases in different mudstone specimens. The vol-

ume fractions of different phases were also included in
Table 3.

For clay minerals (kaolinite, etc.), Zhang et al. [45]
reported that the modulus was less than 5.0GPa in clays-
tone, while Liu et al. [36] reported it was 22.3GPa. Our
results showed that indentation moduli of clay minerals
(including kaolinite and illite) were in a range from 4.2 to
17.7GPa. This difference in indentation moduli of clay min-
erals obtained from different studies may be caused by vari-
able moisture contents in the specimens, and an explanation
of this variation in indentation modulus values of clay min-
erals was the water-weakening effect or swelling effect, as
previously reported [28, 46, 47].
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From Table 3, it was apparent that the variation in
indentation modulus looked relatively different for the dry
specimen (NM-1) and water-bearing specimens (NM-2
and NM-3). For the same mineral composition (e.g., clay
minerals), the indentation modulus in NM-1 was larger than
that in specimens NM-2 and NM-3. The swelling effect
reduced the indentation modulus of kaolinite in specimen
NM-2 to 4.67GPa, while 17.68GPa was recorded for speci-
men NM-1. With the increase in moisture content, the mod-
ulus of kaolinite decreased to 4.22GPa (NM-3). Compared
to the dry specimen (NM-1), the indentation moduli of
kaolinite in specimens NM-2 and NM-3 decreased by
approximately 73.6% and 76.1%, respectively. Also, the
indentation moduli of chlorite diminished by approxi-
mately 39.8% and 52.1%, respectively. The difference in
moisture content of all three mudstones led to variable
mechanical properties of clay minerals (kaolinite, illite,
and chlorite) at microscale.

The volume fractions of different phases were also ana-
lyzed. As shown in Table 3, the volumes of water-
sensibility minerals of specimen NM-1 were estimated to
58.3% (kaolinite, etc.) and 27.2% (chlorite), respectively. By
comparison, values of 80.7% (kaolinite, etc.) and 13.2%
(chlorite) were obtained for specimen NM-2 and 77.7%
and 18.0% for specimen NM-3, respectively.

For hard minerals (quartz), the indentation modulus of
quartz ranged from 87 to 105GPa. Zhu et al. [15] reported
that the modulus of quartz in quartzite was 104:2 ± 5:9
GPa. Thus, the values for quartz determined in this study
were reasonable. Compared to dry specimen NM-1, the sta-
tistical results of indentation modulus of quartz in speci-
mens NM-2 and NM-3 increased by 11.0% and 18.6%,
respectively.

Note that the indentation modulus may not represent
the exact values for the pure phase due to unavoidable phase
interactions. For example, the reported modulus of a spe-
cially prepared pure phase of quartz by nanoindentation
was 117:26 ± 2:7GPa [48]. This value was higher than those
obtained in the present study or other reported ones [15, 36,
45]. Clearly, the complete separation of the mechanical per-
formances of different individual phases was not possible
from the measurement response. Though the characteriza-
tion results were based on mechanically distinct phases
instead of pure chemically distinct phases, they looked very
well related.

4.6. Mechanical Properties at Macro- and Microscale. The
average moduli obtained from uniaxial compression and
nanoindentation tests were compared in Figure 15. The
average moduli at macro- and microscale varied signifi-
cantly, and the values obtained from nanoindentation
looked much larger than those from macroscopic experi-
ments. Compared to nanoindentation, the average modulus
obtained from uniaxial compression tests decreased by
approximately 80.0%.

The diversity in microscale mechanical properties of dif-
ferent phases rendered the average nanoindentation modu-
lus unsuitable for characterizing the mechanical properties
of specimens at macroscale. Therefore, the Mori-Tanaka
method was used to link the nanoindentation data and mac-
roscopic mechanical properties [49]. Based on homogeniza-
tion scheme and nanoindentation data, Zhang et al. [45] and
Liu et al. [36] determined the elastic properties of claystone
and shale, respectively. The comparison with modulus data
obtained from common method indicated similar values as
those predicted by homogenization method.
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Figure 13: Histograms of indentation modulus of (a) NM-1, (b) NM-2, and (c) NM-3.
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Figure 14: Fractions of each Gaussian probability density of indentation modulus of (a) NM-1, (b) NM-2, and (c) NM-3.
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In this study, linkages of the nanoindentation data and
macroscopic mechanical properties were evaluated by
homogenization scheme. Table 4 shows the input parame-
ters of different phases of three specimens, as well as the
homogenized elastic modulus (Ehom) values obtained by
Mori-Tanaka method. The macroscopic experimental

results (Emacro) and average indentation modulus (Emicro)
were also included in Table 4. The Poisson’s ratios associated
with the clay minerals and quartz were obtained from liter-
ature [36, 45].

As shown in Table 4, the errors between the results
obtained from the uniaxial compression test and

Table 3: Statistical results of indentation modulus for three mudstone specimens.

Rock types
Kaolinite, etc. Chlorite Quartz

Modulus (GPa) V (%) Modulus (GPa) V (%) Modulus (GPa) V (%)

NM-1 17.68 58.3 54.08 27.2 87.96 14.5

NM-2 4.67 80.7 32.56 13.2 97.62 6.1

NM-3 4.22 77.7 25.90 18.0 104.30 4.3
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Figure 15: Comparison of average modulus of all specimens obtained from uniaxial compression and nanoindentation tests.

Table 4: Test results of homogenization and macroscopic experiments.

Rock types
Phases

Emacro (GPa) Emicro (GPa) Ehom (GPa) Error (%)
Name E (GPa) v V (%)

NM-1

Kaolinite, etc. 17.68 0.30 58.3 6.1 42.2 28.7 370.5

Chlorite 54.08 0.25 27.2

Quartz 87.96 0.20 14.5

NM-2

Kaolinite, etc. 4.67 0.30 80.7 4.3 22.0 6.4 48.8

Chlorite 32.56 0.25 13.2

Quartz 97.62 0.20 6.1

NM-3

Kaolinite, etc. 4.22 0.30 77.7 4.1 19.4 5.9 43.9

Chlorite 25.90 0.25 18.0

Quartz 104.30 0.20 4.3

Note: Error% = ðEhom − EmacroÞ/Emacro.
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homogenization method were estimated to about 45.0% for
water-bearing specimens (NM-2 and NM-3). The evaluating
results seemed reasonable, while for dry specimen of NM-1,
the error was 370.5%. It seemed that the homogenization
scheme cannot upscale the microscale mechanical properties
of different phases to obtain data of the whole specimen at
macroscale in dry specimen. After drying, the mechanical
properties of water-sensitivity minerals increased signifi-
cantly (Figure 13(a)), and the input parameters (Table 4)
of different phases for dry specimens may not represent
the actual value.

5. Conclusions

In this study, the effects of moisture contents on the macro-
and microscale mechanical properties of mudstone were
analyzed and the results were discussed. The following con-
clusions can be drawn:

(1) The load-depth curves, curve-based indentation
modulus, and hardness were all obtained. The inden-
tation modulus varied significantly from a low value
of 0.2GPa to a high value of 125GPa, demonstrating
a strongly heterogeneous distribution of different
minerals in mudstone

(2) The moisture content showed a significant effect on
the microscale mechanical properties of water-
sensitivity minerals. The water-sensitivity minerals
occupying the highest proportion of mudstone
played a decisive role in the mechanical properties
of mudstone

(3) The average moduli at macro- and microscale varied
significantly, and the average elastic modulus values
obtained from nanoindentation were much larger
than those acquired by macroscopic experiments.
The Mori-Tanaka method was used to link the nano-
indentation data and macroscopic mechanical prop-
erties. The results of this study indicated that
nanoindentation technique is a feasible experimental
technique to assess the macroscale mechanical prop-
erties of rock materials
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In recent years, the phase field fracture model has been widely studied and applied. It has good convergence in crack propagation
simulation. Comparing with other methods, the phase field method has advantages in simulating crack intersection, bifurcation,
and three-dimensional propagation. Based on the phase field method, the influence of excavation disturbance on crack initiation
of rock mass is realized in this paper. The phase field fracture variational model is built by using user-defined element interface
(UEL) and user material subroutine (UMAT) in ABAQUS. Firstly, the prefabricated crack propagation simulation is carried
out to verify the algorithm. The fracture initiates in a butterfly shape and then expands along the horizontal direction. The
results show that the maximum support reaction decreases with the gradual increase of l, which is compared with the results
obtained by Miehe et al. The result proved the correctness and reliability of the algorithm. In this paper, the phase field
fracture model of a flat plate with a reserved small hole under the upper tension is established. The results show that the crack
finally produces a crack in the lower left and upper right directions of the square hole and continues to extend to the model
boundary, which proves the feasibility of crack independent initiation and propagation by the phase field method. The stress
formed a butterfly region until the fracture occurs. And the butterfly stress distribution was still present at the end of crack
propagation. The maximum vertical stress was 1:7 × 103MPa. Based on the South-to-North Water Transfer Project, the
simulation of tunnel crack propagation under excavation disturbance is realized for the first time, which is based on the phase
field method. The results show that the influence area of excavation disturbance will increase after considering crack
development. Comparing the simulation results without considering crack propagation with the simulation results considering
crack propagation, it is found that the stress level in the excavation disturbance area around the tunnel is greatly affected by
cracks. When the crack is not considered, the maximum vertical stress is 2:16 × 105 Pa, and the maximum horizontal stress is
9:35 × 105 Pa, which occurs at the waist of the tunnel on the horizontal axis. When the crack is considered, the maximum
vertical stress is 2:53 × 105Pa, and the maximum horizontal stress is 1:10 × 106 Pa. It shows that the stress at the dome
increases greatly. The vertical stress reaches 3:68 × 105Pa, and the horizontal stress is up to 3:07 × 103Pa. For the rock mass
far away from the excavation disturbance area, because part of the elastic strain energy is absorbed by the surface crack, the
stress level considering the crack is lower than that without the crack. But it is basically similar, indicating the accuracy of the
phase field fracture model. This paper realizes the simulation of crack propagation under excavation disturbance and provides
a way for the application of phase field fracture model in rock mechanics. This paper proves that phase field method has broad
prospects in simulating rock crack propagation and provides the possibility for the popularization of phase field method.

1. Introduction

In rock engineering, crack initiation and development are
the main failure modes of rock. The crack development
eventually leads to rock fracture [1, 2]. The crack develop-

ment also leads to local stress disturbance. Therefore,
numerical simulation of fracture is of great significance in
the field of geotechnical engineering.

At present, finite element methods for crack propagation
can be divided into two categories: One is geometric crack
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description method based on grid expansion, such as ele-
ment deletion method [3] and interface element method.
The element deletion method is a relatively simple method
to describe the crack by discontinuous means. In this
method, the stress of the element becomes 0 when it reaches

the fracture critical [4]. The interface element method [5, 6]
inserts cohesive interface elements between elements. When
reached the critical condition of fracture, the interface ele-
ment will be disconnected. The interface element method
only allows the crack to expand on the boundary of the ele-
ment [7]. This type of approach allows Raven to extend only
at the boundaries of the cell. The other is the nongeometric
description method, which is the diffusion crack model, such
as the smooth particle hydrodynamics (SPH), the diffuse ele-
ment method (DFM), the extended finite element method
(XFEM), and phase field methods. Lucy and Gingold first
applied the smooth particle hydrodynamics in the field of
astrophysics [8, 9]. Nayrole et al. proposed the scatterer
method in 1992 [10]. This method is collectively known as
the meshless method. Although the meshless method does
not need element structure, its crack propagation needs
manual setting, and its computational efficiency is very
low. Extended finite element method (XFEM) [11, 12] com-
bined displacement field related parameters with variational
function and test function by using the shape function. The
fracture has nothing to do with the grid by using XFEM. The
expansion of cracks can be achieved within the grid, but its
calculation is limited to a few relatively simple bifurcation
problems of crack. It is difficult to solve the three-
dimensional model of crack propagation simulation [13,
14]. The phase field method [15] used the dispersed phase
boundary to approximate the actual sharp boundary, which
implemented a model describing fracture with continuous
functions. By using phase field variables, the phase field
method can explicitly track crack, instead of tracking the
surface of crack. The propagation path of crack can be
obtained by the evolution of order parameters. So, the phase
field method of crack propagation simulation is not affected
by meshing. Moreover, it has good convergence [16] and can
also realize crack propagation in the grid.

In recent years, phase field model has been applied to frac-
ture field. It has attracted extensive attention in this field. Emi-
lio [17] realized the operation of phase field fracture model in
user-defined unit interface (UEL) and user material subrou-
tine (UMAT) of ABAQUS, but the model is simple. Hofacker
[18, 19] established the evolution of complex crack mode for
dynamic problems and applied interlacing algorithm to phase
field simulation. He provided the basis for solving dynamic
problems. Park [20] realized the refinement model of adaptive
grid and carried out the simulation of cohesive cracks under
dynamic loading. Liu Guowei [21] used ABAQUS platform
to realize the step algorithm of phase field fracture model
and analyzed the problem of two parallel air foil crack inter-
section. Cao Yakuo [22] studied the fracture process of
elastic-plastic plate with holes at different spatial distances
based on the elastic-plastic fracture theory of metal. It pro-
vided a thought for solving the elastic-plastic problem. Liu
Jia [23] established a phase field model of hydraulic coupling
based on porous elasticity theory and energy minimization
theory. It solves the problem of phase field seepage.

The phase field fracture method describes the physical
process of fracture through a series of differential equations,
so as to avoid the tedious crack surface tracking. It has great
advantages in simulating crack initiation, propagation, and
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Figure 1: Crack described with a phase field mode.
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bifurcation. At present, most of the phase field method sim-
ulation is a two-dimensional simple model of single homo-
geneous material, and there is no correlation analysis of
excavation disturbance. Based on the phase field method,
this paper established a composite stratum model and real-
ized the excavation simulation by element deletion.

In this paper, the user-defined element (UEL) of finite
element software ABAQUS is used to calculate the propaga-
tion of prefabricated crack and the crack propagation of per-
forated plate during tensile, which verified the correctness of
the code. The deep rock mass disturbed by excavation will
crack on the excavation boundary, which will lead to local
stress concentration of rock mass. Finally, rock mass will
break and be instability. Therefore, it is of great significance
to study the stress distribution of deep rock mass disturbed
by excavation.

2. Phase Field Method Fracture Model

2.1. Fracture Variational Theory. The phase field method is
based on Ginzburg-Laudau theory. Hakim and Karma pro-
posed the phase field model [15], which defines the free

energy of the fracture system as follows:

F u, sð Þ =
ð

g ϕð Þ ψ0 ε uð Þð Þ − ψc½ � +V ϕð Þ + 1
2Dϕ ∇ϕj j2

� �
dx,

ð1Þ

where ϕ is the order parameter; gðϕÞ is the interpolation
function, gðϕÞ = ϕ2+α; ψ0 is strain energy density; ψc is the
critical strain energy density; VðϕÞ is the two potential well
function, VðϕÞ = ϕ2ð1 − ϕ2Þ/4; and Dϕ is surface parameter.
The first two terms are the body free energy term and the
last term is the surface energy term.

In 1920, Griffith proposed Griffith energy theory based
on energy [24], but this theory is suitable for simple model.
It is difficult to analyze the complex crack model. In 1998, G.
A. Francfor and J. J. Marigo proposed a variational method
for fracture problems, which was based on the Griffith
energy theory [25]. The total potential energy Π of elasto-
mer Π can be divided into elastic energy of elastomer and

(a) (b)

(c)

Figure 4: The propagation of crack when l = 0:015mm. (a) Crack initiation stage. (b) Crack development stage. (c) Crack penetration stage.
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surface energy of fracture:

Y
u, Γð Þ =

ð
Ω

ψe ε uð Þð ÞdΩ +
ð
Γ

GcdΓ, ð2Þ

where ψe is the elastic energy density; εðuÞ is the strain ten-
sor; and Gc is the critical energy release rate.

In the fracture variational model proposed by Francfor
and Marigo, the crack propagation is controlled by the prin-
ciple of minimum free energy. However, the boundary inte-
gral of surface energy in this method is not easy to deal with
in the case of unknown crack boundary. In 2000, Bourdin
and Francfort introduced the order parameter [26] and
defined one in the interval [0, 1]. When ϕ = 0, it means that
the material is intact. When ϕ = 1, it means that the material
is completely fractured, as shown in Figure 1. The crack sur-
face density can be expressed as

γ ϕ,∇ϕð Þ = 1
2l ϕ

2 + l
2 ∇ϕj j2, ð3Þ

where l is the characteristic length parameter and the time
length parameter determines the diffusion degree of the

crack. When l⟶ 0, the characterization is closer to the
tip crack. However, the size of L does not represent the
actual width of crack diffusion.

Then, the total surface energy of cracks in the elastic
body can be expressed as

ð
Γ

GcdΓ ≈
ð
Ω

Gc
ϕ − 1ð Þ2
2l + l

2 ∇ϕj j2
" #

dΩ, ð4Þ

where Gc is the critical value of Griffith energy release rate of
material per unit area.

To analyze the fracture phase field, the total energy func-
tion of the material can be expressed as

Ψ u, ϕð Þ =Ψb u, ϕð Þ +Ψs ϕð Þ, ð5Þ

where Ψbðu, ϕÞ is the elastic strain energy stored in the
material and ΨsðϕÞ is the surface strain energy related to
the crack.

(a) (b)

(c)

Figure 5: The propagation of crack when l = 0:0075mm. (a) Crack initiation stage. (b) Crack development stage. (c) Crack penetration stage.
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The elastic strain energy can be expressed by the elastic
strain as

Ψb u, ϕð Þ =
ð
Ω

ψ ε uð Þ, ϕð ÞdV , ð6Þ

where u is the displacement of material; ϕ is the fracture
phase field variable; energy storage function ψ of material
per unit volume can be expressed as ψðε, ϕÞ = gðϕÞψ0ðεÞ;
ψ0 is the elastic strain energy density; gðϕÞ can be expressed
as gðϕÞ = ð1 − ϕÞ2 + k, and k is a very small constant.

Based on the above formula, the total energy function of
materials can be expressed as

Ψ u, ϕð Þ =
ð
Ω

1 − ϕð Þ2 + k
� �

ψ0 εð Þ+Gc
1
2l ϕ

2 + l
2 ∇ϕj j2

� ��
dV

�
,

ð7Þ

2.2. Fracture Governing Equation by Phase Field Method.
The energy of the system can be divided into external work
generated by the application of load and internal work gen-
erated by deformation. The external energy increment δWext
can be expressed as

δWext =
ð
V
bδudV +

ð
δV
hδu∂V , ð8Þ

where b is the body force per unit volume unit and h is the
boundary surface force per unit area.

The change of internal potential energy increment is

∂W int = ∂ψ = ∂ψ
∂ε

δε + ∂ψ
∂ϕ

δϕ: ð9Þ

Combined with Equation (7), the internal potential
energy increment can be expressed as

∂W int =
ð
Ω

σδε − 2 1 − ϕð Þδϕψ εð Þ +Gc
1
l
ϕδϕ + l∇ϕ ⋅ ∇δϕ

� �� �
dV ,

ð10Þ

where σ is Cauchy stress tensor,

σ = ∂ψ
∂ε

= g ϕð Þσ0 = 1 − ϕð Þ2 + k
� �

σ0: ð11Þ

Assuming that the model is a quasi-static process, the
virtual work done by the external force of the structure is
equal to the virtual work done by the internal force of the
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Figure 6: Comparison of load-displacement curves of different l.
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structure.

∂W int − ∂Wext = 0: ð12Þ

Combining Equations (8) with Equation (10), Dirichlet
boundary conditions are considered, and Gauss theorem is
used to obtain

ð
∂Ω

Gcl∇ϕ ⋅ n½ � ⋅ δϕdA +
ð
Ω

− Div σ½ � + b½ � ⋅ δu − 2 1 − ϕð Þψ εð Þ −Gc
1
l
ϕ +Div l∇ϕð Þ

� �� �
δϕ

�
dV

�

+
ð
∂Ωh

σ ⋅ n − h½ � ⋅ δudA = 0,

ð13Þ

where n is the unit vector perpendicular to the plane.
Considering the Neumann boundary conditions σ ⋅ n = h

(on ∂Ωh) and ∇ϕ ⋅ n = 0 (on ∂Ω), the strong form of the gov-

erning equation of the phase field method fracture model is

Div σ½ � + b = 0,

Gc
1
l
ϕ + l∇ϕ

� �
− 2 1 − ϕð Þψ εð Þ = 0:

8><
>: ð14Þ

3. Realize Fracture Finite Element by Using
Phase Field Method

In order to solve the numerical solution of partial differential
Equation (14), the weak form of the governing equation is
solved by finite element method.ð

Ω

σδε − b ⋅ δu½ �dV +
ð
∂Ωh

h ⋅ δudA = 0,

ð
Ω

−2 1 − ϕð Þδϕψ εð Þ +Gc
1
l
ϕδϕ + l∇ϕ ⋅ ∇δϕ

� �� �
dV = 0:

8>>><
>>>:

ð15Þ

Using the Voigt-notation method for discretization,

(a) (b)

(c) (d)

Figure 8: The result of crack propagation. (a) Crack initiation stage. (b) Crack initiation stage. (c) Crack development stage. (d) Crack
penetration stage.
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displacement field variables u and phase field variables ϕ on
cell nodes I can be expressed as

u = 〠
n

i=1
Nu

i ui, ϕ = 〠
n

i=1
Nu

i ϕi, ð16Þ

where n is the number of nodes on a cell; Ni is the corre-
sponding shape function on the node I, and the shape func-
tion matrix in two-dimensional case is

Nu
i =

Ni 0
0 Ni

" #
: ð17Þ

Accordingly, the derivative of the form function can be
discretized as

ε = 〠
n

i=1
Bu
i ui,∇ϕ = 〠

n

i=1
Bϕ
i ϕi, ð18Þ

where ε = ½εxx, εyy, εxy�T .

Strain-displacement matrix and phase field matrix are

Bu
i =

Ni,x 0
0 Ni,y

Ni,y Ni,x

2
664

3
775, Bϕ

i =
Ni,x

Ni,y

" #
: ð19Þ

Then, the gradient of displacement variable and phase
field variable can be expressed as

δε = 〠
n

i=1
Bδu
i ui,∇ϕ = 〠

n

i=1
Bϕ
i δϕi: ð20Þ

To ensure that ∂W int − ∂Wext = 0 for any u and ϕ, and,
therefore, to ensure balance, the residual of its equation
can be expressed as

Ru
i =

ð
Ω

1 − ϕð Þ2 + k
� �

Bu
ið ÞTσdV −

ð
Ω

Nu
ið ÞTbdV −

ð
∂Ωh

Nu
ið ÞThdA,

Rϕ
i =

ð
Ω

−2 1 − ϕð ÞNiψ εð Þ + Gc
1
l
Niϕ + l Bϕ

i

� 	T
∇ϕ

� �� �
dV :

ð21Þ

In order to get the residual close to 0, Newton-Raphson
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Figure 9: The vertical stress when the crack grows. (a) Crack initiation stage. (b) Crack initiation stage. (c) Crack development stage.
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method is used for incremental iteration.

u

ϕ

( )
t+Δt

=
u

ϕ

( )
t

−
Kuu Kuϕ

Kϕu Kϕϕ

" #−1

t

Ru

Rϕ

( )
t

: ð22Þ

The governing equation is a partial differential equation
system composed of quasi-static equilibrium equation and
phase field equation. However, in order to prevent crack clo-
sure when the elastic body is under pressure or unloading
springback and ensure the irreversible process of crack evo-
lution (ϕt+Δt ≥ ϕt), a historical state variable H is introduced
to realize the irreversible process.

H =
ψ εð Þ, ψ εð Þ >Ht

Ht , ψ εð Þ ≤Ht

(
: ð23Þ

Therefore, after considering the historical state variables,
the residual corresponding to phase field crack evolution is

Rϕ
i =

ð
Ω

−2 1 − ϕð ÞNiH + Gc
1
l
Niϕ + l Bϕ

i

� 	T
∇ϕ

� �� �
dV :

ð24Þ

The residual of the displacement field is

Ru
i =

ð
Ω

1 − ϕð Þ2 + k
� �

Bu
ið ÞTσdV −

ð
Ω

Nu
ið ÞTbdV −

ð
∂Ωh

Nu
ið ÞThdA:

ð25Þ

The stiffness matrix gradually degenerates in the process
of crack initiation and propagation, which will result in con-
stant rearrangement of the stress field. The implicit solver

cannot be used to obtain a stable equilibrium solution.
Therefore, the displacement field and phase field in Equation
(14) are considered as coupling fields and solved separately.
Considering the historical state variables, Equation (14) can
be expressed as

Gc
1
l
ϕ + l∇ϕ

� �
− 2 1 − ϕð ÞH = 0: ð26Þ

By using the Newton-Raphson method for iteration, the
Equation (23) can be expressed as

u

ϕ

( )
t+Δt

=
u

ϕ

( )
t

−
Kuu 0
0 Kϕϕ

" #−1

t

Ru

Rϕ

( )
t

, ð27Þ

where each stiffness matrix is

Kuu
ij = ∂Ru

i

∂uj
=
ð
Ω

1 − ϕð Þ2 + k
� �

Bu
ið ÞTC0B

u
j dV ,

Kϕϕ
ij = ∂Rϕ

i

∂ϕj
=
ð
Ω

2H + Gc

l

� �
NiN j +Gcl Bϕ

i

� 	T
Bϕ
j

� �
dV :

8>>>><
>>>>:

ð28Þ

In this paper, ABAQUS is used to realize the phase field
method fracture simulation. This research realized the phase
field method model by using UEL of ABAQUS. The relevant
stiffness matrix is updated in UEL. The specific process is
shown in Figure 2. Due to the use of user element subrou-
tine, the integral points defined by it cannot be visualized
independently in ABAQUS postprocessing. However, the
element stiffness matrix and stress-strain results on each
node can be obtained. In order to realize the visualization
of the results, this paper creates an auxiliary grid by using
UMAT to define the relevant material parameters at each
integral point of the auxiliary grid. Then, transmit the data
of user unit subroutine to user material subroutine, and out-
put SDV variables for final visualization. The stress compo-
nent and stiffness matrix of the auxiliary virtual grid are
zero, which have no influence on the solution result.

42 m

60 m

Silty clay

Fine medium sand

Figure 10: Initial model around pile No. 21+979.

Table 1: Parameters of geological model around pile No. 21+979.

Number Stratum
Density

(103kg/m3)
Elasticity

modulus (MPa)
Poisson’s
ratio

1 Silty clay 1.96 5.94 0.3

2
Fine

medium
sand

2.00 13.5 0.2
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+ 9.845e – 02
+ 7.348e – 02
+ 4.851e – 02
– 2.354e – 02
– 1.426e – 03

SDV_S22
(Avg: 75%)

Figure 11: Crack propagation under the disturbance of excavation.

8 Geofluids



4. Numerical Simulation Examples
and Verification

4.1. A Case of Prefabricated Crack Propagation. To verify the
correctness of the code, a square plate with prefabricated
cracks on the left side was created. The specific size of the
plate is shown in Figure 3. The lower boundary of the model
was fixed. The upward displacement plate of 0.01mm was
applied to the upper boundary. The Young’s modulus E =
210GPa. Poisson’s ratio is μ = 0:3. The critical energy release
rate is Gc = 2:7 × 10−3kN/mm.

In this paper, the crack length parameters were, respec-
tively, selected as l = 0:015mm and l = 0:0075mm. The crack
propagation results are shown in Figures 4 and 5. In the fig-
ure, the blue area represented no failure, while the red area
represented complete failure. The fracture initiates in a but-
terfly shape and then expands along the horizontal and ver-
tical direction. Finally, the crack reaches the right side of the
model.

Figure 6 shows the comparison between the reaction
force and displacement curve calculated in this paper and
Miehe [27]. At that time, the maximum support reaction
force calculated was 0.71 kN, and the maximum support
reaction force calculated was 0.74 kN. The calculation results
were basically consistent with the crack growth and support
reaction displacement curve obtained by Miehe. Although
there is a small deviation on the curve, the maximum reac-
tion force is basically similar, which is consistent with the
results of Miehe. It is found that with the increase of l, while

the maximum reaction force decreases. The result verifies
the correctness of the phase field code.

4.2. A Case of Tensile Crack Propagation of Perforated Plate.
A square plate with side length of 40m was established. And
a square hole with one side length of 4m was established in
the center of the plate, as shown in Figure 7. Young’s mod-
ulus E = 210GPa, Poisson’s ratio μ = 0:3, and critical energy
release rate Gc = 2:7 × 10−3kN/mm were used to fix the lower
boundary of the CPE4 unit model, and upward displacement
was applied to the upper boundary of the model. The lower
boundary of the CPE4 element model is fixed, and the upper
boundary of the model is subjected to upward displacement.

Characteristic length l = 0:04m. The crack extension
results are shown in Figure 8. The results showed that sym-
metrical butterfly-shaped microcracks appear around the
hole in the initial stage. At this time, the structure damage
was small. As the tension continued to be applied, the but-
terfly area expanded, eventually creating cracks in the upper
right and lower left corners of the square hole. And the crack
continued to expand and develops to the edge of the model,
which proved the feasibility of crack initiation and self-
propagation.

The variation of vertical stress with crack growth in this
example is shown in Figure 9. The results showed that there
was a great stress concentration at the four corners of the
hole at the initial stage of crack development. And the stress
distribution likes the butterfly. The maximum vertical stress
was 4:7 × 102MPa. The stress on both sides of the hole
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Figure 12: Horizontal stress distribution after excavation. (a) No cracks. (b) Consider cracks.
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Figure 13: Vertical stress distribution after excavation. (a) No cracks. (b) Consider cracks.
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gradually increased and gradually formed a butterfly region
until the fracture occurs. The stress on both sides of the hole
is positive, and the stress above and below the hole is nega-
tive. The maximum vertical stress was 1:23 × 103MPa.
Crack propagation begins at this time. After that, the crack
propagated gradually. And the butterfly stress distribution
was still present at the end of crack propagation. At this
time, the maximum vertical stress was 1:7 × 103MPa.

4.3. A Case of Crack Propagation in Composite Stratum
Disturbed by Excavation

4.3.1. Engineering Background. As a strategic project in
China, the South-to-North Water Diversion Project is an

extremely large infrastructure project to solve the serious
shortage of water resources in the north and implement
the optimal allocation of water resources. It plays a very
important role in alleviating the bearing pressure of water
resources and improving the water supply security and guar-
antee rate in Beijing.

Under the influence of excavation disturbance, some
stress concentration occurs in the geological body of Eastern
Canal in Beijing, which leads to lining damage and pipeline
leakage. Therefore, the pile no. 21+979 and its surrounding
area of Eastern Canal of the South-to-North Water Diver-
sion Project were selected for the analysis. Crack propaga-
tion and stress disturbance were analyzed in this case. The
left and right width of the numerical model near pile no.
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Figure 14: Comparison of vertical stress after excavation. (a) Above the vertical axis of the tunnel. (b) Right of horizontal axis of tunnel.
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21+979 is 60m. The tunnel buried depth is 19.62m. The
depth below the axis of the tunnel is 22.38m and the tunnel
radius is 3m.

According to the site geological survey data, the strata
were simplified, and a composite stratum tunnel model
was established. The tunnel size and stratum distribution
are shown in Figure 10. The material parameters are shown
in Table 1. Material critical energy release rate is Gc = 2:7
× 10−3kN/mm. Controlling the parameters of diffuse crack
width is l = 0:04m.

4.3.2. Realization of Phase Field Method. In order to simulate
the initial stress state of rock and soil mass, the ground stress
balance was carried out first. Then, the excavation was car-

ried out. The specific process of the excavation of rock and
soil mass simulated based on the phase field method is as
follows:

(1) Establish the initial composite formation model
(without tunnel excavation). Fix the bottom bound-
ary for the model, ux = 0 and uy = 0. The left and
right boundaries of the model are fixed with normal
displacement, ux = 0. The initial geostress field of the
model was obtained by the ground stress balance
analysis step under the dead weight stress

(2) Delete some excavated units, renumber nodes and
grids, and establish tunnel excavation model
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Figure 15: Comparison of horizontal stress after excavation. (a) Above the vertical axis of the tunnel. (b) Right of horizontal axis of tunnel.
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(3) In the .inp file of ABAQUS, the fracture parameters
related to the layer phase field method were defined
and the virtual visualization grid was generated. Apply
the initial in situ stress field calculated in the first step
to the tunnel excavation model, and define the output
variables to simulate the excavation of rock and soil
mass, which considered the phase field method

Considering the crack growth, the crack growth is shown
in Figure 11. After tunnel excavation, the cracks of the
model are mainly distributed around the tunnel, and the
weak links are on the horizontal sides of the tunnel. The
crack initiation occurs firstly in horizontal direction and
then gradually develops. After excavation, the stress of the
tunnel is released, and the shape of tunnel is ellipse. Due
to the maximum stress on both sides of the middle line of
the tunnel, there is a large damage in this part. The crack
begins to expand at the horizontal direction.

The horizontal stress cloud diagram after excavation is
shown in Figure 12. Figure 12(a) is the horizontal stress
result obtained without considering the phase field method,
that is, without crack development; Figure 12(b) is the hori-
zontal stress result obtained with crack development by
using the phase field method. Both cases indicate that stress
disturbance occurs in the surrounding area after tunnel
excavation. When the crack is not considered, the maximum
horizontal stress is 2:16 × 105Pa, which occurs near the hor-
izontal axis of the tunnel waist. When considering the crack,
the maximum stress on the horizontal axis is 2:53 × 105Pa,
and it is found that the stress at the tunnel dome increases
significantly, up to 3:68 × 105Pa. It indicates that the crack
development has a great influence on the stress.

The vertical stress cloud is shown in Figure 13. In situ
stress is disturbed after excavation. When do not consider
the crack, the maximum stress can reach 9:35 × 105Pa. It
occurs at the horizontal axis of the tunnel edge. When con-
sidering the crack development, the stress level around the
tunnel increases due to the influence of the crack develop-
ment. The maximum stress can reach 1:10 × 106Pa. At the
horizontal axis of the tunnel edge, the stress at the dome
changes under the influence of the crack. It produces a ver-
tical upward stress of 3:07 × 103Pa.

After the phase field method is adopted to simulate the
excavation, the stress around the tunnel changes greatly
from considering the cracks, which is due to the develop-
ment of cracks around the tunnel. In the area far away from
the tunnel, it is less affected by the crack, as shown in
Figures 14 and 15. However, its total stress level is reduced,
which is due to part of the elastic energy into the surface
energy of the crack. As the cracks developed along the hori-
zontal axis, it can be found in Figure 14(b) and Figure 15(b)
that when the distance from the center of the tunnel is 3m
(tunnel boundary), the stress level of the cracks is signifi-
cantly different from that when the crack is not considered.
The vertical stress reaches −7:90 × 105MPa when the crack
is considered. The vertical stress reaches −8:69 × 105MPa
when the crack is not considered. The horizontal stress is
5:76 × 104MPa when the crack is considered and −1:24 ×
105MPa when the crack is not considered.

5. Conclusion

Based on ABAQUS platform, this paper realized the phase
field method fracture model and simulated the crack growth
of composite stratum under excavation disturbance. This
paper realized the excavation simulation of composite stra-
tum based on the phase field method. The main conclusions
are as follows:

(1) By using UMAT/UEL of ABAQUS secondary devel-
opment interface, prefabricated crack growth simu-
lation, prefabricated hole crack growth simulation,
and composite stratum crack growth simulation
under excavation disturbance were carried out.
Based on the previous phase field model, the simula-
tion of various materials and the disturbance analysis
of excavation to the model are realized in this paper

(2) The correctness and reliability of the phase field frac-
ture model code were verified by comparing the
results of prefabricated crack propagation simulation
with those in other literature. It was found that the
crack propagated in the upper right corner and the
lower left corner of the hole through the tensile
example of the perforated plate, which demonstrated
the feasibility of the phase field method for the self-
initiation and propagation of cracks. By comparing
the crack growth model under excavation distur-
bance with the model without crack growth, it was
found that the stress disturbance was great at the
crack development. When considering the crack,
the maximum stress on the horizontal axis was
2:53 × 105Pa. It was found that the stress at the tun-
nel dome increased greatly, up to 3:68 × 105Pa

(3) Based on the crack propagation model of composite
strata established by phase field method, the crack
distribution of rock mass after excavation distur-
bance and the fine in situ stress distribution around
the tunnel are obtained. It provides an idea for sim-
ulating crack propagation in geotechnical engineer-
ing and lays a foundation for simulating in situ
stress analysis in geotechnical excavation
engineering
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Jurassic soft rocks are the main coal-bearing strata in western mining areas, which are rich in water and high in expansive
minerals. The roof and floor of the coal seam are easily muddied and disintegrated when affected by water, and heave floor of
roadway in soft rock has become one of the problems that restricts the safety and efficient production of coal mines in western
mining areas. It is not ideal for the effect of the traditional roadway control theory on geological soft rock roadway support,
and the deformation is difficult to control. Take the tailgate of 11506 working face of a coal mine in the western mining area
as the research background. This surrounding rock conditions and the deformation characteristics of the roadway in tailgate of
11506 working face were analyzed systematically, and the optimization design of the support scheme of the water-rich soft
rock roadway was carried out by using theoretical analysis and numerical simulation. The application of the support in the
tailgate of 11506 working face was carried out. The results show that slip of the two sidewalls, support failure, stress
concentration, and floor heave were failure characteristics in water-rich soft rock roadway. The optimization of the roadway
section, thin guniting of the roadway surface, optimization of support components, and gradient support could effectively
achieve the control of soft rock roadway deformation. The maximum floor heave during the roadway deformation monitoring
period was 230mm, which decreased about 75% compared with original support. The influence range of the advance abutment
stress is 0~60m, of which 0~30m is the serious influence area. The research results have good engineering practice significance
for the control of bottom bulge of the soft rock roadway in this coal mine and western mining area.

1. Introduction

Soft rock roadway support in Jurassic strata is influenced by
the stress environment of the roadway, mining range, geo-
logical conditions, etc. The surrounding rock of roadway is
dominated by muddy rock formations, which are more frag-
mented and easily disintegrated by water, and is a typical
geological soft rock [1]. Mining in soft rock faces great chal-
lenges, and the problems caused by soft rock pose great haz-
ards to mine production [2].

Aiming at the treatment of soft rock support in the west-
ern mining area, numerous studies and field practices have
been conducted by many researchers. Controlling water
environment and horizontal stress state in floor is the key
to floor control [3]. Wang et al. [4] indicated that the greater
the strength of the surrounding rock at the sidewalls, the
smaller the amount of floor heave of the roadway, and the

floor heave can be controlled by reinforcing the two side-
walls of the roadway; Hou et al. [5] believed that the weak
position of the surrounding rock support is the first to be
damaged under stress and the inverted arch can effectively
control the floor heave; He et al. [6] proposed the surround-
ing rock synergistic control technology. Bai et al. [7] ana-
lyzed the deformation characteristics of the rock layer at
the floor of the roadway under the action of mining-
induced stress, summarized the stratum movement laws at
different depths of the floor, and proposed a control scheme
to reinforce the floor of the roadway; Kang et al. [8] used the
method which is a combination of theoretical analysis and
physical experiments to propose a mathematical expression
for the amount of floor heave and unique measures which
can prevent and control the floor heave; Wen et al. [9] estab-
lished the floor heave mechanical model with corresponding
floor heave control technology aiming at the technical
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difficulties of large deformation of soft rock in the district;
Xie et al. [10] proposed the technology by using grouting
bolt with concrete backfill to control the floor heave technol-
ogy in deep roadways. The previous research has provided
valuable experience for high water expansion weakly cemen-
ted soft rock roadway support. Yu et al. [11] investigated a
combined optimized support method, which greatly
improved the roadway stability and effectively controlled
the roadway deformation. MO et al. [12] studied the mech-
anisms of floor heave by numerical models in roadways. Li
et al. [13] considered that the stress field in the surrounding
rock is important for the stability of roadway. Yang et al.
[14] proposed a combined support to control large deforma-
tion of soft rock roadway. Water-rich soft rock in western
mining area needs that the anchor cable used in the optimal
control scheme has the characteristics of constant resistance
and large deformation [15]. Jia and Liu [16] compared the
two kinds of support by numerical simulation method and
believed that the combined support of “steel mesh + full
anchor cable + concrete floor” was effective for water-rich
roadway. The support approaches for a water-rich soft rock
roadway in tectonic stress areas were studied using UDEC
software [17]. The tunnel deformation monitoring and mea-
surement work can be used to grasp the dynamic evolution
law of the surrounding rock [18]. Jing et al. [19] considered
influence of the immersion softening phenomenon of the
roadway floor and the self-supporting structure characteris-
tics of the surrounding rock on the stability of the surround-
ing rock, and a new concept of the internal and external self-
bearing structure was proposed. Aiming at soft rock ground
support issues under conditions of high stress and long-term
water immersion, Yang et al. [20] believed that the support
technology focusing on cutting off the water, strengthening
the small structure of the rock and transferring the large
structure of the rock was effective. The key of supporting
water-rich soft rock roadway is the protection of surround-
ing rock and the effectiveness of supporting. The meaningful
work done by the researchers from the support technology
can guide the development of this study.

The surrounding rock conditions and the deformation
characteristics of the roadway were analyzed, and the opti-
mization design of the water-rich soft rock roadway support
scheme was carried out. The key points of roadway support
in water-rich soft rock are pointed out. Engineering practice
shows that the technology can effectively control the large
deformation of the soft rock roadway and meet the require-
ments of an efficient production of working face.

2. Project Overview and Roadway
Failure Characteristics

2.1. Project Overview. The 11506 working face is mining 5
coal seam with an average thickness of 2.62m. It is a mono-
clinic structure inclined to the east, with an inclination angle
of 6~9°. The surrounding rock of the roadway is soft rock;
the lithology is mainly composed of mudstone, siltstone,
and fine sandstone; and the rock is soft and easy to swell
and become mudded when encountering water, mainly
manifested as the floor heave of the roadway. There are no

other large faults, folds, magma intrusion, and column col-
lapse in the working face.

The 11506 working face is under the mining area in 2
coal seam and the coarse sandstone aquifer on the roof of
the 2 coal seam, which may produce certain recharge to
the sandstone aquifer on the roof of the 5 coal seam.

2.2. Roadway Failure Characteristics. According to the anal-
ysis of geological data of this coal mine and field observation,
there are the following characteristics in the roadway of
11506 working face:

(1) Shallow buried depth and small stress

(2) False roof (mudstone) and immediate roof (siltstone
and mudstone interlayer) swollen with water and
poor cementation, making the support more difficult

(3) The roadway is drived along the roof, the lower part
of the roadway is nearly 1m high mudstone, and the
floor of the roadway is 0.5m thin coal seam. Due to
the large amount of water causing the mudstone of
the side to swell and weaken seriously, the mudstone
interlayer between the coal seam is prone to weak
surface slip when the roadway is loaded by the two
sidewalls (Figure 1)

(4) Tailgate of 11506 working face is affected by mining
11502 working face and 12202 working face gob in 2
coal seam, which seriously affects the stability of the
roadway bolt-mesh support system

Currently, there are mainly the following problems exist-
ing in the support of roadway in water-rich soft rock in the
coal mine.

2.2.1. Slip of the Two Sidewalls. The roadway is drived along
the roof, there are about 1m high mudstone in the lower
part of the roadway, and the bottom of the roadway is
0.5m thin coal seam (Figure 2). Due to the large amount
of water causing the mudstone of the side to be weakened
seriously, the mudstone between the coal seam in sidewalls
is prone to weak surface slip leading to the deformation of
the sidewalls, affecting the normal work surface mining.

Two sidewall deformation can be divided into two
types which are stress “weak face slip” and mudstone
“weak face slip.”

Slip Piece

Figure 1: Slip of the sidewalls in site.
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With the increase of horizontal stress, due to the sliding
contact between the mudstone and coal seams, the poor
formation of the roadway at the intersection of different
lithologies, and the poor control ability of the support to
the surrounding rock, the weak surface (red part in
Figure 2) is formed under the action of horizontal stress,
and the horizontal slip of the two sidewalls occurs with
the change of time.

Increasing the friction force at the intersection of coal
and rock layers or taking measures to prevent the movement

of the sidewalls can effectively control the deformation of the
sidewalls. At the same time, undertaking timely surface
blocking measures at the drenching place to avoid the con-
tact between the surrounding rock and water will lead to
the argillization of the surrounding rock and control the
occurrence of the weak surface slip phenomenon.

2.2.2. Failure of Support. The main reasons for the failure of
the support system are the unreasonable support and low
efficiency of bolt and cable support, mainly manifested by

Bed separation

Mudstone

Sandstone 

Mudstone

Sandstone 

Figure 4: The diagram of composite roof separation.

(a) (c)(b)

Figure 2: Sidewalls slip process of roadway in 11506 working face.

(a) (b)

Figure 3: The failure of bolt-cable-mesh support: (a) steel belt bending and shear of anchor cable. (a) Failure of anchor net.
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the deformation of the steel belt shearing the bolt, the steel
ladder obstructing the bolt force transfer, and the bolt beam
shearing the anchor cable as shown in Figure 3.

The steel belt is deformed and stretched locally under
stress causing the adjacent bolts to shear off, meanwhile,
the stress of the steel ladder is linear, which is not conducive
to the transmission of bolt preload and working resistance..
When the cable is stressed, the cable beam is twisted and
deformed, and this results in the cable shearing off.

Under the condition of composite soft rock roof, there is
obvious roof separation fracture distribution in the bolt sec-
tion as shown in Figure 4, and the roof separation is beyond
the control range of the bolt, which makes the bolt-cable
support fail.

2.2.3. Stress Concentration. The tailgate of 11506 working
face was arranged about 40m below the coal pillar in the
2-coal mining interval, and the roadway was in the stress
concentration area with significantly higher stresses as
shown in Figure 5. At the same time, the tailgate of 11506
working face was influenced by mining disturbance by the
adjacent working face.

2.2.4. Floor Heave. The floor is deformed and damaged
under the influence of the stress of the two sidewalls and
the lithology of the rock layer. It is necessary to build
inverted arch to keep the roadway meet service requirement.
If the design is not reached during the construction, the
deformation of the roadway will be very violent. Figure 6
shows the damage of floor heave.

In summary, the overall slip of the two sidewalls of
11506 working face is large, which is nearly 1.5m in local
part. The existing support cannot effectively control the
roadway deformation; therefore, the roadway support stabil-
ity is not effectively guaranteed.

3. Support Design and Optimization Methods

3.1. Methods

3.1.1. Monitoring Measures. The roadway surface conver-
gence monitoring can better judge the movement of sur-
rounding rock and analyze whether the surrounding rock
is in a stable state. Roadway surface convergence monitoring
includes two sidewalls of the displacement monitoring, roof,
and floor displacement monitoring. In site, the cross-point
method is used to monitor the surface displacement of road-
way, and the monitoring points are arranged on each mon-
itoring section.

The aim of this study is to evaluate the effectiveness of the
support scheme bymonitoring roadway surface convergence.

3.1.2. Modeling. To simplify the simulation conditions, set
the upper boundary as free and apply gravity (10MPa),
and set the remaining boundaries as fixed. The Mohr-
Coulomb model was selected to simulate the condition.
The rock parameters of main strata in the model are shown
in Table 1. In FLAC3D, the cable structure elements are used
to model the rock bolts and cables. The mainly mechanical
and geometric parameters are listed in Table 2.

God of 2 coal seam

Pillar

Headgate of 11506 panel

Tailgate of 11506 panel

Figure 5: Roadway position relationship and stress field superposition.

(a) (b)

Figure 6: The damage of floor: (a) floor heave. (b) Stress cracking
of floor.
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3.2. Support Design and Optimization Principles and Scheme.
In view of the problems in original support and the failure
characteristics of roadway, the following supporting design
and optimization principles were proposed..

3.2.1. Roadway Cross-Section Optimization. It is easy to
cause stress concentration in the shoulder of the roadway
with rectangular or trapezoidal shape, while the roadway
driving forming effect is poor, which is not conducive to

Anchor cable

Rock bolts

Figure 7: The diagram of cross-section support.

Contour OfZ-Displacement
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(a) Condition without floor bolts
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Figure 8: Numerical results of floor reinforcement.

Table 1: Main rock parameters of main strata in the model.

Strata
Tensile strength

(MPa)
Shear modulus

(GPa)
Bulk modulus

(GPa)
Cohesion
(MPa)

Friction angle
(°)

Overlying strata 0.55 3.66 5.31 1.43 41

Medium-fine sandstone 0.85 3.55 5.32 2.7 43

5 coal seam 0.23 1.45 4.97 0.68 24

Argillaceous siltstone 0.31 1.52 3.38 1.5 27

Fine sandstone 0.75 3.46 5.11 3.08 33

Table 2: Mechanical parameters of the blots [21].

Type E (GPa) Cg (N/m) Kg (N/m) ρg (m) A (m2) Ft (N)

Rock bolt 200 4.7e5 5.6e9 8.79e-2 3.14e-4 1.6e5

Anchor cable 195 4.7e5 4.2e9 8.79e-2 2.49e-4 2.5e5

Introduction Young’s modulus
Grout cohesive
strength per
unit length

Grout stiffness
per unit
length

Grout exposed
Perimeter

Cross-sectional
area

Tensile yield
strength
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the construction of bolt-mesh-cable support and the effect of
the role. Therefore, the shape of the roadway was changed to
straight wall arch with three-centered arch bottom section as
shown in Figure 7, and the construction of the floor bolt was
carried out along with the floor water impermeability treat-
ment simultaneously.

Figure 8 shows the displacement of the floor with or
without floor bolt support. The floor bolt support makes
the laminated floor rock form a combined rock beam,
which strengthens the integrity of the floor; meanwhile, it
prevents the soft rock expansion, swelling, and the genera-
tion of new fissures.

3.2.2. Thin Guniting of Surrounding Rock. The purpose of
thin guniting is to increase the surface sealing effect and
slurry guniting speed while reducing the comprehensive
cost of surface sealing. Effectively seal the spillage of harm-
ful gases in the coal body, and isolate the mine air to pro-
duce oxidation to the coal body with the aim of providing
fireproof, impermeable, anti-weathering, and anti-rusting
function. The material has an elongation of 30%~50%,
which can better adapt to the deformation of the roadway
caused by mining.

3.2.3. Optimization of Surface Support. The surface support
should not only have a certain surface area, but also have a
certain strength and toughness. Surface support is to provide
a certain compressive stress to the roadway surface through
the tension of the bolt to the surface support body and to
protect the surface (Figure 9).

3.2.4. Gradient Support. When the cables work, the bolting
section and above a certain range of cables bolt is tensile
stress (Figure 10). The composite soft rock roof interfacial
bonding is poor, so the tensile stress area is very easy to
make roof separation.
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Figure 12: The relation between convergences and time.

Tensile stress field

Figure 10: Bolt tensile stress field.

Long cableShort cable

Bed separation

Figure 11: The diagram of “long+short cables” support.

Compression arch
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Figure 9: The relationship between bolt and surface support.
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Figure 13: The relation between convergences and distance before
working face.
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Therefore, the “long + short cables” are arranged alter-
nately to strengthen the effective control of the composite
soft rock roof slab in a targeted manner as shown in
Figure 11.

4. Application and Result Analyses

The tailgate of 11506 working face was supported according
to the support optimization design. Q500 high strength and
high prestress bolts with snake shaped were used to reinforce
the floor corner of the roadway. Blots for the floor corner are
20 mm in diameter and 2800 mm in length and that of the
cables are 17.8 mm and 7000 mm. The size of steel belt
guard is 450×280×4.75 mm (length×width×thickness) and
that of the top bolt plate is 1 50×150×10 mm. The thin
guniting be carried out with a thickness of 2~5 mm..

Four measuring points are arranged at 180m in the
advanced mining face, and the interval between the measur-
ing points is 15m. Typical measuring points are selected to
analyze the relationship between surrounding rock deforma-
tion with time and mining distance. The relationship of the
deformation of the surrounding rock ranging between the
time and the pushing distance is analyzed in Figures 12
and 13, respectively.

The result shows that the deformation of the roadway is
mainly floor heave. During the observation period, the max-
imum floor heave was 230mm, and the roadway integrity
was well (Figure 14). Compared to the maximum floor heave
of 900mm with origin support, the floor heave was reduced
by about 75% after optimization.

After all the collected data were analyzed, it was con-
cluded that the advanced abutment stress influence range
of 11506 tailgate was 0~60m, among which 0~30m was
the serious area.

5. Conclusion

(1) The failure in the tailgate of the 11506 working face
is mainly the overall slip of the two sidewalls, the
failure of the support system, the superposition of
mining stress, and the floor heave

(2) The optimal support design methods of roadway
deformation include “optimization of roadway section
shape,” “rapid thin guniting of surrounding rock,”
“improvement of surface support structure,” and “gra-
dient support” in the water-rich soft rock roadway

(3) The deformation of the roadway is mainly floor heave.
Themaximum floor heave is 230mmwith the optimal
support, which is reduced by about 75% compared
with origin support. The advanced abutment stress
influence range of 11506 tailgate was 0~60m, among
which 0~30m was the serious area

The optimized support design avoids roadway reworking
effectively, improves driving efficiency, reduces labor inten-
sity, alleviates mining drifting, and achieves good social
and economic benefits.
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The migration law of overlying strata on working face is of great significance for safe mining of working face. In this paper, theoretical
calculation, numerical simulation, and similar simulation are used to study the distribution characteristics, migration, and fracture law
of key strata in the overlying strata of 130204 working face of Y.C.W coal mine and the relationship between the development height of
water flowing fractured zone and the spatial position of weak aquifer. The theoretical calculation results show that there are “one main
two sub” key strata in the overlying strata of 130204 working face, which play an important role in controlling rock movement.
Numerical simulation and similar simulation results show that the first weighting step distance of the direct roof of 130204
working face is about 30-40m. The initial weighting interval of the basic roof of the working face is about 70-80m, and the
periodic weighting interval is about 23.5-25m. After the first weighting and multiple periodic weighting of the basic roof of the
working face, the first subcritical layer is located in the caving zone, the second subcritical layer is located in the fracture zone, and
the main key layer is finally located in the bending subsidence zone. The final height of the caving zone of the overlying strata is
about 24m, and the height of the water flowing fractured zone is about 130m. Since the water-conducting fractured zone is
connected and passes through the second subcritical layer with weak water-bearing property, it is possible for the water
permeability accident of the working face. Therefore, in order to ensure the safety of the working face, the water should be detected
and released in advance during the mining of the working face.

1. Introduction

Coal plays an important role in the development of national
economy and society. Fully mechanized caving mining tech-
nology with large mining height in thick coal seam has been
rapidly popularized and applied for its advantages of high
recovery rate, high mechanization degree, safety, and high
efficiency [1, 2]. Generally, the fully mechanized mining with
mining height of 3.5~5.0m is called large mining height, and
the fully mechanized mining with mining height of more
than 5.0m is called extralarge mining height [3, 4]. At the
same time, large mining height mining has more problems
than normal mining height workings, such as the greater
thickness of mining, the greater collapse height of the over-
lying strata after coal mining, and the stronger pressure on

the roof of the working face. In order to study the stability
and control technology of the surrounding rock under the
conditions of large mining height, it is necessary to study
the transport and failure law of the overlying rock layer on
the large mining height working face.

Many domestic scholars have carried out constructive
research work on the moving rule of roof and overburden
structure characteristics of large mining height working face.
Gong and Jin [5] and Peilin and Zhongming [6] applied the
key stratum theory, and according to different strata struc-
tures of the immediate roof, the immediate roof of the large
mining height is divided into three types, namely I, II, and
III. Wen et al. [7] pointed out that accurately determining
the position, thickness, and possible maximum ceiling span
of overburden strata is the key to the roof control design
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and support selection calculation of large mining height
mining face. Hao et al. [8] concluded that there is a balance
structure in the overburden layer on the large mining height
fully mechanized working face, which is higher than that of
the upper rock layer but similar to that of the layered extrac-
tion, and the activity of this structure is a gradual change
process.

Huang and Zhou [9, 10] and Huang and Tang [11] pro-
posed that the immediate roof “short cantilever beam” struc-
ture and the basic roof key strata “high oblique step beam”
structure model for the roof of large mining height working
face revealed the mechanism of pressure coming from the
large mining face. Fu et al. [12] concluded that the height
of the roof caving zone and fracture zone showed a stepwise
rise by similar simulation tests on the 5.5m high working
face of Shangwan coal mine in Shandong mining area. Yang
and Liu [13] and Yang [14] obtained that the reason why the
mining pressure is more intense than that of the ordinary
mining height working face is that the mining intensity of
the working face is high and the roof activity is violent,
which leads to the single structure of the key layer, low
occurrence layer, easy to slip and instability, and the overall
breakage of the overlying roof. It is concluded that Yin [15]
proposed a structural model of “ cutting block “ of overlying
rock layer in shallow buried super-high working face and
believed that the overburden layer of shallow buried coal
seam is cut down and broken as a whole, forming an articu-
lated structure mainly by slipping and destabilization. Pang
et al. [16] considered that the peak stress, differential stress,
and strength-stress ratio of sandstone in different horizons
had very great difference and proposed the structure and sta-
bility control technology of “cantilever beam+masonry
beam” for the roof rock fracture of ultra large mining height
working face.

Xiang et al. [17] established the dynamic distribution
equation of caving zone in different mining stages in the case
of structural rock strata and no structure in the direct roof,
revealing that the caving zone in overburden goaf of large
mining height working face presents obvious dynamic
change characteristics. Sun [18] obtained the progressive fall
characteristics of overburden from bottom to top in the
western weakly cemented strata and revealed the mechanism
of overburden fracture eruption-development-penetration.
Zhao et al. [19] divided the overlying strata of the stope into
six regions according to the fracture development pattern
after fully mining in the working face with 8.8m ultralarge
mining height. The fitting formula of fracture development
height, mining height, and working face advancing distance
was obtained by numerical simulation. Jin et al. [20] believed
that the distribution law of advanced abutment pressure in
front of the coal wall in deep working face with large mining
height was not related to the mining depth but mainly
depended on the mining face height and the composition
structure of roof strata. Liang et al. [21] concluded that there
are two structural patterns and six moving types of the key
stratum in a fully mechanized mining face with large mining
height, gave and verified the formation conditions of each
structural form and movement pattern, and revealed the
influence law of the six key layer movement types on the

mine pressure in the mining site. Hu and Jin [22] established
a mechanical model of large mining height working face
through field mine pressure observation and made a prelim-
inary study on the classification of the working face roof and
the rationality of bracket selection. Sun et al. [23] used three
technical methods, including loses of drilling fluid measur-
ing, borehole wall observing by color TV, and transient elec-
tromagnetic method (TEM) geophysical exploration, to
detect the height of “two zone” of the overlying rock layer
in the goaf of large mining face. Wu [24] concluded that
the overburden structure of large mining face in thick coal
seam is “composite cantilever structure-nonarticulated roof
structure-articulated roof structure.” Yan et al. [25] and Yu
et al. [26] pointed out that the frequency and energy of
microseismic events have obvious periodicity and concluded
that the roof of fully mechanized caving working face with
large mining height is a structure of “cantilever beam and
articulated rock beam.”

Liu et al. [27, 28] studied the stress distribution law of
bottom suction roadway and the reasonable position of bot-
tom suction roadway and working face in Zhaogu No.2
mine; this provides theoretical guidance for preventing the
occurrence of bottom water seepage accident in working face
and at the same time presents a detailed comprehensive case
study of strata movement in extraction of a long wall top
coal caving panel of a composite coal seam with partings
in the Baozigou coal mine. The caved zone and fractured
zone development were captured through physical modeling
by incorporating the digital image correlation method
(DICM), universal distinct element code (UDEC) numerical
modeling, and field observation with the method of high-
pressure water injection. Zhang et al. [29] established a
three-dimensional discrete element numerical model of soft
overburden in high-intensity mining and analyzed that the
maximum height of “two zones” of soft overburden in
high-intensity mining increases with the increase of mining
thickness, but it has no obvious relationship with the dip
length and advance speed of high-intensity mining face. By
using 3DEC discrete element numerical simulation software,
Yu et al. [30] determined the key strata parameters and their
control effects under the condition of fully mechanized cav-
ing with large mining depth. Li et al. [31] conducted similar
simulation, numerical simulation, and theoretical research
on the dynamic movement law of the roof in fully mecha-
nized caving mining of steeply inclined extrathick coal seam
and revealed that the roof in goaf will have regular alternate
movement of “squeezing, sliding, and turning” in space with
the advance of the working face.

To sum up, the domestic scholars use a variety of
research methods of large mining height in upper strata in
mining process of different forms of structure and move-
ment; the “two belts” of overburden rock height were stud-
ied, which has achieved good results, but for large mining
height under the condition of mining rock weak aquifer
and water flowing fractured zone height between the spatial
evolution, the law research is relatively small. After the min-
ing of Yangchangwan coal mine with 130204 high mining
height, there is a possibility that water gushing accident
may occur in the working face due to the connection of
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water-conducting fracture zone with weak aquifer in over-
lying strata. Based on this, the author conducted in-depth
research on the migration and breaking rule of overlying
strata in the mining of 130204 high mining height work-
ing face, and the development height of water-conducting
fracture zone.

2. Engineering Background and
Determination of the Location of the
Key Layer

Y.C.W coal mine is located in Ningdong Town, Lingwu
City, Ningxia Hui Autonomous Region, with a north-
south direction length of about 12.8 km and an east-west
inclination width of about 9.8 km. The No. 2 coal seam
mined in 130204 fully mechanized coal mining face with
large mining height is a stable coal seam that can be
mined in the whole region. The average buried depth of
the working face is 508.9m, the average dip angle of the
coal seam is 9°, and the average thickness of the coal seam
is 8m. The comprehensive column diagram of the coal
seam at the face is shown in Figure 1. The mining method
of 130204 working face is large mining height and full
height toward the long wall comprehensive mechanized
backward caving mining method. Above 130202 working
face mined-out area, the coal pillar of 35m is left in the
transportation groove with 130202. The lower part is the
original coal seam without mining, so there is no mining
activity affecting the mining of the working face. The geo-
logical data of working face tunneling show two normal
faults, DF12 branches cross 130204 working face. The lay-
out of fully mechanized working face is shown in Figure 2,
in which the strike length of working face is 2531m and
the inclination length is 290m.

The first task to study the breakage and transport law of
overburden rock in the mining process of Y.C.W coal mine
large mining face is to determine the location of the key
strata in the overburden rock layer. Bay will be collected at
the site of sheep field of roof overburden theory for the phys-
ical and mechanical parameters of the calculation; it is con-
cluded that 130204 working face strata exist in the “one
main and two subcritical layers,” that is, one main key layer
and two subkey layers as shown in Table 1, respectively,
located in the 5m above the roof of coal seam thickness of
medium sandstone in 15m for the subcritical layer. The
coarse sandstone with a thickness of 51m at 24m away from
the top of the roof is the second subkey layer, and the
medium sandstone with a thickness of 48m at 133m above
the roof of the coal seam is the main critical layer. Due to the
distance between the main and inferior key strata, the sec-
ond fault of the inferior key strata will cause a large range
of migration of the overlying strata, and the fault distance
of the main key strata will be greatly affected by the migra-
tion of the lower strata. The mining height of large mining
face is relatively large. Therefore, the collapse range of the
overlying rock layer is much larger than the collapse range
during normal mining height. In addition, there is a possibil-
ity of forming an articulated link balance structure, and the

stable “masonry beam” structure may also have the struc-
tural form of “cantilever beam” and rotary collapse deforma-
tion due to excessive rotary volume, affected by the increase
of mining height at the working face. The “masonry beam”
structure is more likely to be formed in the higher rock seam
above the coal seam.

Xu et al. proposed a height prediction method of water-
conducting fracture zone based on the location of key layers
[32], which is as follows: the specific methods and steps are
as follows: first, according to the calculated location of the
key stratum and the height of the mining coal seam, the
identification of the key stratum broken fractures through.
If the location of the key stratum is more than 7-10 M away
from the height of the mining coal seam, the fracture frac-
ture of the key stratum is not connected. If the location of
the key stratum is less than 7-10 M from the height of
the mining coal seam, the fracture fractures of the key stratum
are connected, and the fracture fractures of the overlying strata
controlled by the key stratum are also connected. Determine
the height of the water-conducting fracture zone. When the
main key stratum of overburden is within the critical height
(7-10) M, the water-conducting fracture will develop to the
top of bedrock, and the height of water-conducting fracture
zone is equal to or greater than the thickness of bedrock.
When the main key stratum of overburden is located beyond
the critical height (7-10)M, the water-conducting fracture will
develop to the bottom of the nearest key stratum above the
critical height (7-10) M, and the height of the water-
conducting fracture zone is equal to the height of the key stra-
tum from the mining coal seam.

Based on the above theory and calculation method, fur-
ther combined with the borehole bar chart of Y.C.W
130204 working face with large mining height and the deter-
mined key layer and location, it is concluded that the

Name of roof 
and floor

Main roof

Immediate
roof

Direct bottom

Immediate
floor

Rock name

1#Coal seam

2#Coal seam

Siltstone

Siltstone

Grit stone

Fine sandstone

Argillaceous 
sandstone

Fine grained
sandstone

Column Min-Max/m
Average/m

0.71–1.49/m
1.1/m

2.1–4.5/m
3.0/m

11.9–18.7/m
15.3/m

2.2–4.5/m
3.4/m

1.23–2.5/m
1.6/m

7.54–8.42/m
8.0/m

1.2–4.0/m
2.2/m

3.7–6.3/m
5.0/m

Figure 1: 130204 comprehensive column diagram of coal and
strata in working face.
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fracture fracture of subkey layer 2 will be penetrated, while
the fracture fracture of main key layer will not. The final
development height of the water-conducting fracture zone
is no more than 133m. Therefore, the water-conducting
fracture zone will run through the weak water-bearing strata
above the working face. In order to ensure safe mining,
water exploration and release work should be carried out
in advance.

3. Numerical Simulation of Overlying Strata
Migration Law on Working Face with Large
Mining Height

3.1. Establishment of Numerical Model and Layout of
Measuring Line. Based on geological conditions of 130204
working face with large mining height in Y.C.W coal mine
and rock mechanical parameters measured in laboratory,
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Figure 2: 130204 fully mechanized mining face layout.

Table 1: Mechanical parameters of overlying rock of working face and identification of key horizon.

No. Rock name
Tensile
strength
(MPa)

Elastic
modulus
(GPa)

Poisson
ratio

Cohesion
(MPa)

Angle of
internal

friction (°)

Density
(kg/m3)

Thickness
(m)

Depth
(m)

Key strata
location

1 Silty mudstone 2.64 1.14 0.22 4.27 39.2 2200 27 309

2 Siltstone 2.4 1.39 0.22 9 42 2600 4 313

3
Medium
sandstone

3.12 0.85 0.22 7 39.2 2500 48 361
Main key
stratum

4 Mudstone 1.5 0.78 0.34 6.89 24.7 2350 15 376

5 Fine sandstone 3.86 1.44 0.23 4.83 52.4 2350 7 383

6 Mudstone 1.15 0.56 0.34 6.89 24.7 2350 6 389

7 Fine sandstone 3.51 1.52 0.23 4.83 52.4 2350 6 395

8 Silty mudstone 2.64 1.14 0.22 4.27 39.2 2200 22 417

9
Medium
sandstone

3.12 0.82 0.23 7 39.7 2500 2 419

10
Grit stone
(with water)

3.27 1.46 0.23 4.66 46.7 2350 51 470
Inferior
key

strata II

11 1# coal seam 1.32 0.67 0.25 0.75 40.2 1500

12 Siltstone 2.4 1.39 0.22 9 42 2600 1 471

13
Medium
sandstone

3.05 1.82 0.23 7 39.7 2500 3 474

14 Fine sandstone 3.79 1.22 0.23 4.83 52.4 2350 15 489
Inferior
key

strata I

15 Siltstone 2.35 1.28 0.22 9 42 2600 3 492

16 2# coal seam 1.35 0.71 0.25 0.75 40.2 1500 2 494

17 Mudstone 1.57 0.68 0.34 6.89 24.7 2350 8 502
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considering the occurrence effect of DF12 fault, on the basis
of reasonable simplification, the UDEC numerical model of
Y.C.W coal mine working face with large mining height is
established in two parts, as shown in Figure 3.

The size of the model is X × Y = 500m × 191m, the
strike length of the model is 500m, and the boundary influ-
ence area on both sides is 50m. The left and right boundary
is fixed by limiting the velocity and displacement in X and Y
directions; thus, the boundary effect of the left and right
models should be eliminated. The upper boundary of the
model was fixed by applying 8.4MPa overburden load in Y
direction and setting stress gradient.

The model was calculated using the Coulomb criterion,
and its physical and mechanical parameters are shown in
Table 1. In 130204 working face, survey line 1 is arranged
at the bottom of the direct roof of 2# coal seam; side line 2
is arranged at the boundary of the central strata of the direct
roof 5m above 2# coal seam; side line 3 is arranged at the
bottom of the basic roof 20m away from 2# coal seam roof.
The model uses the method of multiple excavation, each
excavation 5m, continuous excavation 2 times, and record-
ing data; namely, excavation of 10m records a measuring
point displacement and stress change data.

3.2. Numerical Simulation Analysis of Overlying Strata
Migration Law. In the stress state of overlying strata in
130204 working faces of Y.C.W coal mine from 10m excava-
tion to 300m advance, as shown in Figure 4, after the open-
off cut, the overlying strata have a small bending due to the
suspension. When the working face is pushed forward to
10m (Figure 4(a)), the direct roof above the coal seam has
the trend of subsidence, and the separation between the
top and the basic top is formed. As the working face con-
tinues to advance to 30m (Figure 4(b)), the distance between
the direct roof and the basic roof increases gradually. The
direct roof at the position of 30m reaches the limit span,
and the first collapse occurs. The collapse length is about
15m and the height is 5m. The first collapse of the direct
roof falls behind with the advance of the working face, and
the length of the basic roof is gradually increasing.

When the working face advances to 70m (Figure 4(c)), a
large area of collapse occurs after the basic roof reaches the
ultimate breaking distance. The length of collapse is about
65m and the height is about 20m. The pressure of the work-
ing face is intense, and the strata above the basic roof also

produce obvious cracks. When the working face advances
to 95m (Figure 4(d)), the basic roof breaks again. However,
due to the support of the collapsed and broken rock strata to
the overlying rock strata, the second subcritical layer after
the broken rock blocks occluded each other to form a rela-
tively stable articulated structure, which controlled the upper
rock strata to sink obviously and produce a large separation
layer. At this time, the basic roof breaking is periodic pres-
sure, and the interval of periodic pressure step is 25m. The
analysis shows that the height of caving zone is about 24m
and the height of water flowing fractured zone is about 67m.

When the working face advances to 120m (Figure 4(e)),
the third periodic fracture occurs on the main roof, and the
periodic weighting step is 25m. Because the caving broken
rock strata fill the goaf sufficiently, the cracks formed above
the goaf with the compaction of the overlying rock strata
during the second cycle compaction of the coarse sandstone
layer of the subkey 2 are closed. However, the water flowing
fractured zone is further developed in the direction of the
fracture angle of the strata before and after the mined-out
area. At this time, the height of the caving zone is 24m
and the water flowing fractured zone is 98m. When the
working face advances to 300m (Figure 4(f)), the overlying
strata have undergone multiple periodic fractures. The peri-
odic weighting step of the basic roof is about 25m, and the
maximum caving height is 24m. At this time, the sandstone
layer in the main key layer of the working face has been bent
and sunk, and the development height of the water flowing
fractured zone is 121m. Compared with the results of the
front mining, it is found that the development height of
the water flowing fractured zone is no longer increasing with
the expansion of the mined-out area, and the working face
has entered the stage of full mining.

The measuring line 3 is placed in the basic roof 20m away
from the roadway roof, and 10 measuring points are arranged
on the measuring line. From the cutting side, the measuring
points are 10 to 1 along the mining direction, and the interval
is 50m. After extracting the data of the measuring points, the
vertical displacement curve with the advancing process of the
working face is obtained, as shown in Figure 5. With the min-
ing face advancing to 30m, the vertical displacement of mon-
itoring point 9 and monitoring point 10 has changed
obviously, and the direct roof of the working face has first col-
lapsed. When the working face is mined to 70m, the monitor-
ing point 8 sank sharply, and the maximum subsidence

500m

19
1m

Figure 3: UDEC numerical model diagram of large mining height working face in Y.C.W coal mine.
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reached 2.44m. At this time, the primary roof collapsed and
the roof collapsed in a large range. When the working face
continues to stop at 95m, the vertical displacement of moni-
toring point 7 continues to increase, and the maximum dis-
placement increases to 3.49m, and the vertical displacement
of monitoring point 8 increases more. Therefore, the second
periodic collapse of the basic roof of the working face
occurred. By analyzing the maximum vertical displacement
of 10monitoring points in the mining process of the working
face, when the vertical displacement of each monitoring point
tends to be stable, the fully mining is achieved.

From Figure 6(a), it can be seen that the overlying strata
on the working face have not broken and collapsed when the
working face has not been mined after the opening and cut-
ting of the working face, and the direct roof above the coal
seam has subsided, but the subsidence is not large, but the
shape of triangle-like cracks is produced in the interior of

the direct roof and the bottom of the basic roof, and the
height of the water-induced fracture zone is 9m.

With the continuous advancement of the working face,
the immediate roof above the mined-out area behind the
working face continues to bend and sink, and a relatively
obvious separation phenomenon occurs. The water flowing
fractured zone continues to develop upward in a triangle
shape. When advancing to 30m, the direct roof breaks down
for the first time, and the water-induced fracture zone rises
further. At this time, the water-induced fracture zone
develops to 33m and develops into the weak aquifer of the
second coarse sandstone in the subcritical layer. When the
working face advances to 70m and 95m, the development
heights of water flowing fractured zones are 45m and
67m. When the working face advances to 95m, the longitu-
dinal fractures develop upward in the shape of trapezoid.
When the working face advances to 120m, the basic roof
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Figure 4: The migration change map of overlying strata under different distances of working face advancing, including (a) 10m, (b) 30m,
(c) 70m, (d) 95m, (e) 120m, and (f) 300m.
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falls for the second time, and the water flowing fractured
zone is still developed in a shape similar to the trapezoid
with a development height of about 98m.

When the working face advances to 300m (Figure 6(b)),
the overlying strata have reached full mining. At this time,
the maximum development height of the water flowing frac-
tured zone is 121m. The fracture development is obvious in
the overlying strata of the coal wall of 20m in front of the

working face, and a small range of longitudinal fractures also
appear near the fault.

At the stop coal line position (Figure 6(c)), the height of
the water flowing fractured zone did not continue to increase
upward, still maintained at 121m, but the fault activation
was further obvious, and the cracks near the fault were fur-
ther developed but did not connect with the water flowing
fractured zone formed above the mined-out area, because

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340

–6.500
–6.000
–5.500
–5.000
–4.500
–4.000

–3.500
–3.000
–2.500
–2.000
–1.500
–1.000
–0.500

0.000
0.500

Working face advance distance/m

Th
e m

ea
su

rin
g 

po
in

t d
isp

la
ce

m
en

t/m

 Measuring point 10
 Measuring point 9
 Measuring point 8
 Measuring point 7
 Measuring point 6

 Measuring point 5
 Measuring point 4
 Measuring point 3
 Measuring point 2
 Measuring point 1

Figure 5: Measuring line 3 vertical displacement curve of each measuring point.

Propulsion 120m Propulsion 95m Propulsion 70m Propulsion 30m Propulsion 10m Open cut

98m 67m 45m 33m 20m 9m

(a)

Bending subsidence belt

Falling zone

Fracturation zone

121m

(b)

121m

(c)

Figure 6: Variation of height of water flowing fractured zone with advancing distance of working face, including (a) 0, 10, 30, 70, 95, and
120m and (b) 300m and (c) stop mining line.
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it can be considered that the 40m protective coal pillar left
by the fault is reasonable, and the rock breaking angle at
the cut is 63°, and the rock breaking angle at the stop mining
of the working face is 62°.

4. Similar Simulation Study on Overburden
Migration Law in Large Mining Height
Working Face

4.1. Establishing Similar Simulation Model and Arranging
Displacement Monitoring. Similarity simulation experiment
has been widely used in the research of mining and rock
mechanics because of its advantages such as easy to control,
short test period, high efficiency, visual test results, and
repeatable experiment process. On the basis of reasonable
simplification, the similarity ratio between Y.C.W coal mine
site and model is determined, which includes geometric sim-
ilarity ratio 200 : 1, bulk density similarity ratio 1.6 : 1, and
stress similarity ratio 320. At the same time, the motion of
all corresponding points in the simulation is required to be
similar to that of the entity; that is, the velocity, acceleration,
and motion time of each corresponding point are required to
be in a certain proportion, which is 14.1. The materials for
similar simulation experiments are divided into aggregate
and cementing material, in which fine sand is used for aggre-
gate and lime and gypsum are used for cementing material,
and the ingredients for each rock layer are finally obtained
after several experiments and comparisons. The rock batch-
ing of similar simulation test of Y.C.W mine face 130204 is
shown in Table 2. This experiment uses a laboratory table
with dimensions of 1800mm × 160mm × 1300mm. Since
the second coal seam is a near horizontal coal seam, the

dip angle of the coal seam is not considered too much in
the lay-up experimental model, and the final completed
lay-up model is shown in Figure 7.

The retraction channel was excavated in advance at
15 cm from the fault, and the open-off cut was excavated
in advance at 15 cm from the right boundary. The mining
height of the model was 4 cm, the model was retrieved every
14 minutes, and the mining length of the model was 140 cm.
Since the theoretical calculation of the protective coal pillar
of the fault is 40m, the working face is pushed to stop min-
ing at 40m from the fault.

4.2. Analysis of the Overlying Rock Collapse Pattern of the
Working Face Strike. The initial collapse process of the
immediate roof is analyzed, as shown in Figure 8. When
the advancing distance of the working face is less than
40m (Figure 8(a)), there is no caving in the immediate roof.
When the working face is pushed to 40m, 60m, and 78m,
the first collapse (Figure 8(b)), the second collapse, and the
third collapse (Figure 8(c)) occur on the immediate roof,
and the collapse lengths are 35m, 18m, and 15m, respec-
tively. Due to the relatively small bulking factor of the imme-
diate roof, the broken rock between the goaf and the basic
roof cannot fill the whole space. At this time, there are cracks
between the basic roof strata and obvious bed separation
phenomenon, and the lower layer is curved and deformed
with obvious caving tendency. The lower layer is bent and
deformed with obvious caving tendency. When the working
face continues to advance to 80m, the basic roof reaches the
ultimate collapse distance (Figure 8(d)). The first weighting
occurs with the pressure step of 80m and the caving height
of 5m. The basic roof does not form a masonry beam struc-
ture after the first weighting fracture but forms a cantilever

Table 2: Material ratio table of similar simulation test of Y.C.W mine 130204 working face.

Number right Lithology
Model bulk density

(g/cm3)
Compressive strength

of model (MPa)
Total thickness

(cm)
Material ratio

number
Total layered
weight (kg)

16 Siltstone 1.63 0.07 4 855 1.97

15 Medium sandstone 1.56 0.06 21.5 755 10.14

14 Claystone 1.38 0.11 7.5 755 9.99

13 Fine sandstone 1.47 0.12 3.5 755 11.51

12 Claystone 1.38 0.11 3 755 10.05

11 Fine sandstone 1.47 0.12 3 855 10.25

10 Silty claystone 1.38 0.11 11 755 10.02

9 Medium sandstone 1.56 0.06 1 855 3.92

8 Grit sandstone (water) 1.47 0.08 25.5 755 14.86

7 One layer coal 0.94 0.04 0.5 873 2.09

6 Siltstone 1.63 0.07 1.5 855 6.3

5
Medium-grained

sandstone
1.56 0.06 7.5 855 10.54

4 Fine sandstone 1.47 0.12 2 755 8.59

3 Siltstone 1.63 0.07 1 855 4.3

2 Two-layer coal 0.94 0.04 4 873 8.64

1 Silty claystone 1.38 0.11 7.5 755 10.85

Note: The material ratio number 873 indicates that the aggregate (sand) of the material accounts for 80%, the cement material accounts for 20%, and the
cement material accounts for 70% lime and 30% gypsum.

8 Geofluids



beam structure. The caving height is 14m, and the fracture
development height is 4m. The pressure of the working face
is intense.

As the working face continued to excavate, the upper
layer of the basic roof is broken and collapsed. Finally, when
the working face is advanced to 105m, the basic roof is
completely collapsed (Figure 9(a)). The first weighting of
the basic roof and the pressure step distance are 24m, and
the caving height is 17m. The basic roof is separated from
the overlying strata, and the longitudinal fracture develop-
ment height is 26m. However, the first periodic weighting
of the basic roof is different from the first weighting breaking
form. In the first weighting, the rock arch of the basic roof is
an asymmetric rock arch structure. The thickness of the rock
stratum at the right arch angle is thinner than that at the left
side, and the bearing capacity is weak and the damage is seri-
ous. At this time, a relatively stable masonry beam structure
is formed after the basic roof is weighting. The two ends of
the beam are hinged on the rock strata that have not col-
lapsed. The bending subsidence in the middle is the largest
and acts on the caving zone. The broken rock in the caving
zone is further compacted. At this time, the coarse sandstone
24m above the coal seam is bending and sinking above the
mining area, and longitudinal tension fissures are produced
at the bottom of the seam, and off-layer fissures are also pro-
duced inside the seam, and the fissure zone development
height is 28m.

When the working face is advanced to 145m (Figure 9
(b)), the third periodic weighting of the basic roof and the
pressure step distance are 20m and the caving height is
22m. The overlying strata continue to bend and sink. As
the goaf is gradually filled, the overlying strata form a stable
masonry beam structure under the support of the caving
rock in the goaf. The maximum separation layer is located
above the goaf 110m behind the working face, and the
height of the fracture zone is 62m. As the working face con-
tinues to move forward to 175m (Figure 9(c)), the fourth
periodic weighting of the basic roof is 30m, and the caving
height is 19.5m. However, the development height of the
separation fracture and the longitudinal fracture does not
change, and the development height of the fracture zone is
106m at this time. When the working face is advanced to

185m (Figure 9(d)), the working face is 60m from the fault
DF12, the fifth periodic weighting of the basic roof and the
pressure step distance is 10m, and the height of the caving
zone is 14m. There is no obvious migration change in the
overlying strata, and the height of the fracture zone is still
106m. When the working face advances to 195m (Figure 9
(e)), the working face is 50m away from the fault DF12,
the sixth periodic weighting of the basic roof and the pres-
sure step distance is 10m, the basic roof is cut off in large
areas, and the caving height reaches 35m. The overlying
strata have undergone dramatic changes, resulting in a large
number of separation fractures and longitudinal fractures.
The maximum separation fracture develops to 125m from
the roof of the coal seam, and the height of the longitudinal
fracture zone reaches 128m.

When the working face advances to 205m (Figure 9(f)),
the working face is 40m away from the fault DF12. Since the
goaf is almost filled at this time, the extrusion between the
rock seams is obvious, the overlying strata separation and
longitudinal fracture zone continue to develop upward to
130m above the roof of the coal seam, and many irregularly
shaped fissure development areas appear. At this time, the
breaking angle of the overburden at the open-off cut is 68°,
and the breaking angle of the overburden at the stopping
point of the working face is about 62°. It can be concluded
from the collapse and fracture form of overburden roof in
the whole process of working face that the goaf space of
working face has relatively great influence on the collapse
height of overburden roof. Because was not gob caving rock
filling in time, so the permission of the overburden subsi-
dence of space more than the limit between the broken
blocks allow subsidence, resulting in in general can be
formed under the condition of mining height are broken
roof hinged structure breakage form, but due to mining
under the condition of large mining height are broken down
space is too large, lead to rupture rock cannot form the
extrusion pressure. Finally, nonarticulated roof structure is
applied to caving broken rock mass in goaf. Therefore, the
overlying roof strata on the working face of 130204 large
mining height in Y.C.W coal mine show the failure charac-
teristics of “nonhinged roof structure-cantilever beam
structure-hinged roof structure.” In the process of working

Upper side

D
F1

2 f
au

lt

Thrown side

Overlying strate

Main roof
Immediate roof
2# Coal seam
Gopro HD camera

Figure 7: Similar simulation experiment layout.
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face advancing from the cut to DF12 fault, the periodic
weighting interval of the main roof decreases from an aver-
age of 23.5m to 10m.

The relevant literature [33–37] shows that the macro-
scopic visible cracks in the model can be regarded as devel-
oped cracks. Therefore, based on the macroscopic visible
cracks in the similar simulation experiment, the fracture
development and distribution law of the overlying strata
are studied. The variation curve of the development height
of the water flowing fractured zone with the advance of the
working face is shown in Figure 10.

It can be seen from the diagram that with the continuous
advancement of the working face, the height of the caving
zone increases first and then decreases, but the water flowing
fractured zone is on the rise. When the working face
advances to 125m-180m, the height of water flowing frac-
tured zone develops fastest and reaches the maximum
130m after the working face advances to the stop line.

Due to the large mining height of the working face, the
stable hinge structure is not formed after the subcritical layer
1 reaches the limit breaking distance and enters the caving
zone. Therefore, the height of the caving zone increases to
14m after the first weighting of the basic roof, and the frac-
ture zone also develops 4m upward, which is shown as the
first inflection point of the caving zone and the water flowing
fracture zone in the figure. When the working face advances
to 105m, the basic roof continues to break in the form of a
cantilever beam, and the overlying strata also break. At this
time, the height of the caving zone further increases to
17m, and the growth is small. The height of the water flow-
ing fractured zone develops to 28m, and the growth is large.
When the working face advances to 125m, the original

hinge structure formed by the subcritical layer one has
rotary deformation instability, which leads to its direct col-
lapse, so the height of the caving zone increases rapidly.
However, due to the existence of the subcritical layer two,
the height of the water flowing fractured zone does not
increase significantly, which is the second inflection point
of the caving zone and the water flowing fractured zone in
the diagram.

In the process of advancing the working face, the subcrit-
ical layer one enters the caving zone in the form of cantilever
beam and masonry beam alternately, and the goaf space
becomes smaller. The height of the caving zone is basically
maintained at about 24m. The bending and breaking subsi-
dence of the subcritical layer two occurs, but due to the sup-
port of the broken rock in the goaf, it only enters the fracture
zone. When the working face advances to 145m and 165m,
the rock strata controlled above the bending fracture of the
second subcritical layer also move downward, resulting in
the development and penetration of internal fractures, and
the height of water flowing fractured zone increases rapidly.
The second subcritical layer and the overlying strata con-
tinue to move downwards, resulting in the formation of a
stable masonry beam structure between the strata, which
plays a supporting role in the main key layer above. The
space under the main key layer is shrinking, and because
the main key layer is thicker and stronger, in the process
of advancing the working face to the stop line, only bending
subsidence occurs, and the internal cracks are not pene-
trated. Therefore, when the working face reaches the stop
line, the height of the water flowing fractured zone only
develops to the bottom of the main key layer, and the final
development height is 130m.

Open-up cut

Advance direction of working face

(a)

Initial collapse of direct roof

(b)

Clear delamination between basic lavers

(c)

Cantilever beam construction

(d)

Figure 8: Immediate roof collapse diagram when the working face is advanced at different distances: (a) 0m, (b) 40m, (c) 78m, (d) 80m.
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Figure 9: Periodic fracture diagram of basic roof under different distances of working face advancing, including (a) 105m, (b) 145m, (c)
175m, (d) 185m, (e) 195m, and (f) 205m.
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5. Conclusion

By means of theoretical analysis, similarity simulation, and
numerical simulation, the migration law of overlying strata
on the working face of large mining height in Y.C.W coal
mine was studied. It is found that there are some deviations
in the results obtained by the three research methods, but
they are in line with the error range of engineering practice.
Therefore, the maximum and minimum intervals of the
three results are taken as the final conclusion. The main con-
clusions are as follows:

(1) The theoretical analysis results show that there are
two subcritical strata and one main key strata in
the strata above the direct roof, which are the sub-
critical strata of medium-grained sandstone with a
thickness of 15m above the coal seam roof. Coarse
sandstone subcritical layer 2 with thickness of 51m
above the roof of coal seam is weak aquifer. Middle
sandstone main key layer has a thickness of 48m at
133m above coal seam roof

(2) The roof of overlying strata on the working face of
large mining height shows the failure characteristics
of “nonhinged roof structure-cantilever beam
structure-hinged roof structure.” The initial caving
step distance of the direct roof of the working face
is about 30-40m, and the initial caving step distance
of the basic roof is about 70-80m. When the working
face is pushed to the DF12 fault greater than 60m,
the periodic weighting step distance is about 23.5-
25m. When the working face is pushed to the stop
line position, the breaking angle of the overburden
at the cutting hole is 63°-68°, and the breaking angle
of the overburden at the stop line is about 62°

(3) With the working face continuous advancement, the
overlying rock fractures continue to develop and the
height of the water flowing fractured zone generally
shows an upward trend. The development shape
gradually changes from the initial triangle-like to
trapezoid-like, and the final development height of
the water flowing fractured zone is about 121-
133m. At the end of the mining, the height of the
caving zone is developed to about 24m. The water
flowing fractured zone will lead to the overlying rock
of the coarse sandstone weak aquifer above the
working face, and the water should be detected and
released in advance in the mining of the working
face to ensure the safe and efficient mining of the
working face
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Strata control of ultrasoft coal seam has been a critical problem for mining and geotechnical engineers in years. In this paper, the
No. 66207 longwall panel at Xinzhuangzi coal mine, Anhui, China, was used as an example for study. A systematic approach using
laboratory testing, numerical simulation, and field validation was implemented to investigate the influences of roadway layout and
presplit blasting on mechanical properties of surrounding rock. Based on the results, an inward-stagger roadway layout with
presplit blasting on roof was proposed for the regional strata control. The investigation on the relationship between angle of
repose of ultrasoft coal and water content showed that the angle of repose first increased then decreased with increasing water
content. The peak value was observed at 17.659% water content, suggesting water injection into ultrasoft coal seam can
improve the coal mechanical properties and rib stability. The “high resistance, integral beam, two-stage rib+roof support
system” was design to replace the traditional equipment, which can support the ultrasoft coal seam. The combination of this
system and proposed “difference stepping” mining technique was capable of preventing roof and rib from failure, as well as
mitigating the rockfall during moving hydraulic support. Based on the field validation, it was found that the stress
concentration coefficient was relatively low during mining process. This was able to effectively manage the mining-induced
stress while improving the productivity three times than without the technique. There was also no failure event observed
during mining, such that the safety of mine workers was improved significantly.

1. Introduction

The occurrence conditions of Chinese coal resources are
very complex, with soft coal seams widely distributed and
extremely rich reserves. According to incomplete statistics,
53.3% of Chinese coal mines contains soft coal seams [1].
Huainan and Huaibei in Anhui, China, has significant high
quality coal reserves, particularly in No. 7 and No. 8 areas.
However, the mine site is under complex geological condi-
tions, including various shapes of folds and densely distrib-
uted preexisting fractures, as displayed in Figure 1(a). Coal
cut by the shearer is very loose and small, showing high
porosity when it is stockpiled, as shown in Figure 1(b). Coal
at the longwall face is extremely loose and fractured with low
strength and almost zero cohesion, which can be broken by
hands. When mining this type of ultrasoft coal seam, the

longwall face collapses along with mining. At the same time,
coal rib is rarely complete and competent, which in turn
leads to roof failure, hydraulic support instability, and falling
gangue. These hazardous events are harmful to the mine
workers as well as production, especially for coal seams with
high inclinations and high mining heights. Therefore, it is
critical to investigate the strata control for this type of coal
seams to ensure the safety and productivity.

In the study of coal and rock instability model，Li et al. [2]
established the coal instability risk analysis and prediction
model by using the dynamic fuzzy logic method and tested
the effectiveness and feasibility of the model. Based on 11224
working face of Panji No. 2 coal mine in Huainan Mining
Area, Liu et al. [3] established the mechanical model of coal
wall sliding instability and analyzed the characteristics of coal
wall instability. Si et al. [4] put forward a new SVM algorithm
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for coal and rock instability disaster, established the coal and
rock instability risk evaluation model, and verified the feasibil-
ity and superiority of the model. Li and Zhang [5] established
the unloading field effect model of coal wall excavation
according to the distribution characteristics of surrounding
rock stress field of large mining height working face, analyzed
the instability mechanism of coal wall under the action of
unloading stress field, and put forward the prevention mea-
sures to improve the wall protection force, support initial sup-
port force, and coal cohesion. Li et al. [6] established the
mechanical model of coal wall sliding instability, derived the

analytical expression of the safety factor of each sliding sur-
face, took 8102 working face of wulonghu coal mine as an
example, solved the safety factors of different sliding surfaces,
and obtained the critical sliding surface position and maxi-
mum sliding depth of coal wall. Yuan et al. [7] proposed a con-
stitutive model for “wedge” sliding of coal rib and investigated
the influential factors of rib stability. Yin et al. [8] developed
constitutive models which describe the rib instability along
slab tracing and weak inclusion. Thereby, a rib failure predic-
tion tool for LTCC using C++ was proposed. Guo et al. [9]
studied the interaction among coal wall, support, and roof

(a) (b)

Figure 1: Geological conditions of coal seam, (a) rib, and (b) loose coal.

No.66107 Goaf

No.8

Top coal 7a

No.66208 Goaf

No.66208 Return air flow roadway

No.66208 Transport roadway

No.66207 Return airflow roadway

No.66207 Transport roadway

No.66207 long wallface

Medium grained sandstone

13.1m

12.6 m

Figure 2: Location of No. 66207 seam.
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by analyzing the mechanical model of support surrounding
rock under different roof structures and put forward the con-
trol measures for the stability of deep hole static pressure preg-
routing coal wall.

In the study of instability of surrounding rock, Yuan
et al. [10] focused on the development, expansion and pen-
etration of cracks on the coal wall of the working face in soft
coal seam, and finally put forward the water injection pre-
vention technology. In order to effectively control the sur-
rounding rock instability accident of short wall coal seam
with large mining height in soft thick coal seam, Yuan
et al. [11] developed a drilling shearer and drilling mining
technology and successfully applied them in 1305 working
face of Zhaozhuang coal mine. Behera et al. [12] analyzed
the key factors affecting the stability of coal and rock in
Godavari Valley coalfield working face and put forward the
damage criterion for quantifying the stability of coal wall
in working face. Li G. S. et al. [13] studied the failure charac-
teristics of coal wall spalling in thick coal seam with gangue,
analyzed the morphology of coal wall spalling in different

gangue positions, and found that coal seam with gangue is
more prone to spalling at the gangue position. Yao et al.
[14] comprehensively studied the supporting stress distribu-
tion in front of the working face under different mining dip
angles and determined the main failure forms and positions
of coal wall. Based on the propagation law of stress wave, Lu
et al. [15] took the coal wall of deep working face as the
research object and analyzed the dynamic damage and fail-
ure characteristics of coal wall from the perspective of
dynamics. Tian et al. [16] analyzed the failure mechanism
of rib under high mining height using the data from No. 4
coal seam at Longquan coal mine. Based on the investiga-
tion, the researchers obtained the relationship between rib
failure and hydraulic support working resistance and deter-
mined the appropriate mining method which can prevent
rib failure. Wang [17] studied the ultrasoft coal seam ribs
and proposed a number of control technique, including
Longwall Top Coal Caving (LTCC), improving hydraulic
support resistance, water injection into coal seam, increasing
mining rate, and reducing mining height. Based on the No.

Comprehensive bar chart Mechanical parameters of coal and rockmass

Columnarsection Lithology of
columnar section

Thickness
(m)

Bulk
density

(KN/m3)

Elastic
modulus

(GPa)

Poisson’s
ratio

Cohesion
(MPa)

Angle of
internal
friction

(°)

Bulk
modulus

(GPa)

Shear
modulus

(GPa)

Tensile
strength
(MPa)

Medium grained
sandstone 11.0 28.20 25.33 0.23 3.35 39 9.96 8.62 1.59

Sandy mudstone 3.8 26.65 23.21 0.17 2.61 41 11.72 9.92 1.21

No.9 0.8 27.00 24.02 0.20 2.78 40 13.33 10.00 1.35

Siltstone 3.0 26.65 23.21 0.17 2.61 41 11.72 9.92 1.21

Sandy mudstone 4.5 24.61 8.81 0.26 1.2 30 6.08 3.47 0.61

No.8 1.9 27.00 24.02 0.20 2.78 40 13.33 10.00 1.35

Fine sandstone 1.5 25.49 14.41 0.24 1.78 34 9.23 5.81 0.88

Sandy mudstone 1.5 24.61 8.81 0.26 1.2 30 6.08 3.47 0.61

No.7b 1.1 13.7 5.13 0.32 1.25 32 4.72 1.93 0.13

Mudstone 9.0 24.2 14.31 0.21 1.42 32 7.73 8.63 0.76

Top coal 7a 2.7 13.7 5.13 0.32 1.25 32 4.72 1.93 0.13

Mudstone 1.3 24.2 14.31 0.21 1.42 32 7.73 8.63 0.76

Bottom coal 7a 1.0 13.7 5.13 0.32 1.25 32 4.72 1.93 0.13

Siltstone 10.0 26.65 23.21 0.17 2.61 41 11.72 9.92 1.21

Figure 3: Mechanical properties of roof and floor.
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1123 coal seam in Changzishan coal mine, Wu et al. [18]
investigated the rib failure mechanism and characteristics
and high risk areas under high inclination LTCC longwall
face. Subsequently, the researchers suggested a comprehen-
sive controlling technique. Huang and Liu [19] simulated
the rib failure process under different mining heights for
shallow coal seam via UDEC. Based on the results, the study

suggested a series of control techniques, including improv-
ing roof support and increasing mining rate and rib support.
Fang et al. [20] determined the supporting plan and param-
eters for Wuyang coal mine rib failure based on coal rib sta-
tus and root cause as well investigated the stress distribution.
Pang et al. [21] divided the rib failure process into two steps:
(i) rib failure occurrence and (ii) rib instability and con-
ducted sensitivity analysis on various parameters. Zhang
and Wu [22] investigated the rib failure characteristics,
influential parameters, and mechanisms under high inclina-
tion and high mining heights using monitoring data, numer-
ical simulation, and theoretical analysis. Wang et al. [23]
used similar approaches to investigate the stress and dis-
placement distributions in ribs under various mining heights
and found that the likelihood of rib failure increases with the
increasing mining height. Yang et al. [24] discussed the rib
failure mechanism of thick coal seam based on the Ruilong
coal mine and conducted sensitivity analysis of controlling
factors. According to the analysis, Yang et al. suggested that
reducing mining height, improving support, and rib grout-
ing are the effective measures of rib failure. Guo et al. [25]
analyzed the relationship between rib failure and immediate
roof failure when mining upwards. The paper subsequently
defined the required hydraulic support and columns inclina-
tion angle. Xia et al. [26] investigated the relationship
between longwall mining height and rib instability in LTCC

10m

66208
Return airflow roadway

66207
Return airflow roadway

66207
Transport roadway

66208
Transport roadway

No.8

Top
coal 7a

(a)

10m

66208
Return airflow roadway

66207
Return airflow roadway

66207
Transport roadway

66208
Transport roadway

No.8

No.7a

(b)

66208 Return airflow roadway

66208 Transport roadway

No.8

Top coal 7a

66207 Return airflow
roadway

66207 Transport roadway

(c)

Figure 4: Different layouts for roadway. (a) 10m inward-stagger layout, (b) 10m outward-stagger layout, and (c) overlapping layout.

Figure 5: 3D simulation network.
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using FLAC3D. Results showed that increasing longwall
mining height leads to rib deformation and fracture, which
then results to rib failure and roof failure. Yang et al. [27]
studied the rib stability of longwall face with gangue using
laboratory investigation and theoretical analysis. Li et al.
[28] analyzed the compressive shearing, sliding, splitting,
or horizontal arching failures of coal rib based on Hetangou
coal mine. Based on the analysis, Li et al. suggested to change
the stress distribution in order to ensure rib stability. Zhang
[29] analyzed the influences of stress distribution and rib
characteristics on rib instability and proposed associated
control techniques.

However, majority of previous studies focused on the
instability of surrounding rock under high mining heights,
whereas there is lack of attention for ultrasoft coal seams.
Hence, this paper will investigate the instability of surround-
ing rock of ultrasoft coal seam based on the data collected
from No. 66207 longwall face at Xinzhuangzi coal mine
and propose the key equipment and techniques for strata
control.

2. Engineering Background

2.1. Mechanical Properties of Coal. No. 7 mining area in
Huainan contains dry and fractured coal (1.336% water con-

tent) with particle size less than 10mm. There are 47.157%
of particle size less than 2.5mm, and the rock strength is
extremely low, and the Platts coefficient is only 0.382.

2.2. Coal Reserve and Mining Conditions. No. 66207 longwall
face has the maximum and minimum elevations of -721m
and -793m. The coal seam thickness is between 1.7 and
4.8m, with average thickness of 2.7m. The inclination angle
is 27°-34°，with average angle of 30°. No. 7 seam has two sub-
seams (No. 7 top and No. 7 bottom), and some parts con-
verge into one seam. No. 7 top thickness is between 1 and
3.2m, and the seam has average thickness of 2.7m; whereas,
No. 7 top thickness is between 0.7 and 1.7m and the seam
has an average thickness of 1m. The interburden is between
0 and 1.7m, with average thickness of 1.3m.

Mining has completed at the last stage of No. 66107 and
No. 66208 above, whereas mining at B6 seam beneath has
not yet been commenced. Figure 2 shows the location of
No. 66207 seam. This longwall face is between the F5-3
and F6 fault zones, where the north of longwall is close to
F5-3. There is large change in the stratum with folds. The
in situ stress is concentrated at the longwall face, and the
surrounding geology is complex with noticeable faults.

2.3. Mechanical Properties of Roof and Floor. Based on the
laboratory and field tests [30], the mechanical properties of
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Figure 6: Cloud map of stress distribution along the inclined direction of coal seam, (a) inward-stagger, (b) outward-stagger, and (c)
overlapping.
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roof and floor were obtained, as shown in Figure 3. The
immediate roof consists of 2-12m mudstone, with average
thickness of 9m. The immediate floor is 6-19m siltstone,
with average thickness of 10m.

Coal at No. 66207 is loose and fractures, which cannot
self-sustain under high stress conditions. The distance
between the seam and above seam is only 13.3m. The resid-
ual pillars in above coal work (No. 8) caused stress concen-
tration which will influence the safety of No. 66207. There
is also medium-grained sandstone 12.6m above the No. 8
with 11m thickness. This strong rock layer will result in
stress concentration at No. 66207 during mining, which
can lead to macroscale instability.

3. Strata Control of Ultrasoft Coal Seam Mining

3.1. Preregional Control Technique via Mining Stress
Reduction. FLAC3D was used to analyze the influence of
various roadway layouts (inward- and outward- stagger
and overlapping) on the stability of surrounding rock.
Figure 4 shows the simulation of mechanical properties of
surrounding rock under different layouts of No. 66207 long-
wall [31].

The model has the dimensions of 600m × 550m ×
523:4m. The horizontal displacement was constrained on
side boundaries, whereas the vertical displacement was con-
strained on bottom boundary. Load was applied on the
model vertically to simulate the overburden weight, see
Figure 5. The mechanical properties of each strata is dis-
played in Figure 3.

Figures 6–8 show cloud maps of stress and displacement
fields and fracture distribution of three layouts at No. 66207
longwall. Based on the figures, it can be seen that at the
outward-stagger and overlapping layouts, the vertical stress
was more concentrated, at 25MPa and 20MPa, respectively.
Thereby, the vertical displacement was higher and there was
some tensile and shear failures observed in the coal seam.
On the other hand, 10MPa vertical stress was observed in
inward-stagger layout with maximum vertical displacement
of 2 cm. Rock fracture and vertical stress concentration
under this condition were not insignificant.

When the outward-stagger or overlapping layout was
implemented, there was high stress concentration appeared
at some regions along the dip direction of coal seam. Due to
the pressure from longwall face, the deformation of surround-
ing rock gradually increased. This may lead to the likelihood of
instability of surrounding rock. When the inward-stagger
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Figure 7: Cloud map of displacement distribution along the inclined direction of coal seam. (a) Inward-stagger, (b) outward-stagger, and (c)
overlapping.
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layout was setup, longwall face and roadway are under the
stress relief zone of goaf area. This can effectively reduce the
stress concentration while increasing the mining safety.

3.1.1. Stress Redistribution in Roof via Presplit Blasting

(1) Mechanical Properties of Surrounding Rock Prior and
after Presplit Blasting. To reduce the stress concentration at

the No. 66207 longwall face, the presplit blasting at immedi-
ate roof of No. 8 coal seam is considered. The numerical
simulation schemes are as follows: The model is 600m long
along the strike, 500m wide along the slope, and 456.36m
high. The model includes 7# coal, 8# coal, and the roof
and floor strata. The average dip angle of the simulated coal
seam in the model is 30°, which is consistent with the field.
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Figure 8: Cloud map of fracture distribution along the inclined direction of coal seam. (a) Inward-stagger, (b) outward-stagger, and (c)
overlapping.
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Figure 11: Cloud map of cross-sectional stress distribution 5m behind along the strike direction of coal seam. (a) Prior to presplit blasting
and (b) after presplit blasting.
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Figure 12: Cloud map of cross-sectional stress distribution 5m behind along coal seam inclined dip direction. (a) Prior to presplit blasting
and (b) after presplit blasting.
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The strength parameters of coal and rock mass around the
blast hole are weakened to simulate presplitting blasting.

In deep hole presplit blasting parameters, when the deep
hole blasting is used at the longwall face, the designed blast-
ing height is 23m. This enables the fracture development in
the critical layer. There are 5 series of blasting planned, at
30m interval. The 1st series uses simultaneous blasting at
main gates and tail gates, in which the hole locations are
shown in Figure 9. Figure 10 shows the hole locations for
2nd to 5th series.

Figures 11–16 provide the simulation results of stress,
displacement, and rock fracture when the longwall face is
at 70m. According to the figures, it can be seen that the
maximum vertical stress was 50–85MPa from 90m to 0m
ahead of the longwall face without presplit blasting, whereas
the maximum vertical stress was 25–50MPa from 90m to
0m ahead of the longwall face with presplit blasting.

Prior to presplit blasting, it is important to confirm that
the vertical displacement should be within 250mm from
10m ahead of the face and majority of the roof is moving.
After presplit blasting is implemented, the vertical displace-
ment should be less than 50mm in the same area.

The fracture was developed at 14m above No. 8 coal
seam prior to the implementation of deep hole presplit blast-
ing, there would be a likelihood of roof rupture and result in
increasing load from the roof weighting. This was unfavor-
able to the stability of surrounding rock. After the blasting,
the fracture height above the coal seam was not further
developed.

Prior the presplit blasting, the first weighting interval
was 67.8m and the periodic weighting interval was 41.3m.
After blasting, the first and periodic weighting intervals were
24.6m and 21.9m, respectively. The interval and time of
weighting were reduced after presplit blasting. This led to
reduction in load and frequency of weighting, which in turn
result in less dynamic load and less pressure ahead of the
longwall face. Presplit blasting disturbed the integrity of
the strong roof and evenly distributed the stress while reduc-
ing the weighting magnitude, which is beneficial to the sta-
bility of No. 66207.

3.2. Reinforcement of Strata with Water Injection

3.2.1. The Influence of Water Content on Coal Stability.
Firstly, granular coal with particle size in the range of 0.1-
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Figure 13: Cloud map of cross-sectional displacement distribution 5m behind along the inclined direction of coal seam. (a) Prior to presplit
blasting and (b) after presplit blasting.
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Figure 14: Cloud map of cross-sectional displacement distribution 5m behind along the strike direction of coal seam. (a) Prior to presplit
blasting and (b) after presplit blasting.
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0.25mm was screened from the dried crushed coal. Then,
eight wet pulverized coal samples with different moisture
content were made of more than 1000 g granular coal and
different qualities of pure water. There are three samples of
each moisture content. Finally, the repose angle of wet pul-
verized coal samples was measured by stacking method,
and each group of tests was carried out three times.

To investigate the influence of water content on coal sta-
bility, a series of tests on angle of repose of ultrasoft coal
were conducted (see Figure 17). Figure 18 shows the rela-
tionship between angle of repose of coal and water content.
Based on the figure, it can be seen that as the water content
increases, the angle of repose decreases. The responding
water content with regard to the peak value is 17.659%. This
means water injection into the ultrasoft coal seam can
change its mechanical properties and improve its stability.

3.2.2. Longwall Water Injection Technique and Parameters.
In the field, water injection is conducted at the ribs of both
roadways with deep holes (see Figure 19). The step-by-step
procedures of deep hole (hole length > 80m) is that water

is injected at both roadways. The distance between hole at
the tailgate and the roof should be below 0.8m, and the hole
should be at the center of the coal along the main gate.
Water should be injected intermittently all day from 100m
to 20m ahead of the longwall face. Shallow hole
(hole length < 8m) water injection should have holes 0.5–
1m from the roof. The holes should be drilled perpendicular
of subperpendicular to the coal seam side of rib. Sealer
should be place 1.5m into the hole, and the water pressure
should be around 2MPa. Water injection takes place twice
a day with at least three hours per injection.

3.3. Rigid-Flexi Active Support Technology. Surrounding rock
at ultrasoft coal seam undergoes plastic deformation due to
high stress concentration and continuous mining [32]. This
would lead to instability of the longwall face and cause
injury. To overcome the complex geological condition at
No. 66207, ZZ7200/22/45 hydraulic support is selected, with
the resistance force of 8800 kN. This equipment can redis-
tribute stress along the roof while more effectively support
rib and roof. The new hydraulic support uses an integral
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Figure 16: Cloud map of cross-sectional fracture distribution 5m behind along the strike direction of coal seam. (a) Prior to presplit blasting
and (b) after presplit blasting.
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Figure 15: Cloud map of cross-sectional fracture distribution 5m behind along the inclined direction of coal seam. (a) Prior to presplit
blasting and (b) after presplit blasting.
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(a) w = 0:00% (b) w = 1:01%

(c) w = 2:95% (d) w = 5:13%

(e) w = 7:16% (f) w = 10:20%

(g) w = 13:21% (h) w = 17:22%

(i) w = 23:23% (j) w = 30:25%

Figure 17: Accumulation state of coal particles with different water contents.

11Geofluids



roof beam structure, which can reduce the disturbance to
roof when moving the support. The long flexible beam and
two-stage rib support can increase the supporting area and
strength to exposed rib and roof, ensuing the integrity of
rib and roof.

Figure 20 shows the combination of the hydraulic sup-
port and mesh. This approach forms as “high resistance,
integral beam, two-stage rib+roof support system,” which
can effectively prevent the rib and roof from falling and
enable the production. The mine operators can be protected
in a safety roadway, and the surrounding rock can be hold
stable.

3.4. “Difference Stepping” Mining Technology. As the ultra-
soft coal seam is prone to rib instability and the interval

between ribs at roadways is longer than that of the longwall
face, the traditional “three machine” equal step equipment is
not capable of preventing the partial failure. This may lead
to large-scale failure of rib and roof and subsequently result
in operation suspension. Hence, this study proposed “flexi-
ble beam length (1000 mm)>pushing length (800 mm)>cut-
ting depth of shearer drum (600 mm)” method (see
Figure 21). Hence, the selected equipment are ZZ7200/22/
45 hydraulic support, MG500/1130-WD shearer, and
SGZ800/1050 conveyor belt. Long flexible beam length can
cover larger roof area when rib fails. Small shearer drum
can reduce the rib and roof damage during cutting and
enhance the integrity and stability of the roof and rib.
Thereby, the combination between shallow cutting and long
flexible beam can prevent drum from damaging the mesh.

R2 = 0.9555
y = –0.0634x2 + 2.002x + 36.023

a (
º)
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Figure 18: Change of angle of repose of coal with water content.

Shallow hole
Deep hole

Figure 19: Schematic view of water injection in coal seam.

(a) (b)

Figure 20: “Rigid hydraulic support+flexible mesh” supporting system. (a) Support design and (b) support in place.
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Pushing support column distance is greater than the drum
cutting depth can increase the moving interval and better
control the roof stability.

4. Engineering Applications

The stress distribution at No. 66207 longwall face was mon-
itored to examine the effectiveness of proposed strata control
technique. Two stress measurements were conducted using
KSE-II-1 borehole stress measurement tool at 100m from

the tailgate. The measurement depth and interval were
10m and 3m, respectively (see Figure 22).

Figure 23 shows the stress distribution in the coal seam.
It can be seen that as the longwall face approached the stress

Travel of telescopic beam 1000 mm

Cutting depth of coal machine
drum 600 mm

Stroke of scraper 800 mm

Figure 21: “Difference stepping” three machineries.
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Figure 22: Stress measurement borehole location.
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measurement location within 70m, stress gradually
increased and reached maximum when the distance is
approximately 13.5m. The magnitude of the maximum
stress is 15.65MPa with a stress concentration coefficient
of 1.28. After that, stress gradually diminished. During the
mining process, the stress concentration coefficient was rel-
atively low and evenly distributed in the concentration area.
The location of peak stress concentration is away from the
coal rib, such that the excessive stress acting on the rib can
be effectively managed.

Figure 24 shows the relationship between hydraulic sup-
port resistance and pushing distance. Based on the figure, it
can be found that the stress acting on the hydraulic support
is generally 26-28MPa during mining. The hydraulic sup-
port is competent under this circumstance and can hold
more pressure if needed. The periodic weighting was not
obvious in this longwall panel with evenly distributed stress.
The weighting interval is approximately 18-21m with lower
mining stress. There was no large scale weighing observed
during the mining process.

By comparing the mining rate of No. 66207 longwall
panel with the No. 66107N panel which did not implement
the proposed technique, the productivity of No. 66207 was
three times of No. 66107N. In No. 66207 longwall, the aver-
age mining rate is 4.35m/day, with maximum rate at 7.2m/
day. On the other hand, the average mining rate and maxi-
mum rate of No. 66107N were 1.43m/day and 1.52m/day.
Thereby, there was less failure events occurred in No.
66207, indicating the proposed strata control technique
was effective for ultrasoft coal seam.

5. Conclusion

In this study, a strata control technique was proposed for
ultrasoft coal seam and it was examined at No. 7 coal seam
in Huainan mining area. The technique comprises of mining
stress reduction, rock mechanical properties modification of
rock, and stability improvement of surrounding rock. The
following conclusions were drawn from this study:

(1) Inward-stagger layout used in No. 66207 longwall
panel was able to position the longwall face and main
gate below the stress relief area of goaf, such that the
mining stress concentration can be reduced. The
presplit blasting on No. 8 roof was able to evenly dis-
tribute the incoming weighting while reducing the
weighting intensity. The first weighting and periodic
weighting intervals were 24.6m and 21.9m after pre-
split blasting. This technique can prevent weighting
on large areas

(2) The investigation on the relationship between angle
of repose of ultrasoft coal and water content showed
that the angle of repose first increased then
decreased with increasing water content. The peak
value was observed at 17.659% water content, indi-
cating water injection into ultrasoft coal seam can
improve the coal mechanical properties and rib
stability

(3) The “high resistance, integral beam, two-stage rib
+roof support system” was design to replace the tra-
ditional equipment, which can support the ultrasoft
coal seam. The combination of this system and pro-
posed “difference stepping” mining technique was
capable of preventing roof and rib from failure, as
well as mitigating the rockfall during moving
hydraulic support

(4) Once the technique was implemented, the stress
concentration coefficient was relatively low during
mining process. The stress was evenly distributed
among the concentration area, and the peak concen-
tration point was away from the longwall face. This
was able to effectively manage the mining-induced
stress while improving the productivity three times
than without the technique. There was also no failure
event observed during mining, such that the safety of
mine workers was improved
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Stope with variable length is formed by length change of mining face due to the irregular distribution of geological rock pillars,
which is a typical representative of complex coal seam mining. According to the geometric characteristics and mechanical
boundaries of each mining stage of stope with variable length, the roof structure models with four boundary conditions were
established and solved successively by using the small deflection thin plate bending theory. Combined with the simulated
images of MATLAB and FLAC3D, the fracture laws and corresponding engineering phenomena were analyzed. According to
the characteristics of roof rock pressure zoning, the overburden structure pressure model of “three stopes, three areas, and
three structures” is constructed. The research shows that the traditional “O-X” fracture occurs in the roof of small mining
stope. For the cracks generated by prolonged “O-X” fracture and drift “O-X” fracture in mutative mining stope are similar to
the crack development characteristics of large mining stope, so they are integrated into full-scale mining stope. The full-scale
mining stope roof is broken in “X-O” shape, and the crack continues to develop to produce extended fracture, forming the
roof fracture theory of “two stopes and two laws.” The research conclusion strongly reveals the failure law of roof from tension
instability to plastic fracture and abnormal ground pressure during mining in stope with variable length. It provides a basis for
exploring the essence of overburden migration in stope with variable length and strengthening the roof prevention and control
theory under the occurrence conditions of deep complex coal seams.

1. Introduction

As the shallow coal seams are gradually exhausted, the deep
coal body located in sudden change of coal and rock
structures becomes the key object of resource development.
However, the mining problems such as complex geological
conditions and “three highs and one disturbance” have been
strongly affecting the continuity and safety of mining opera-
tions [1]. The phenomena of mining pressure are extremely
abnormal in stope with variable length, especially when

working face is approaching abrupt change of length. The
irregular breaking of roof leads to the rapid migration of
rock strata. The disturbance impact of hydraulic supports
on both sides of working face has obvious spatiotemporal
difference. After the sudden change of working face length,
resistance of hydraulic supports continues to increase, and
when the pressure step distance decreases, roof is broken
seriously [2–4]. In addition, due to the influence of soft
boundary conditions of the roof in roadway along goaf,
coupling relationship between the space-time law of roof
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breakage and mining pressure is difficult to be characterized,
which leads to great potential safety hazards in mining work,
reducing resource recovery and utilization rate.

At present, there are two theoretical bases and corre-
sponding methodologies for the study of roof fracture and
overburden migration: beam structure and plate structure.
The elastic-plastic deformation in coal body and the varia-
tion law of supporting pressure are demonstrated and sum-
marized by analyzing the continuous dynamic fracture of
beam structure, when studying disturbance characteristics
about coal body caused by hinged fracture of basic roof.
This method reflects dynamic migration characteristics
and mechanical response mechanism of roof well [5–7].
However, the stope is a three-dimensional working space;
beam structure is a one-dimensional model only containing
length element, which cannot clearly explain the two-
dimensional planar structure characteristics of the roof
including width. Therefore, the thin plate theory gradually
develops. The overlaying spatial structure engineering
theory summarized by Jiang made use of microseismic
positioning and monitoring technology that proposed the
corresponding fracture forms of roof under different min-
ing environments, thus strengthening the follow-up devel-
opment of “O-X” fracture [8]. At the same time, in order
to explore its specific evolution process in theory, a large
number of scholars discussed the rules of roof breakage in
stope by establishing a variety of thin plate models with
rigid boundaries [9–12], deriving the “O-X” rule of fracture
development with different sequences. However, in practi-
cal engineering, coal and roof are usually elastic when they
are not disturbed and will be transformed into plastic after
being disturbed. Therefore, in order to pursue higher preci-
sion roof fracture analysis and reveal the whole space-time
disturbance characteristics, He, Chen, and Xie used the
finite difference principle to build thin plate structure
optimization models of elastic foundation boundaries and
elastic-plastic foundation boundaries. Based on these, the
first excavation of working face in the initial fracture and
periodic fracture laws and influencing factors of the basic
roof structure were obtained, deepening the roof fracture
sequence theories [13–18]. The above theories greatly
enrich the theoretical results of “O-X” breaking law under
various square boundary conditions. However, when the
geological coal and rock distribution are irregular, the roof
boundaries of stope will be complicated, that is, the square
boundary will change to polygonal boundary, which makes
it more difficult to analyze [11]. What is more, the roadway
along the goaf is in existence form in deep mining area, due
to the influence of mining in adjacent section; the upper
roof formed fracture edges. Resulting in the stress distribu-
tion of roof boundary and overburden are different from
normal [19–24]. Therefore, considering complex boundary
conditions, it is difficult to characterize the phenomenon
of mining pressure and roof breakage in the stope with
variable length, and the theory needs to be improved
urgently. It is pressing to reveal the nature of overburden
migration in deep stope and strengthen the roof preven-
tion and control mechanism under the complex condition
of deep coal seam.

2. Mechanical Model Analysis of Stope
Roof with Variable Length

The mining geological characteristics of stope with variable
length and the working face from short to long change law
of stope are analyzed. Along the strike in turn, it can be
divided into small mining, mutative mining, and large min-
ing stope. As shown in Figure 1, coal seam strike per unit
length is “a,” and coal seam inclination per unit length is
“b.” The scope of small mining stope is “2a × b,” that of
mutative mining stope is “a × 2b,” and that of large mining
stope is “3a × 2b.”

Taking the initial mining of short working face as an
example, in the deep mining area, in order to decrease the
appearance of mining pressure and reduce the difficulty of
roadway’s maintenance, the roadway close to goaf is
reserved as a goaf roadway. The plastic damage degree of
the isolation coal pillar in this roadway is very high, resulting
in a sharp decline in its clamping capacity for the roof. In
addition, roof above the adjacent goaf had already been bro-
ken by mining influence of the upper section [18], so all the
edges of lower side of the roof in stope with variable length
are set as simply supported boundaries. The rest of the roof
edges without disturbance and in the stable clamping state
are set as fixed boundaries. As the working face advances
from small mining stope to mutative mining stope and
arrives at large mining stope, the underlying coal mass of
the roof decreased, and the roof will be affected by load of
the overlying strata and mining disturbance and subject to
the corresponding boundary conditions, which lead to
continuous fracture.

In view of the above roof boundary characteristics, small
deflection thin-plate bending theory of elasticity [25] will be
applied to establish the roof elastic model with three sides
fixed and one simply supported (the simply supported side
is the long side), one side fixed and three sides simply
supported, one simply supported with three sides fixed (the
simply supported side is the short side), and both sides fixed
and both simply supported (the simply supported sides are
adjacent). The bending moment numerical value and bend-
ing moment image of each stope roof will be obtained by
solving the deflection equations using Galerkin method
and Ritz method. The breaking laws of roof can be analyzed
to reveal the migration nature of roof strata in deep stope
with variable length.

2.1. Mechanical Model Analysis of Roof Fracture in Small
Mining Stope. Lower boundary of roof in small mining stope
has broken in goaf on the upper section, so set as simply
supported boundary condition. Due to this stope was the
first mining stope, other edges were clamped by strata and
coal seam stability, which mechanical conditions were excel-
lent, so set to fixed boundary conditions. Elastic model with
three sides fixed and one side simply supported (the simply
supported side is the long side) was formed, as shown in
Figure 2. By approximate solving the deflection function
and bending moment function of this model, the law of frac-
ture evolution of small mining stope can be obtained.
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According to the condition,

wð Þx=±a = 0, ∂w
∂x

� �
x=±a

= 0,

wð Þy=b = 0, ∂w
∂y

� �
y=b

= 0,

wð Þy=0 = 0, ∂2w
∂y2

 !
y=0

= 0:

ð1Þ

In the equation, w is the deflection.
According to Galerkin’s method, the deflection

equation is

w = C1y x2 − a2
� �2

y2 − b2
� �2

: ð2Þ

In the equation, C1 is constant, and C2, C3, and
C4 are the same.

Plug it:

∬
A
D ∇4w
� �

wmdxdy =∬
A
qwmdxdy,

⇓
ðb
0

ða
−a
DC1 120y½ x2 − a2

� �2 + 24y y2 − b2
� �2

+ 2 20y3 − 12b2y
� �

12x2 − 4a2
� ��

y x2 − a2
� �2 · y2 − b2

� �2
dxd

=
ðb
0

ða
−a
qy x2 − a2
� �2

y2 − b2
� �2

dxdy: ð3Þ

In the equation, A is the integral interval; D is the

bending stiffness of the plate, GPa·m; ∇4 is the harmonic
operator; wm is the first-order deflection function; q is
the load, MPa.

It can be calculated as follows:

C1 =
8085q

2048 165a4b + 44a2b3 + 21b5
� �

D
: ð4Þ

Then, we can get

w = 8085qy x2 − a2
� �2 y2 − b2

� �2
2048 165a4b + 44a2b3 + 21b5

� �
D
: ð5Þ

According to the internal force bending moment expres-
sion, we can get

Mx =
−8085q

2048 165a4b + 44a2b3 + 21b5
� �

· y 12x2 − 4a2
� �

y2 − b2
� �2 + μ 20y3 − 12b2y

� �
x2 − a2
� �2h i

,

My =
−8085q

2048 165a4b + 44a2b3 + 21b5
� �

· μy 12x2 − 4a2
� �

y2 − b2
� �2 + 20y3 − 12b2y

� �
x2 − a2
� �2h i

:

ð6Þ

In the equation, μ is Poisson’s ratio.
Assuming that A = 37:5m, B = 50m, q = −15MPa, D =

70:52GPa · m, and μ = 0:35 (the same later) are substituted
into the equation. The bending moment expression of this
model is calculated by MATLAB to obtain its three-
dimensional numerical image, as shown in Figure 3.

Through the analysis of bending moment numerical
image, firstly, the bending moments reached its maximum
in long fixed boundary midpoint of the plate, causing fixed
boundary broke and became a new simply supported
boundary. Due to the extreme value of two short fixed
boundaries were close to long fixed boundary midpoint
maximum, the breakage of short fixed boundaries will be
slightly lagging behind long fixed boundary and becoming
new simply supported boundaries. Secondly, with the con-
tinuous extension of fixed edge fracture, the fracture will
be connected with old fracture boundary (the original long
simply supported boundary) along the side of goaf roadway,
forming an “O-type” fracture circle. Finally, bending
moment will take the maximum value the in center of the
plate. The fracture will appear in the center of the plate
and extend into the “X-type” fracture, namely, the “O-X”
fracture law. These are shown in Figure 4.

On the boundary conditions, deep mining stope that use
goaf roadway is slightly different from a stope that do not
use (three sides fixed and one simply supported/four sides
fixed), but “O-X” fracture will occur in all of them. In the
process of dynamic roof instability, the accompanying min-
ing pressure phenomena are basically the same. Due to the
factors of short length of working face and strike length,

b
Mutative
mining
stope

Large mining stope

Small mining stopeb

2b

2a 3aa

Figure 1: Zoning model of stope with variable length.

X

b

y

–a a

O

Figure 2: Mechanical model of small mining stope.
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the dynamic migration of overlying strata will happen
moderately, and supporting pressure on the mining space
is also small.

2.2. Mechanical Model Analysis of Roof Fracture in Mutative
Mining Stope.When mining work of small mining stope was
finished, the length of working face will be changing from
short to long, entering mutative mining stope. As the work-
ing face continues to advance, initial pressure will be gener-
ating in mutative mining stope, and roof fracture line above
this working face is the right boundary of the stope. In the
elastic thin plate bending problems, mutative mining stope
boundary for the lower part of 1/2 left side was small mining

stope’s “O-X” breaking edge, setting it to simply supported
boundary, and the left over 1/2 roof was clamped by rock
pillars and overlying strata, so set it to fixed boundary. At
this point, two kinds of boundary conditions appear on the
same edge, which is difficult to effectively calculate and
needs to be simplified according to the project situation.

According to the theory of the whole area disturbance
characteristic caused by periodic rupture of roof structure,
the basic roof fracture will cause the M-shaped or C-
shaped rebound compression zone enveloping the working
face in front of coal body [15]. Therefore, after completion
of mining in small mining stope, a large roof pressure will
be generated on basic roof in front of the leading coal wall,
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Figure 3: Bending moment of roof model with three sides fixed and one side simply supported (the simply supported side is the long side).

(a) The long fixed side is broken (b) The short fixed sides are broken

Break boundary along goaf

(c) “O” fracture closure

Break boundary along goaf

(d) “X” fracture closure

Figure 4: Evolution process of “O-X” fracture in small mining stope.
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while the adjacent roof of leading coal wall will justly have
little influence. Based on the above conditions, the lower half
part of mutative mining stope’s roof is in the rebound com-
pression region, and considering the weak constraint of
boundary conditions, this part can first reach the mechanical
limit of fracture [12]. After fracture, stress will redistribute,
and then, the second fracture of the upper half of roof will
occur in mutative mining stope. This concept of overburden
structure fracture with “drift” characteristics reasonably
explains the engineering phenomenon of abnormal roof
pressure and rapid step-by-step subsidence in narrow area
of mutative mining stope.

To sum up, the mutative mining stope was divided into
upper and lower parts based on the median line of long side.
Just below the dividing line was the goaf, which cannot
restrain the rotation deformation of the roof, so set it as sim-
ply supported boundary. The breaking order was from I to
II. This is shown in Figure 5.

2.2.1. Mechanical Model Analysis of Roof Fracture in
Mutative Mining Stope I. This plate’s lower edge was the
goaf roadway. The left side was broken edge of small mining
stope, which was uniformly set as simply supported bound-
aries, and the right side was sandwich-supported roof
between solid coal and overlying rock, which was set as fixed
supported boundary, forming an elastic model with one side
fixed and three sides simply supported, as shown in Figure 6.

According to the condition,

wð Þx=±a/2 = 0, wð Þy=±b/2 = 0, ∂w
∂x

� �
x=a/2

= 0: ð7Þ

According to Ritz method, let the deflection equation be

w = C2 x + a
2

� �
x −

a
2

� �2
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b2

4

 !
: ð8Þ
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2
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 !
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8>>>>>>>>>>><
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ð9Þ

In the equation, Vε is deformation potential energy.

It can be calculated as follows:

C2 =
−35ab2q

16 21b4 + 6a4 + 14a2b2
� �

D
: ð10Þ

Then, we can get

w = −35ab2q x + a/2ð Þð Þ x − a/2ð Þð Þ2 y2 − b2/4
� �� �

16 21b4 + 6a4 + 14a2b2
� �

D
: ð11Þ

According to the internal force bending moment expres-
sion, we can get

Mx =
35ab2q
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� �2" #
:
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The bending moment expression of this model was
calculated by MATLAB to obtain its three-dimensional
numerical image, as shown in Figure 7.

In this model, the bending moment Mx obtained the
extreme value at the center of long simply supported edge,
and bending momentMy obtained the extreme value at long

–a/2 a/2

X

y

b/2

–b/2

Figure 6: Mechanical model of mutative mining stope I.

Mutative
mining
stope

Mutative
mining
stope

I

Mutative
mining
stope

II

Figure 5: Mechanical model division of mutative mining stope.
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simply supported edge near the center of plate. It can be
concluded that mutative mining stope I broke at center of
the long simple supported edge at first, and this boundary
coexisted with the fracture boundary of the small mining
stope. Then, the fracture will extend along the x-axis to
inside of the plate and gradually get closer to fixed supported
edge, thus causing instability failure of fixed supported
boundary. When the fracture in the center of plate has con-
nected with fixed supported fracture, it will expand to the
two short simple supported edges and finally close, forming
an “O-X” fracture with extension properties after the small
mining stope, as shown in Figures 8 and 9.

2.2.2. Mechanical Model Analysis of Roof Fracture in
Mutative Mining Stope II. The roof collapse of mutative
mining stope I led to the redistribution of overburden pres-
sure and then caused the roof instability of mutative mining
stope II.

Lower boundary in this stope was the broken edge of
mutative mining stope I. The middle of two stopes was

connected by a hinged structure, so it can be set as simply
supported boundary. The rest parts were supported by the
stable clamping of rock layer, so they can be set as fixed sup-
ported boundaries, forming an elastic model with three sides
fixed and one side simply supported (the simply supported
side is the short side), as shown in Figure 10.

According to the condition,

wð Þx=±a
2
= 0, ∂w

∂x

� �
x=±a

2

= 0,

wð Þy=b = 0, ∂w
∂y

� �
y=b

= 0,

wð Þy=0 = 0, ∂2w
∂y2

 !
y=0

= 0:

ð13Þ

According to Galerkin’s method, let the deflection
equation be
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Figure 7: Bending moment of roof model with one side fixed and three sides simply supported.

6 Geofluids



w = C3y x2 −
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It can be calculated as follows:
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Then, we can get
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According to the internal force bending moment
expression, we can get
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−8085q
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:
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The bending moment expression of this model was
calculated by MATLAB to obtain its three-dimensional
numerical image, as shown in Figure 11.

This model is compared with the small mining stope
roof model with three sides fixed and one simply supported
side (the simply supported side is the long side), and the
inner part of plate bending moment greatly reduced and
has a small cut with bending moment of fixed sides. But in
general, bending moments of the maximum point still
appear in long fixed side, and simply supported side has
slight offset, which induce the initial rupture.

When the two long fixed sides of mutative mining stope
II produced cracks, the constraint on bending moment
transmission was reduced sharply. The fixed support will

2a

Small mining stope
Mutative mining stope I

Break boundary along goaf

a

b

Figure 9: Prolonged “O-X” fracture of subsequent small mining
stope.

–a/2 a/2

xO

y

b

Figure 10: Mechanical model of mutative mining stope II.

(a) The long simply supported side fracture (b) The fissure extends toward the center

(c) The fixed side breaks and closes

Break boundary along goaf

(d) The two simply supported sides are through

Figure 8: Fracture evolution process of mutative mining stope I.
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transform into simple support condition, and plate with
three sides fixed and one side simply supported (the simple
supported side is the short side) will transform into the plate
with three sides simply supported and one side fixed, which
is similar to mutative mining stope I, and then, the corre-
sponding regularity of fracture can be generated. In other
words, the crack in the center of initial simply supported
edge will start to extend to the center of the plate and grad-
ually get close to the short fixed supported edge to trigger
fracture. Finally, it will close with simply supported edge
on both sides to complete the secondary fracture of mutative
mining stope, as shown in Figure 12.

In terms of the direction of open-off cut in small mining
stope, the “O-X” fracture extending along the strike has
drifted to inclined direction, as shown in Figure 13. This
fracture law is consistent with the roof subsidence rule in
the section of mutative mining stope in practical engineer-
ing. The law of prolongated “O-X” fracture and drifting
“O-X” fracture produced in mutative mining stope is very
complex. The entropy value of cutting roof control system
is high, which is consistent with the phenomena in support
engineering, such as short pressure step distance, high vari-
able pressure strength, and difficult support of broken roof.
As a whole, the temporal and spatial relationship between
mining advancement and rock migration shows the drift of
roof structure fracture, the continuity of rock structure insta-
bility, the migration of support pressure expansion, and the
instantaneous increase of mining pressure phenomena.

2.3. Mechanical Model Analysis of Roof Fracture in Large
Mining Stope. After the roof of mutative mining stope has
broken twice, the phenomena of variable pressure and
abnormal movement tend to be stable. It means that stope
face enters large mining stope. Compared with small mining
stope, the support space in the large mining stope is obvi-
ously expanded. It still has a trend of continuously increas-
ing support pressure due to restriction of rock structure

adjustment and the influence of residual energy release from
mutative mining stope.

In engineering practice, when the length of working face
reaches 100m, the roof caving step is generally about 30m
[26]. According to calculated data simulated by MATLAB
above, the inclined and strike lengths of roof model in large
mining stope both exceed 100m. In other words, when there
is advanced unit distance on thex-axis, there will occur once
basic roof period break, and there will be three times in total.
However, after each break, boundary conditions and plate
parameters will not change, and the breaking structure will
not change either. Therefore, only the model range of
“a × 2b” was taken as the calculation boundary of single roof
fracture. The left side and the lower side of model were the
fracture roof edges of goaf, which can be set as simply sup-
ported boundary condition. The right side and the upper
sides were the roof edge of coal layer clamped, which can
be set as fixed boundary condition, forming an elastic model
of two sides fixed and two sides simply supported (the
simple support edges are adjacent), as shown in Figure 14.

According to the condition,

wð Þx=0 = 0, ∂2w
∂x2

 !
x=0

= 0,

wð Þx=a = 0, ∂w
∂x

� �
x=a

= 0,

wð Þy=0 = 0, ∂2w
∂y2

 !
y=0

= 0,

wð Þy=2b = 0, ∂w
∂y

� �
y=2b

= 0:

ð19Þ

According to Galerkin’s method, let the deflection
equation be
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Figure 11: Bending moment of roof model with three sides fixed and one side simply supported (the simply supported side is the
short side).
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w = C4xy x2 − a2
� �2

y2 − 4b2
� �2

: ð20Þ

Plug it:

∬
A
D ∇4w
� �

wmdxdy =∬
A
qwmdxdy,

⇓
ð2b
0

ða
0
DC4 120yx½ x2 − a2

� �2 + 120xy · y2 − 4b2
� �2

+ 2 20y3 − 48b2y
� �

20x3 − 12a2x
�
xy x2 − a2
� �2

y2 − 4b2
� �2

dxdy

=
ð2b
0

ða
0
qxy x2 − a2
� �2

y2 − 4b2
� �2

dxdy: ð21Þ

It can be calculated as follows:

C4 =
121275q

65536 45a5b + 176a3b3 + 720ab5
� �

D
: ð22Þ

Then, we can get

w = 121275qxy x2 − a2
� �2 y2 − 4b2

� �2
65536 45a5b + 176a3b3 + 720ab5

� �
D
: ð23Þ

According to the internal force bending moment
expression, we can get

Mx =
−121275q

65536 45a5b + 176a3b3 + 720ab5
� �

· y 20x3 − 12a2x
� �

y2 − 4b2
� �2 + μx · 20y3 − 48b2y

� �
x2 − a2
� �2h i

,

Mx =
−121275q

65536 45a5b + 176a3b3 + 720ab5
� �

· μy 20x3 − 12a2x
� �

y2 − 4b2
� �2 + x · 20y3 − 48b2y

� �
x2 − a2
� �2h i

:

ð24Þ
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Figure 13: Drift-shaped “O-X” fracture of subsequent small
mining stope.
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Figure 14: Mechanical model of large mining stope.

(a) Both sides of the long fixed side fracture (b) Cracks in the center of the plate extend

(c) The short fixed side breaks and closes (d) The two simply supported sides are through

Figure 12: Fracture evolution process of mutative mining stope II.
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The bending moment expression of this model was
calculated by MATLAB to obtain its three-dimensional
numerical image, as shown in Figure 15.

At the right side of large mining stope, the maximum
bending moment was obtained on fixed edge. The roof
model with both sides fixed and both sides simply supported
(the simply supported sides are adjacent) will transform into
a model with three sides simply supported and one side
fixed, similar to the mutative mining stope I. Then, fracture
will take place inside the plate close to long side of the simply
supported. For the plate is relatively long and narrow, under
the action of the corner effect, central crack will extend diag-
onally to the two corners and intersect with the right side of
fixed edge cracks, which will promote upper fixed edge frac-
ture and finally form closure, as shown in Figure 16.

Subsequent sections of large mining stope will form the
same type of joint fracture. The stoping advance speed and

support quality of this stope can be effectively controlled,
and boundary conditions are continuous, so the fracture is
regular. However, the length of working face is long, the roof
control range is large, and the roof is broken regularly in a wide
range, so the periodic pressure step distance is short, and space-
time disturbance range caused by it is great. As a result, it has
the characteristics of high dynamic pressure higher than the
static pressure and will increase in a short time.

After calculation of four kinds of elastic bending thin
plate theoretical models and the related numerical analysis,
the roof broken whole structure of stope with variable length
was finally formed, as shown in Figure 17, which is “small
mining stope + mutative mining stope (I and II) + large
mining stope.”

2.4. Analysis of Integrated Model for Roof Fracture in
Mutative Mining Stope and Large Mining Stope. In the
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Figure 15: Bending moment of roof model with two sides fixed and two sides simply supported (simply supported sides are adjacent).

(a) The right side of the fixed edge is broken (b) Central fracture extension

(c) The upper side of the fixed edge fracture and through

Break boundary along goaf

(d) Simply supported side through

Figure 16: Fracture evolution process of large mining stope.
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fracture analysis of mechanical model mentioned above, the
stope with a working face length of 2b was divided into the
mutative mining stope (I and II) and the large mining stope.
This model can reasonably explain the complex roof distur-
bance breaking law, but dynamic evolution process is
complicated. In the engineering field, after completion of
mining in small mining stope, the working face advance-
ment is still continuous and gradual. Although mutative
mining stope has the most serious mining pressure, the most
intensive roof movement, and the most difficult stope parti-
tion that is difficult to solve and deal with, the proportion of
recoverable reserves and duration of mining and support
work is the least. Considering factors such as working hours
and efficiency and practical application of theory, it should
be properly integrated with the larger mining stope with a
larger proportion of stoping duration.

The theoretical model can be simplified by integrating
the different fracture laws of mutative mining stope and
large mining stope, which is beneficial to grasp the over-
all view of stope roof control theory. In following
sections, mutative mining stope and large mining stope
are collectively referred to as full-scale mining stope, as
shown in Figure 18.

This model is an integrated stope by the strike length as
the main guide. Through the overview analysis of fracture,
the whole fracture law of full-scale mining stope can be
obtained. At the lower part of left boundary of full-scale
mining stope, there was an initial fracture generated by
“O-X” fracture edge of small mining stope, which developed
along the strike to inside of full-scale mining stope, and then,
the upper part of left boundary fracture occurred and
extended along the dip to inside of full-scale mining stope;
finally, the two extended fractures converged. This was gen-
eral law of mutative mining stope (I and II), in which the
jumble fracture details were ignored and the “half-X-
shaped” fracture was formed. The fracture of mutative min-
ing stope I was the hypotenuse of lower part of the “half-X,”
while the fracture of mutative mining stope II was the hypot-
enuse of upper part of the “half-X,” as shown in Figure 19.

Initial fracture occurred in long fixed side of the large
mining stope, then cracks in the center of plate extended
to the two sides and closed with long fixed side, and the
two closed to short fixed side, finally causing it to break.

Large mining stope
Mutative
mining
stope

Full-scale mining stope

Figure 18: Full-scale mining stope model.

"Half X" is broken

The original break line
The simplified break line

Figure 19: “Half X-shaped” fracture in full-scale mining stope.

The original break line
The simplified break line

"X-C" is broken

Figure 20: “X-C-shaped” fracture in full-scale mining stope.

"X-O" is broken

Break boundary
along goaf

The original break line
The simplified break line

Figure 21: “X-O-shaped” fracture law in full-scale mining stope.

The original break line
The simplified break line

Figure 22: Fracture law of prolonged “X-O” fracture.
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Mutative mining stope II

Mutative mining stope I
Large mining stope

Break boundary along goaf
Small mining stope
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Figure 17: Overall broken structure of stope roof with variable
length.
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From the perspective of full-scale mining stope, fracture in
the center of plate was further broken and expanded from
“half X” to “full X” shape fracture, and all fixed sides
became “∩” shape fracture, which can be called “C” shape
for convenient description. To sum up, the second large-
scale fracture of full-scale mining stope was “X-C” shape,
as shown in Figure 20.

The “X-C-shaped” fracture was connected with the edge
of goaf in the upper section at the lower part of full-scale
mining stope, forming a “C-shaped” to “O-shaped” closure,
as shown in Figure 21. The final occurrence of the roof in
full-scale mining stope is similar to “O-X” fracture, but the
development law of “X-O” fracture is slightly different,
namely, from the traditional ① long fixed supported sides
fracture⟶② short fixed supported side fracture⟶③

the “O” shape closed⟶④ center fracture⟶⑤ “X” shape
closed⟶⑥ “O-X” breakage form (form the “O” shape
before forming an “X”). It is transformed into ① simple
and fixed edge fracture⟶② “half-X-shaped”
fracture⟶③ extension of long fixed edge and plate center
fracture to induce short fixed side fracture⟶④ “X-C-
shaped” fracture⟶⑤ “O-shaped” closure⟶⑥ “X-O-
shaped” fracture formation (first form “X” shape and then
forming “O” shape).

As the working face continues to advance, the roof cav-
ing will occur periodically, and the fracture law is the same
as the continuous fracture of large mining stope. The pro-
longated “X-O” fracture is formed with the roof in mutative
mining stope, as shown in Figure 22.

3. Mechanical Characteristic Analysis of Roof
Fracture Evolution in Stope with
Variable Length

3.1. Establishment of Numerical Model. In order to verify the
accuracy of mathematical model, explore the dynamic law of
roof instability in stope with variable length, and consider
universality of fracture theory in practical engineering prob-
lems. The following will use FLAC3D software to establish
corresponding coal seam and mining model, through the
analysis of coal seam in multistage mining process of plastic
zone development and change rules, to provide a strong
support for fracture theory in this paper.

The cuboid model of 250m × 150m × 80m was estab-
lished, and Molar Coulomb model was adopted, fixing
boundaries on the four sides and the bottom. An in situ
stress of 15MPa downward along the z-axis was applied
on the top of model. The thickness of floor was 50m, the
thickness of coal seam was 3m, and the thickness of roof
was 27m. The width of working face was 3m, and the width
of section roadway was 4m. When section roadway was
excavated in coal seam, strike length of small mining stope
was 75m and inclined length was 50m. In this area, three
stoping stages were simulated and grid was encrypted. The
strike length of full-scale mining stope was 150m, and the
inclined length was 100m. In this area, four stoping stages
were calculated by simulation. The first stoping stage of
full-scale mining stope was mutative mining stope zoning,
and the last three stoping stages were large mining stope
zoning, as shown in Figure 23.

3.2. Analysis of Mechanical Characteristics of Roof Fracture
in Small Mining Stope. The small mining stope was divided
into three mining calculations, and the roof plastic zone fail-
ure analysis was carried out once for every 25m advancing
average. The distribution characteristics of roof stress zone
and plastic zone along with work progress are shown in
Figures 24 and 25.

The lower part of roof boundary of small mining stope
was the broken roof along the goaf. When the initial excava-
tion of small mining stope advanced for 25m, the stress con-
centration occurred in the lower part of the left and right
sides of goaf. However, due to the short moment arm, the
bending moment was not enough to cause roof to break. A
wide shear plastic failure occurred to roof along the roadway
strike, which conformed to the failure form of articulated
point in the “S-R” instability theory of “masonry beam”
[26]. The development of plastic zone in this roadway was
mainly caused by mining disturbance in the upper section,
so it was not included in analysis range of plastic zone in
the stope with variable length. The roof near the open cut
was undergoing shear failure, and the roof boundary on
the upper side of goaf had undergone shear and tensile fail-
ure. Therefore, the two had a certain sequence in breaking
time and space.

When 50m was advanced, the range and value of shear
stress on the upper side of the goaf gradually increased,

(a) Modeling figure

Geological rock pillars

Extended working face

Section of roadway

Section along gob roadway

Full-scale mining stope
Working face

Small mining stope

(b) Top view of stope

Figure 23: FLAC3D modeling schematic.
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and it was growing faster than the left and right sides. The
main influence area of shear stress shifts to the long side of
small mining stope. The roof above working face had a wide
range of diffuse shear failure plastic zone and the goaf roof
boundaries closed into an “O” shape, embedded shear and
tensile failure plastic zone, the middle point exposed tensile
failure plastic zone, in line with the “O-X” fracture in the
roof center and the boundaries of their respective fracture
characteristics. For the mechanical conditions of the lower
boundary were very weak, the failure plastic zone in the
middle was shifted downward.

When the working face was advanced 75m, the shear
stress range and bending moment of the goaf boundaries
reached the maximum value, and the whole range of small
mining stope roof was in dynamic activity stage of plastic fail-
ure. The “O-shaped” closure ring was dominated by dynamic
shear failure, and the fracture in the center of the plate like an
“X” shape was dominated by tensile failure; the shear and
tensile mixed failure extended outwardly and blended with
the plate boundaries, forming an “O-X” fracture.

To sum up, the upper boundary shear stress of small
mining stope first reached the plate boundary breaking limit
and shear failure occurred, and then, shear failure occurred

at the left and right sides of the stope and formed “O-
shaped” closure. Finally, the tensile failure occurred mainly
in the center, and the shear and tensile failure extended out-
wards. When small mining stope was completely mined out,
“O-X” plastic fracture will occur in the whole range. The
broken law of the roof of small mining stope with three sides
fixed and one side simply supported (the side simply
supported is the long side) was verified.

3.3. Analysis of Mechanical Characteristics of Roof Fracture
in Mutative Mining Stope. The first mining calculation of
full-scale mining stope was the area of mutative mining
stope. From the lengthening of the working face until the
roof had obvious plastic zone, working face advance length
was 40m. The distribution characteristics of roof stress zone
and plastic zone are shown in Figures 26 and 27.

In the lengthening stage of working face, the high stress
concentration more than 25MPa appeared at the right angle
point of geological pillar. Shear stress range of roof near the
working face ran through the whole length of working face,
and the point stress concentration near roadway along goaf
reached more than 25MPa. The roof under such structural
pressure will be prone to disaster.
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Figure 25: Development of plastic zone in small mining stope.
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(c) Working face was advanced 75m

Figure 24: Maximum shear stress of small mining stope.
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By comparison, the development degree of plastic zone
of roof in mutative mining stope I and II was obviously dif-
ferent. Shear and tensile mixed plastic failure occurred in the
whole roof of mutative mining stope I, which was the same
as the failure form of goaf roof that adjacent small mining
stope on the left. Moreover, both stopes have been sur-
rounded by the “O” ring of the shear plastic zone, showing
obvious continuity in the figure. Thus, the accuracy of the
elongated “O-X” fracture was verified.

The plastic zone in the mutative mining stope II had a
low degree of development, and shear and tensile mixed fail-
ure had occurred in the lower center position of roof and
was connected with the plastic zone in mutative mining
stope I. Considering that the depth of plastic zone along
the strike of stope I was less than that along the inclined, it
was sufficient to indicate that main development trend of
plastic zone in mutative mining stope I was dip transfer to
the II. Thus, the left “half-X-shaped” plastic fracture was
formed, which verified the accuracy of the drift shape “O-X.”

The shear failure had occurred at the right and left
boundaries of mutative mining stope II, and tensile shear

mixed failure had occurred at the lower part of the center.
Therefore, the roof failure took lead in the above three posi-
tions. The upper boundary of this stope was undergoing
shear failure, indicating that this was the last roof fracture
boundary. The breaking sequence can be summarized as ①
the left and right long sides break⟶② the center of the
plate breaks towards the lower part⟶③ the upper short
side breaks. It was the same as the breaking law of roof
model with three sides fixed and one side simply supported
(the simply supported side is the short side) mentioned
above, which provided corresponding evidence for it.

3.4. Analysis of Mechanical Characteristics of Roof Fracture
in Large Mining Stope. The last three mining calculations
of full-scale mining stope were the area of the large mining
stope, and the advancing length of the working face was
40m, 40m, and 30m. The distribution characteristics of roof
stress zone and plastic zone are shown in Figures 28 and 29.

The range and value of shear stress at the boundaries of
large mining stope increased with the expansion of goaf.
The right side and the upper side of the goaf were both
fixed boundaries, and the shear force value on right side
was generally 8-10MPa higher than upper side. Therefore,
the criterion about right boundary of roof breaks first was
more sufficient.

When the working face of large mining stope advanced
40m (the mining of full-scale mining stope was 80m), the
tensile and shear failure plastic zone expanded in a large
range. The area where the roof in stope with variable length
had previously undergone plastic failure and stability was
transformed from static to dynamic, a new round of plastic
failure evolution occurs, the elastic residual energy releases,
and the roof of goaf sank further. In this process, roof near
working face had been shear broken; the location of fracture
was consistent with shear stress concentration area in stress
diagram. This boundary was the first to fracture, shear and
tensile failure plastic zone was interluded in the middle of
newly advanced 40m goaf roof, and shear failure was occur-
ring at the upper boundary. The development characteristics
of plastic zone were in accordance with roof fracture law of
roof plate with both sides fixed and both sides simply
supported (the simply supported sides are adjacent).

When the working face advanced 80m (the full-scale
mining stope was mined 120m), shear and tensile mixed lin-
ear fracture zone along the strike appeared in middle of large
mining stope, which reflected the continuous fracture char-
acteristics of large mining stope roof to a certain extent. At
this time, the roof cycle pressure step distance was short
and the pressure was intense. The coal wall fracturing, roof
caving, coal wall scaling, floor heaving, and other mining
pressure showed the most serious, and the timeliness is
extremely complex, which promoted the support pressure
of large mining stope to increase continuously.

When the working face was advanced 110m (the full-
scale mining stope was mined 150m), all the stope with var-
iable length was completed, and boundaries were dominated
by shear failure and interior was dominated by tensile fail-
ure. The fracture pattern of goaf roof tended to be stable,
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Figure 27: Development of plastic zone in mutative mining stope.
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Figure 26: Maximum shear stress of mutative mining stope.
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but the vigorous activities of the roof will not stop, and
dynamic subsidence was still taking place in the whole area.

3.5. Analysis of Mechanical Characteristics of Roof Fracture
in Full-Scale Mining Stope. As shown in Figure 27, in muta-
tive mining stope I, due to the continuous development of
the plastic zone in small mining stope, the “half-X” shape
of the shear and tensile fracture plastic zone was not obvi-
ous. However, an obvious “half-X” shape was formed in
mutative face stope II, which could be identified as the devel-
opmental characteristics of plastic zone of the drift-shaped
“O-X” fracture based on small mining stope or as the initial
plastic zone development characteristics of the “X-O” frac-
ture based on full-scale mining stope. Figure 29 shows the
shear tensile fracture plastic zone. In (a), the development
form of shear tensile plastic failure had occurred in new goaf,
which spread from the middle to the right corner and
formed a “half-X” shape on the other side. At this time,
the “X” shape has been fully developed, and shear failure
has occurred at the left, right, and upper boundaries of the
mutative mining stope and large mining stope, forming the
“X-C” fracture. Finally, the “C-shaped” plastic zone and roof
of the roadway along the goaf form plastic circle closured,
namely, the “X-O” fracture. In (b), the upper part of stope,
a shear and tensile mixed linear fracture zone along the
strike has appeared, that is, the central fracture extension
zone of the prolongated “X-O” fracture.

It can be seen that the plastic zone development char-
acteristics of FLAC3D numerical analysis are very consis-
tent with the fracture theory mentioned above, which
provides a powerful engineering simulation basis for the
fracture theory.

4. Mechanical Model and Structural Evolution
Law of Roof Fracture in Stope with
Variable Length

By summarizing the movement law of overlying strata, cor-
responding geometric structure and mining pressure charac-
teristics of each stope mentioned above, the different mining
pressure characteristics and fracture laws of the stope with
variable length can be obtained compared with the normal
stope. There are three different development stages of work-
ing face advancing from small mining stope to mutative
mining stope to large mining stope. In small mining stope,
the stoping space is small, the working face length is short,
and it belongs to the stable pressure structure. The relatively
regular “O-X” fracture occurs in roof, and mining pressure
appears to ease, so it is called the stably static pressure min-
ing area. When entering mutative mining stope, the length
of working face changes abruptly, which belongs to the
sudden pressure structure. The boundary conditions of roof
become complicated, the continuity instability of rock struc-
ture will occur, and fracture tends to transfer. The prolon-
gated “O-X” fracture and drift “O-X” fracture appear in
the roof, the mining pressure transient time changes abnor-
mally, and the mining space is broken and difficult to sup-
port, so it can be called the suddenly alterant pressure
mining area. When it is advanced to large mining stope,
the period of pressing step interval is short, and the roof
fracture is regular. It belongs to increasing pressure struc-
ture, and the prolongated “X-O” fracture appears. The rock
structure readjusted, the elastic residual energy is fully
released, and the whole roof of stope with variable length
is transformed from static stability to dynamic failure. The
support resistance of mining space is high and has a trend
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(c) Working face was advanced 110m

Figure 28: Maximum shear stress of large mining stope.
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of continuous growth, so it is called the increasingly
dynamic mining area. The overburden structure pressure
model of “three stopes, three areas, and three structures” is
derived, as shown in Figure 30.

Mutative mining stope and large mining stope are
integrated into full-scale mining stope, and the complex
“half-X-shaped” fracture was developed from the irregular
fracture in the center of mutative mining stope I and II.
The fracture was combined with the central fracture of

large mining stope to form an “X-shaped” fracture, and
then, the peripheral fracture of full-scale mining stope was
connected to form a “C-shaped” fracture, finally closed into
the “X-O” form of breaking law. This is contrary to the tra-
ditional “O-X” form of fracture law in small mining stope,
but it will occur with the advance of working face prolon-
gated fracture. Thus, the roof breaking theory of “two
stopes and two laws” in stope with variable length is
derived, as shown in Figure 31.
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Figure 29: Development of plastic zone in large mining stope.
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It should be pointed out that, if the working face
advances from full-scale mining stope to small mining stope,
the overburden structural pressure and fracture law are also
different, because of the different boundary conditions, so
this theory is only applicable to process of advancing from
small mining stope to full-scale mining stope at present.

5. Conclusions

(1) According to actual geological characteristics and
working face layout characteristics of the stope with

variable length, the theory of thin plate bending with
small deflection of elasticity was applied to establish
roof elastic model with three sides fixed and one sim-
ply supported (the simply supported side is the long
side), one side fixed and three sides simply sup-
ported, one simply supported with three sides fixed
(the simply supported side is the short side), and
both sides fixed and both simply supported (the sim-
ply supported sides are adjacent). Through the roof
breaking law of mathematical solution, the “O-X”
fracture process of small mining stope, prolongated
“O-X” fracture process, and drifting “O-X” fracture
process of mutative mining stope, as well as the “X-
O” fracture process and prolongated “X-O” fracture
process of full-scale mining stope were deduced

(2) Using FLAC3D to carry out engineering simulation,
the evolution process of stress zone and plastic zone
was obtained, which fully conformed to the calcula-
tion results of mathematical mechanics model. It
provided a strong support for the breaking law of
the stope with variable length, especially for the
breaking law of the full-scale mining stope

(3) The roof “O-X” fracture rule of small mining stope is
as follows: ① the long fixed side fracture on the
upper part⟶② the short fixed side fracture on
both sides extending⟶③ the “O-shaped” closure
with the broken roof along the goaf⟶④ the
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Figure 30: Pressure model of overburden structure of “three stopes, three areas, and three structures.”
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Figure 31: “Two stopes and two laws” roof fracture theoretical
model.
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central fracture⟶⑤ “X-shaped” penetration→⑥

“O-X” fracture law is formed. The roof “X-O” frac-
ture law of the full-scale mining stope is as follows:
① left short simple and fixed side fracture⟶②

“half-X-shaped” fracture⟶③ long fixed side and
plate center fracture extension promote short fixed
side fracture⟶④ “X-C-shaped” fracture⟶⑤

“O-shaped” closure formed by the broken roadway
along the goaf⟶⑥ “X-O” fracture law formed

(4) The causes and accompanying phenomena of min-
ing pressure in small mining stope, mutative mining
stope, and large mining stope were summarized, and
the “three stopes, three areas, and three structures”
overburden structure pressure model for stope with
variable length was put forward. The roof fracture
forms of small face stope and large face stope were
summarized, and the theoretical model of “two
stopes and two laws” roof fracture of stope with var-
iable length was put forward (only applicable to the
process of working face from short to long)
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The Sanshandao gold mine is developed near the sea and has high-chloride ion content in the groundwater, resulting in serious
corrosion of metal anchors and difficulty in maintaining metal anchors. To solve the corrosion problem of anchor rods in
Sanshandao, the use of fiberglass anchor rods, instead of metal anchor rods, is proposed. To verify the feasibility of fiberglass
anchor application, a fiberglass anchor (diameter: 27mm) pulling test was conducted at the Sanshandao gold mine. The test
results show that (1) the pull-out resistance of fiberglass anchor rods is better than those of metal pipe slit anchor rods and
threaded anchor rods currently used in the Sanshandao gold mine; (2) the failure of fiberglass anchor rods is mainly because of
the destruction of anchor washer discs and nuts, whose rods play only 69.90–77.7% of their performance and remain intact;
(3) the fiberglass anchor rod was damaged to different degrees several times before the pulling failure, and the damage was
accompanied by sound; (4) the fiberglass anchor continued to bear pressure after each damage until complete failure occurred;
and (5) the anchor washer disc relative to the nut to allow the pressure effect can avoid nut pressure collapse and improve the
pulling performance of the anchor rod to a certain extent simultaneously. Through the test, it was proved that the 27mm
fiberglass anchor can meet the support demand of the Sanshandao gold mine. It also provides an important reference for the
promotion and application of fiberglass anchor rods in similar mines.

1. Introduction

The Sanshandao gold mine is located in Laizhou city, Shan-
dong province, China. The mine site is adjacent to the sea,
and its entrance is approximately 1.5 km from the coastline,
as shown in Figure 1. Since the Sanshandao gold mine is close
to the coastline, the mine’s groundwater has a high-chloride

ion content, which can easily lead to metal corrosion. Among
them, metal anchors are seriously affected by corrosion, result-
ing in significant risk to the safety of underground rock sup-
port and increasing anchor maintenance costs.

To address the problem of corrosion of metal anchors,
many scholars have conducted extensive research on anti-
corrosion and new materials. Wen et al. [1] comprehensively
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studied the instability mechanism and movement law of coal
and rock mass. Li et al. [2] analyzed the failure mode of the
tunnel support structure. Lin et al. [3] investigated the corro-
sion resistance of metal surface coatings on anchor rods.
Zhu et al. [4] proposed an attractive waterborne epoxy that
can provide good corrosion protection. Li et al. [5] studied
the relationship between corrosion time and failure to grasp
the failure node and then took maintenance measures in
time. Cho et al. [6] investigated the corrosion protection
effect of unbonded closure systems on anchor rods and
anchor cables. Liao et al. [7] investigated a grouting corro-
sion protection method to compensate for the weakness of
anchorage. Zou et al. [8] described the corrosion resistance
of fiberglass anchor rods. Benmokrane et al. [9] reported
that aramid and carbon-fiber-reinforced plastics have good
corrosion resistance but they are expensive.

Research on the corrosiveness of anchors is reflected in
three main areas: (1) the use of anticorrosive coatings for
metal anchors, (2) use of unbonded protection or full-
length bonded protection, and (3) replacement of anchors
made of metal with corrosion-resistant materials. With the
development of new material technology, the performance
and cost of materials are increasingly converging with the
needs of engineering applications, and thus, the develop-
ment of new materials is a trend for the future. A fiberglass
anchor is corrosion resistant and weighs approximately
one-quarter of the weight of metal anchors, with a higher
tensile strength than metal anchors [10]. Fiberglass anchors
are more economical than carbon and aramid fiber anchors
[11]. Therefore, in this study, we propose a support solution
using fiberglass anchors, instead of metal anchors, to address
the corrosion problem of metal anchors in Sanshandao.

Numerous studies on fiberglass have been conducted,
and Kou et al. [12] studied the pull-out tests of fiberglass
anchors as antifloating tools in weathered soils. Wang et al.
[13] studied that an important method to improve the per-
formance of concrete is to use alkali-resistant glass fiber
(ARGF) as reinforcement. Ceroni et al. [14] and Ji [15]
investigated the pull-out properties of glass-fiber reinforce-
ment in combination with grouting materials. Shi et al.
[16] studied that the addition of alkali-resistant glass fiber

improved the compressive strength and tensile strength of
grouting slurry. Wang et al. [17] investigated the pull-out
performance of fiberglass anchor rods bonded to an anchor
material interface using indoor tests. Sim et al. [18] studied
the application of fiberglass anchors as permanent anchors
in slope support through indoor tests, and the test results
indicated that fiberglass anchors could replace metal
anchors. Bai et al. [19] investigated the pull-out performance
of fiberglass anchor rods using indoor tests. Huang et al. [20]
investigated the structural damage mechanism of fiberglass
anchor rods using field tests. Li et al. [21] investigated the
load-bearing properties of fiberglass rods.

Numerous scholars have extensively studied fiberglass
anchors, with the research results mainly focused on the
interfacial bonding between fiberglass anchors and anchor
solids and the tensile strength of fiberglass rods. There are
many studies on laboratory tests, the field test was small.
In the fiberglass pull-out test, there are more studies on the
rod but the anchor role is a system that lacks field tests on
the pull-out performance of the anchor rod, anchor washer
disc, and nut supporting anchor system.

Therefore, the effectiveness of fiberglass anchors in sup-
porting the Sanshandao gold mine and obtaining a scientific
basis for future applications and promotions was deter-
mined. A field pull-out test was conducted at the Sanshan-
dao gold mine. The results of the pull-out tests support the
feasibility of the fiberglass material for application in the
Sanshandao gold mine. It is also a reference value in similar
mines where corrosion is severe.

2. Test Preparation

2.1. Test Material. The fiberglass anchor pull-out test mate-
rial was supplied by Shandong SFT Industrial Co. Ltd. and
comprised a fiberglass rod body, anchor washer disc, nut,
and resin anchor fixation. A 27mm diameter fiberglass
rod was used for this test. The anchor washer disc, nut,
and resin anchor fixations were matched to the rod spec-
ifications. The material parameters are shown in Table 1
and Figure 2.

2.2. Test Equipment

2.2.1. Anchor Construction and Installation Equipment. The
hole-making equipment for this test was a TY-28 rock drill,
as shown in Figure 3(a). The anchor installation equipment
was a ZQS-50/1.9S air-coal drilling rig, as shown in Figure 3
(b). The mixer model matches the wind-coal drilling rig and
anchor diameter, as shown in Figure 3(c).

2.2.2. Anchor Pull-Out Test Equipment. The anchor rod pull-
out test was conducted using a KYG-20T-70mm–34mm
manual hydraulic hollow jack, as shown in Figure 3(d). It
can provide 0–20T (0–200 kN) with a maximum cylinder
stroke of 70mm. The pressure gauge range of this equip-
ment is 0–60MPa, that is, when the pressure gauge is
60MPa, the force value it provides is 20T.

Sanshandao gold mine

Shandong province

Figure 1: Location of Sanshandao gold mine.
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3. Test Procedure

3.1. Test Location Selection. Considering construction safety,
convenience, and typical features, the technical staff of San-
shandao operations recommended the test location to be
chosen in the −330m excavation tunnel of the Sanshandao
gold mine, as shown in Figure 4. The surrounding rock at
this location is mainly granite, the thickness of the rock layer
is about 12.8~28.9m, and the thickness of the aquifer is gen-
erally 11~43m. The rock stores water in the form of fissures.
The buried depth of the water level is 4.58~14.40m, the
water chemistry type is mainly Cl-Ca, and the salinity is
1.30~2.27 g/L. The tunnel surrounding rock is class III, with
more obvious joints and fissures, relatively good rock integ-
rity, and good control of light exploded in the surface sur-
rounding rock, making it suitable for conducting basic tests.

3.2. Construction and Installation of Test Anchors

3.2.1. Anchor Layout and Drilling Construction. Three
anchors were tested. Relatively flat surrounding rock condi-
tions were selected by combining the site working face con-
ditions, drilling, and anchor installation equipment. The

feasibility of the application of fiberglass anchor rods in deep
metal mines at sea was investigated by drawing the pull-out
force-displacement curves of the three anchor rods through
pull-out tests. The results of the three sets of anchor rod tests
can be verified against each other, and the three anchor rods
are named as no. 1, no. 2, and no. 3 anchor rods, respec-
tively, as shown in Figure 5. The anchor spacing was
800mm, and the anchor length was 2200mm. The anchor
diameter was 27mm, and the drilling diameter was 34mm.
The distance between the tunnel face and the test site is
30m. The test anchor holes were identified and drilled using
a TY-28 rock drill.

3.2.2. Anchor Rod Installation. Two resin cartridges were
placed in each hole, and the anchor rod was used to push
the resin into the bottom of the hole. Adhesive cartridges
are 28mm in diameter and 350mm in length. The stirrer
was then tightened to the anchor rod body, and the air-
coal drilling equipment was used to drive the rotation of
the stirrer, which, in turn, drove the rotation of the anchor
rod body, as shown in Figure 6. Simultaneous thrust was
applied to the air-coal drill during the rotation of the rod,

Table 1: Test materials and technical specifications (provided by the manufacturer).

Component Anchor rod Anchor washer Nut Resin anchor fixation

Technical requirement Tensile strength ≥ 300MPa Bearing capacity ≥ 105 kN Bearing capacity ≥ 105 kN Gelation time 40–90 s

27
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Figure 2: Test material (unit: mm). (a) Anchor rod. (b) Anchor washer. (c) Nut. (d) Resin anchoring agent.
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causing the anchor rod to pierce the resin anchorant and
agitate it at high speed. Stirring until the rod rotates with dif-
ficulty, the actual rotation time is approximately 60–70 s.

3.3. Anchor Pull-Out Test. When the construction of anchor
rod no. 3 was completed, the anchor rod pull-out test was
performed after waiting for half an hour. The actual test
sequence was no. 2–no. 1–no. 3 anchor rods. During the test

on anchor 2, the nut came into contact with the jack cylin-
der, resulting in premature damage to the nut. The test pro-
gramme was temporarily adjusted on site, and two anchor
washers were installed in contact, thus avoiding damage to
the nut in contact with the cylinder. The specific test steps
were as follows.

In step 1, the hollow jack is passed through the anchor
rod body and the jack is in direct contact with the surround-
ing rock wall.

In step 2, the anchor washer and nut were sequentially
fitted to the anchor rod.

In step 3, the jack is manually pressurised until the pres-
sure drops suddenly. The pulling displacement of the anchor
rod is measured by a vernier caliper, and the test time is
timed by a stopwatch. Meanwhile, anchor damage is
observed.

Anchor rods (that can continue to be pressurised) can be
pressurised several times, recording the maximum pressure
value for each pressure drop. The pressure value was used
to calculate the load on the anchor rod, and the anchor

(a) (b)

(c)

Manual pressure pump

Hydraulic jack

Pressure gauge

(d)

Figure 3: Test equipment. (a) Rock drilling. (b) Air-coal drill. (c) Mixing head. (d) Pulling equipment.

Figure 4: Site photo of the test location.

800 mm

80
0 

m
m N0.2

N0.1

N0.3

Figure 5: Location of test anchors and field tests.

Figure 6: Schematic of anchor installation.
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rod and pulling equipment were installed, as shown in
Figure 7.

4. Results and Discussion

The pull-out test on the anchor rods allows the values of the
tensile force and displacement of the anchor head when the
anchor rod is damaged. The experimental results were ana-
lyzed in relation to the anchor rod damage phenomenon.
To facilitate the analysis, it was performed in the order of
the actual tensioning of the anchor rods.

4.1. Analysis of Tensile Test Results of the Fiberglass Bolt. As
shown in Figure 8, during tensioning, the displacement-
drawing force curve for anchor no. 1 was approximately lin-
ear until the peak pulling force was reached. When the pull-
out displacement was 30mm and the pull-out force was
86 kN, a reverse bending point occurred, at which the slope
of the displacement-draw-out force curve increased, reach-
ing a peak stress of 126.6 kN at a displacement of 40mm.
After the peak pull-out force occurs, there is a sudden
change in the pull-out force, but at this time, the anchor still
has a certain load-bearing capacity. When the pull-out dis-
placement was 50mm, the anchor still had a pull-out resis-

tance of 78 kN, and when the tray and bolt were
completely damaged, the anchor lost its pull-out resistance.

During the test, a low-frequency friction sound was
emitted at the pallet position as the hydraulic jack was pres-
surised. When the peak of the pulling force is reached, the
pallet produces an explosive sound similar to the breaking
of plastic. In the process of continuous loading, with the
increase in pull-out displacement, the bolt and pallet are
constantly embedded and compacted. When the peak pull-
out force is reached, the bolt is subjected to a large circum-
ferential pressure. The gap between the predetermined
notches shrinks sharply, resulting in the breaking of the bolt
ends and the explosion sound generated during the test. At
this point, the pallet exhibited smaller cracks. As the load
continued, the displacement changes were large. When the
pull-out displacement was 50mm, the change in the pull-
out displacement slowed. At this point, the pallet and bolt
cracks gradually expand until the pallet is destroyed and
the anchor loses its pull-out force.

As shown in Figure 8, the peak stress of anchor rod no. 2
is similar to that of anchor rod nos. 1 and 3 during the load-
ing process and it changes in an approximate line. The peak
stress was reached when anchor no. 2 reached a pull-out dis-
placement of 30mm and a pull-out force of 75 kN; subse-
quently, the pull-out stress drops sharply and turns when
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the pull-out displacement is 40mm and the pull-out force is
26 kN, after which the pull-out resistance of the anchor
gradually decreases, but the anchor still has a certain pull-
out resistance at this time.

Comparing the field tests of anchor nos. 1 and 2, anchor
no. 1 was tested with two pallets while anchor no. 2 was
tested with only one pallet. As there was only one pallet,
the inner cylinder of the jack directly contacted the nut dur-
ing tensioning, resulting in rigid damage to the nut and
through cracks along the preopening joints and cracks on
both sides of the preopening joints, resulting in a lower peak
pulling force in the pulling test for anchor no. 2.

Combining the field test anchor rods no. 1 and 2, the
pull-out test of anchor rod no. 3 was conducted. As shown
in Figure 8, the trend of the pull-out displacement-draw
out stress curve before and after the peak pull-out force dur-
ing the pull-out test for anchor rod no. 3 was similar to that
for anchor rod no. 1 and the location of the sound that
occurred during the test was also similar. The pull-out dis-
placement at the peak curve position of anchor no. 3 was
39.5mm, and the pull-out force was 119 kN. The anchor
nuts and pallets of anchor nos. 3 and 1 broke in a similar
manner and at similar locations.

Three fiberglass anchor pull-out tests have shown that
when the borehole is not perpendicular to the surrounding
rock, the anchor washer will be unevenly stressed, damaging
the anchor washer. The destruction of the anchor washer
disc facilitated the movement of the nut, which, to some
extent, acted as pressure relief such that no chipping of the
nut occurred. Meanwhile, this let-down effect, on the con-
trary, increased the pull-out resistance of anchors, relative
to anchor rod no. 1, by approximately 5% in this experiment.

4.2. Analysis of the Feasibility of Applying Fiberglass Anchors
in the Deep Metal Roadway Near the Sea. Based on the
abovementioned fiberglass anchor pull-out test results, a

graph of the pull-out force versus displacement can be
drawn, as shown in Figure 9. As can be observed from the
graphs, the pulling of anchor nos. 1 and 3 was normal,
except for the pulling of anchor no. 2, which failed. The first
breakage displacements occurred at 40mm and 39.5mm,
with pulling forces of 126.6 kN and 119 kN, respectively.
The second breakage displacements occurred at 55mm and
50mm with pulling forces of 77 and 62 kN, respectively.
Anchor no. 1 failed after two tensioning procedures owing
to nut failure. After the 3rd tensioning, anchor no. 3 failed
owing to the failure of the anchor washer disc when the
hydraulic jack displacement was 55mm and the maximum
pulling force was 119 kN. The test results showed that the
pulling effect of the fiberglass anchors was relatively
constant.

Currently, pipe seam anchor rods and rebar anchor rods
are used at the Sanshandao gold mine. Therefore, the fiber-
glass anchor rods were compared with both pipe seam
anchor rods and rebar anchor rods and the results are shown
in Figure 9. The pull-out requirement for the pipe slit anchor
rod at the Sanshandao gold mine is 45 kN; the pull-out
requirement for the threaded reinforcement anchor rod is
100 kN (this requirement is provided by the Sanshandao
gold mine). The maximum pull-out values of the fiberglass
anchor rods in the test were 126.6 kN and 119.0 kN for
anchor rods no. 1 and 3, respectively. Consequently, the
fiberglass anchor pulling effect meets the requirements of
the Sanshandao gold mine support.

At the end of the pull-out test, the hydraulic jack was
removed and found to be intact with only minor damage
to the rod body, the rod body, and pallet and the nut bite
position compared to other locations was white because,
during the pull-out test, the nut pallet and rod bite provided
tensile strength, as shown in Figure 10. According to the rod
indoor pull-out test, the tensile strength of the rod is
300MPa. It can be seen from the ratio of the peak value of

(a) (b)

(c)

Figure 10: Condition of the rod after completion of the test. (a) Anchor rod no. 1. (b) Anchor rod no. 2. (c) Anchor rod no. 3.
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the pull-out force failure in the field test to the peak value of
the indoor tensile test of the anchor rod; the peak tensile
strength of the anchor rod in the field pull-out test is only
69.90–77.7% of its performance. Consequently, there is still
room to improve the matching anchor washer disc and nut
for a 27mm diameter fiberglass rod.

5. Discussion

This experiment is a field pull-out test based on an indoor
test of 27mm fiberglass anchors. The major difference
between the field test and the indoor test is that the field test
environment is complex and variable, involving various fac-
tors, such as temperature, humidity, lithology, and fissures
[22–26].

Comparing the indoor tests with the field test data, the
analysis of the anchor rod pull-out resistance shows that
the fiberglass anchor rod is suitable for replacing metal
anchor rods in deep metal mines in the sea [25]. Analysis
of the field pull-out test results showed that the anchor rod
damage was from the nut and pallet positions rather than
the anchor rod body [27]. The next step in this research is
to improve the performance of the nut and anchor washer
disc in terms of structure and material, as well as to study
the performance of fiberglass anchors under multifield cou-
pling conditions through field tests for several aspects, such
as high temperature, high ground pressure, and seawater
erosion in deeper metal mines.

6. Conclusions

The test was conducted on an anchor rod comprising a
27mm diameter fiberglass rod and its supporting compo-
nents. The analysis of the pull-out test results shows that
there are mutually mapped responses in terms of damage
process, damage form, and damage response of the fiberglass
anchor rod, with the following conclusions.

(1) The fiberglass anchor rod was damaged several times
to varying degrees before pulling failure, mainly by
cracking of the nut and anchor washer disc. Each
time the fiberglass anchor was damaged, there was
a sudden drop in pressure and audible noise. The
fiberglass anchor rod can continue to be pressurised
after each damage until it fails. According to the
three sets of test results, the maximum pulling force
when the nut is broken is 126.6 kN and the pulling
displacement is 40mm, and when the washer is bro-
ken, the pulling force is 78 kN and the pulling dis-
placement is 50mm

(2) The tensile performance of the fiberglass rod with a
diameter of 27mm was good, the rod remained
intact during the test, and the performance of the
rod was approximately 69.90–77.7%. The fiberglass
anchor washer disc and nut are the weak links in
the anchor support system and are prone to damage
in the pull-out test

(3) The pressure of the anchor washer disc relative to
the nut prevents the nut from collapsing under pres-
sure and, to a certain extent, improves the pulling
performance of the anchor rod

(4) The maximum drawing force of the 27mm diameter
fiberglass anchor is 126.6 kN and the drawing dis-
placement is 40mm, which meets the requirements
of the Sanshandao gold mine with a minimum draw-
ing force of 100 kN and a minimum drawing dis-
placement of 50mm
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This study investigates the law of stress field and fracture field of the surrounding rock at the trick rise of the mining area affected
by strong mining. It is found that as the working face continues to approach, large-scale cracks occur in the surrounding rock on
the track rise. In particular, when the working face crosses the track rise, the equivalent stress τoct concentration area expands,
gradually intersecting with the surrounding rock concentration area of the roadway. It indicates that the working face
advancement caused a dramatic change in the stress field of the roadway envelope, which will have an immediate adverse
effect on the track rise. With comprehensive support costs, economic efficiency, and other factors, the working face will no
longer cross the track rise, and the stopping line is roughly controlled at -20m so that the track rise can serve other working
faces for a long time. The reinforcement support scheme of “anchor mesh spray + grouting anchor” is proposed for the key
areas such as arch shoulder. Through the analysis of the field monitoring of the roadway surface displacement, the
deformation of the roadway surrounding rock showed a change trend of increasing first and then stabilizing with time, which
indicates that the support effect was good and greatly improved the stability and safety of the roadway.

1. Introduction

There are many coal-forming periods in China [1], and the
occurrence conditions are very complex [2]; among which
most of them are mined by shaft, and the roadway is the life-
line of coal mine production [3]. Most of the excavation and
preparation roadways in coal mines are arranged in the floor
of coal seam [4]. Floor roadway is a kind of very common high
stress roadway affected by coal seam strong mining [5]. When
such roadways are affected by strong mining, the stress of
roadway surrounding rock increases significantly [6], often
exceeding or even several times the compressive strength of
rocks [7]. This causes serious deformation of the surrounding
rock during the service period of the roadway [8], so the road-
way needs to be continuously maintained and repaired. The
above strong mining and other effects caused by the roadway

large deformation, difficult to support [9], not only support
costs increased significantly and will cause difficulties in coal
mining succession, seriously affecting the normal production
of the mine [10]. Therefore, how to solve the support of this
kind of roadway is one of the most complex engineering tech-
nical problems in the world of underground engineering [11]
and also one of the key problems in underground resource
exploitation [12].

Coal mining disrupts the original stress balance of the
floor roadway [13], causing stress redistribution in the rock
strata around the recovery space and transferring to the deep
section of the floor [14], resulting in different degrees of
damage to the floor [15]. Cheng et al. [16], Lu and Wang
[17], and Xu et al. [18] grasp the law of the mining floor
by studying the stress distribution and damage characteris-
tics of the mining floor, which is of great significance for
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the layout and maintenance of the mining floor road-
way [19].

In order to reduce the deformation of surrounding rock
and ensure the normal use of roadway, a clear analysis of the
failure mechanism of roadway surrounding rock is the pre-
mise of reasonable and effective support [20]. Many scholars
have shown factors such as the lithology of the surrounding
rock mass of the roadway, the vertical distance between the
roadway and the working face [21], the horizontal distance
between the roadway and the end of the working face [22],
and the support method of the roadway [23]. Affected by
mining, the mine pressure of the roadway appears drastically
[24], resulting in the expansion of the range of the plastic
zone of the surrounding rock, and the deformation of the
surrounding rock is greatly increased [25]. As a result [26],
the roadways exhibited large deformations and were difficult
to maintain [27, 28]. More seriously, the original support
system was seriously damaged, the surrounding rock extru-
sion was large, and the roadway rib spalling and floor heave
were obvious. [29]. Therefore, it is of great theoretical and
engineering significance to systematically analyze the rup-
ture and evolution mechanism of the surrounding rock of
the working face across the mining floor roadway under
the influence of mining and to adopt effective local strength-
ening support technology [30].

In view of this, taking the track rise in the II2 mining
area of Taoyuan coal mine as the engineering background
[31], this study investigates the law of stress field and frac-
ture field of the surrounding rock at the floor of the mining
area affected by strong mining and proposes the reinforce-
ment technology applicable to the reinforcement of the track
rise in the mining area affected by strong mining pressure.
This study has important theoretical significance and practi-
cal value for the effective control of the strong mining affect-
ing the deformation and damage of the surrounding rock in
the track rise of the mining area.

2. Engineering Background

Taoyuan coal mine is located in the southern suburb of
Suzhou City, Anhui Province, China. The mine is located
at the southeast edge of the Huaibei coalfield, which belongs

to the Carboniferous Permian coalfield [32]. The 10# coal is
the main mining seam, the thickness of the coal seam
is 0~6.67m, and the average thickness is 2.60m. II2 mining
area arranges four rise lanes, all of which are arranged in the
floor of 8# coal and the roof of 10# coal. The four rise lanes,
especially the track rise, have been affected by the mining of
the lower 10# coal and the upper II8221 working face, result-
ing in serious deformation of the lanes. Worse still, the min-
ing of the II8222 working face will cause a certain degree of
mining impact on the four ascents (Figure 1).

II8222 working face is located in the first stage of the left
flank in II2 mining area, the design elevation of the working
face is -504.9m~-604.2m, and the average coal thickness of
the coal seam is 2.0m. Obviously, the mining of II8222
working face will have a serious impact on the safety of the
track rise, so it is necessary to master the law of mine
pressure appearing under the influence of mining, as well
as the resulting deformation and damage mechanism of
the surrounding rock, and put forward effective support
countermeasures.

3. Numerical Model

In order to study the variation law of the stress field on the
track rise induced by the advancing disturbance of the work-
ing face and the impact of the produced the fracture damage,
the numerical modelling software ABAQUS (based on finite
element method) is used to establish the numerical calcula-
tion model of the track rise in this study (Figure 2). The
numerical calculation model uses a 64m × 63m × 15m rect-
angular body, which is divided into 295,568 units. The road-
way section is arched, with a width of 3.6m, a straight wall
height of 1.5m, and a circular arch radius of 1.8m. The
model is simplified to three rock layers: roof strata, coal
strata, and floor strata. The boundary conditions of the
model are set as follows (in situ stress measurements):
the bottom surface is constrained by vertical displacement,
the height of the overlying rock layer of the model is
550m, so it is loaded on the upper boundary of the model
in the form of uniform load (14MPa). The maximum hori-
zontal stress is 17MPa, along the direction of the roadway;
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Figure 1: Location of the Taoyuan coal mine and the plane graph of mining face arrangement.
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the minimum horizontal stress is 10MPa, perpendicular to
the direction of the roadway.

Based on the fact that natural rocks contain a large num-
ber of microdefects such as randomly distributed microfrac-
tures [33], a numerical model of rock damage rupture
evolution with random distribution is developed using the
secondary development subroutine USDFLD [34]. The total
percentage of damaged units is n0, and their basic mechani-
cal parameters are about 1/2 of the intact units [35]. The
Mogi-Coulomb strength criterion [36] is used to determine
whether the unit is damaged or not, and the stiffness of the
rock damage unit is degraded to 1/10~1/100 of the original
initial stiffness [37]. The physical and mechanical parame-
ters of each rock formation are shown in Table 1.

Figure 3 shows the rupture evolution law of the sur-
rounding rock on the track rise during the working face
advancement. When the working face advances to the hori-
zontal distance of -20m from the track rise (all the following
are horizontal distance), the track rise has been affected by
the previous excavation itself to appear fracture circle, and
its rupture characteristics are consistent with the research
results of other scholars [38]. As the working face continues
to advance, the surrounding rocks of the track rise are grad-
ually affected by the disturbance of the working face, and the
rupture zone gradually appears to intersect. For example,
when the working face is -12m from the track rise, the local
fissures in the surrounding rock appear to be conductive
(similar to a fissure zone) because the surrounding rock
adopts random damage distribution characteristics. The
law is very obvious when the working face is -5m from
the track rise. The fracture zone is mainly generated by the
fracture zone conduction near the two arched shoulders of
the track rise and the floor of the working face. When the
working face is 3m away from the track rise, i.e., the work-
ing face crosses the track rise, the fracture area near its sur-
rounding rock expands. It indicates that the track rise is
strongly affected by the working face advancement and

needs to be considered in the aspects of working face
advancement and track rise support design.

Figure 4 shows the distribution characteristics of the
support pressure coefficient of the track rise and the floor
during the working face advancement. The maximum over-
support pressure coefficient of the floor is mostly 2.2, while
2.9 appears locally. The oversupport pressure of the sur-
rounding rock in the two gangs of the track rise is higher,
and the support pressure of the surrounding rock near the
roof and floor is smaller (about 0.9). This provides the basis
for further analysis of the influence of dynamic load on the
track rise below.

4. Fracture Evolution Law of Track Rise under
the Influence of Dynamic Loading

In the above text, the mining field advancement as a contin-
uous process is simplified to 5m working face advancement
in each analysis time step, which is artificially divided by the
actual engineering continuous excavation (infinitely small
advancement distance in each analysis step) advancement
process, which differs from the actual engineering. In order
to further accurately analyze the evolution law of the fracture
of the surrounding rock on the track under the influence of
continuous mining, it is simplified to a mechanical model
of the superposition of uniform load and triangular load
(Figure 5) by combining the characteristics of the change
law of oversupport pressure during the advance of the work-
ing face in the above paper. With the continuous advance
[39] of the working face, the dynamic load changes
accordingly.

As shown in Figure 5, according to the load distribution
characteristics, the essence of the dynamic load change in
the mechanical model is that the uniform load q remains
unchanged, and the triangular load moves with the working
face. The range of support pressure is ab (= ac + cb); o is the
peak point of support pressure (kq, k is the maximum sup-
port pressure coefficient). Based on the above results, the
maximum support pressure coefficient is k = 2:9. The basic
dimensions and parameters of the model are shown in
Table 2, and the physical and mechanical parameters of
the floor rock are consistent with Table 1.

Figure 6 shows the characteristics of support pressure
distribution and the law of large vertical deformation near
the whole track rise surrounding rock affected by the
advance of working face. The large vertical deformation con-
tour is roughly circular in shape, and the specific shape char-
acteristics are influenced by the support pressure coefficient
and the action range [40].

Figure 7 shows the evolution of the rupture pattern of
the track rise during the advance of the working face. When
the working face is -30m away from the track rise, the frac-
ture circle of the track rise has been affected by the previous
excavation itself, which is consistent with the above results;
the working face advancement has not affected the sur-
rounding rock of the roadway. When the working face is
-20m away from the track rise, the fracture circle of the sur-
rounding rock on the track rise gradually expands. The rup-
ture area of the surrounding rock of its right arch shoulder

24 m

20 m

2 m

42 m

63 m

15 m

10 MPa

14 MPa

17MPa

Track rise
Floor strata

Roof strata

Coal strata

Excavation direction

Figure 2: Numerical calculation model.
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gradually has the tendency to expand to the rupture area of
the floor, which indicates that the track rise starts to be obvi-
ously affected by the advance of the working face. When the
working face is -8m away from the track rise, the surround-
ing rock appears a large area of fracture and intersects with
the fracture area of the floor. When the working face crossed
the track hill 7m, the whole floor and the surrounding rock
of the track rise appeared a wide scale fracture area. It means
that the track rise is greatly affected by the working face
advance.

Since the computational model uses the Mogi-Coulomb
intensity criterion, its calculation equation [41] is

τoct = a + bσm,2, ð1Þ

τoct =
1
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ1 − σ2ð Þ2 + σ2 − σ3ð Þ2 + σ1 − σ3ð Þ2
q

, ð2Þ

σm,2 =
σ1 + σ3

2 : ð3Þ

Among them, the magnitude of the equivalent stress τoct
has important directional significance for judging the rup-
ture trend of the unit. Therefore, the equivalent stresses
τoct are used in this study to quantify the fracture trend

Table 1: Numerical model parameters.

Parameters Roof strata Coal strata Floor strata

Young’s modulus, E 20GPa 10GPa 18GPa

Poisson’s ratio, μ 0.3 0.33 0.3

Internal cohesion, c 4.7MPa 3.5MPa 4.6MPa

Internal frictional angle, φ 37° 28° 35°

The proportion of damaged elements, n0 20% 25% 20%

Track rise

Fracture area

Converge Converge Converge

3 m−5 m−12 m−20 m

Excavation direction

Figure 3: Variation pattern of fracture zone with the advance of working face.

Track rise

k = 2.2

k = 0.9

k = 2.2

k = 2.9

k = 2.2
8 m−5 m−12 m

Excavation direction

Figure 4: Contour of support pressure.

24 m

Track rise

Excavation direction

a

o

b
c

Coal wall

q

Figure 5: Numerical calculation model.

Table 2: Basic parameters of the numerical model.

Parameters Values

Length of ac, Lac 2.9m

Length of cb, Lcb 3.2m

Uniform load, q 14MPa

Maximum support pressure coefficient, k 2.9
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triggered by the workface advancement process, as shown in
Figure 8. When the working face is -30m away from the
track rise, the equivalent stress distribution is mainly con-
centrated near the working face and in the shallow sur-
rounding rock area of the roadway, indicating that the
working face has no impact on the roadway. As the working
face continues to advance, the range of equivalent force con-
centration area expands and gradually intersects with the
concentration area of the roadway surrounding rock. It indi-
cates that the working face has a substantial impact on the
roadway surrounding rock, resulting in a dramatic change
in the stress field near its surrounding rock. In particular,
in the process of -8m~7m from the working face to the
track rise, a “waterfall-type” concentration area is formed
near the arch shoulder of the track rise. This indicates that
the track rise is affected by the disturbance of the working
face, which also confirms the crack evolution law of the sur-
rounding rock of the roadway in Figure 7. Therefore, with
comprehensive support costs and economic benefits, the

working face will no longer cross the track rise, and the stop-
ping line is roughly controlled at -20m so that the track rise
can serve other stopes for a long time.

5. Surrounding Rock Control Technology

According to the rupture evolution characteristics of the
track rise, it can be seen that the influence of the mining of
II8222 working face is that the surrounding rock on the
track rise is gradually destabilized and fractured. Unless
effective support control is obtained, the roadway will be sig-
nificantly deformed, resulting in destabilization of the track
rise. Combined with the analysis of the previous study, the
deformation and damage in the track rise are relatively
heavy, and the key areas such as the arch shoulder are rein-
forced. The design adopts “anchor net and cable spray + -
grouting anchor” reinforcement support scheme. The
specific scheme is as follows (Figure 9).

Track rise Track rise Track rise

Excavation direction Excavation direction Excavation direction

Deformation isoline Deformation isoline Deformation isoline

Dynamic loading

Figure 6: Regional characteristics of large vertical deformation.

7 m

Converge

Track rise

Fracture area

Fracture area

Fracture area

Fracture area

−30 m

−8 m

−20 m

Figure 7: Variation pattern of fracture zone with the advance of working face.
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The rebar bolts are GM22/3000-490 left-handed rebarless
rebar anchor with equivalent strength. The interrow distance
is 800 × 800mm, 10 rows in a row, connected by ladder beam
along the direction of the roadway. Hollow rebar grouting
anchor rods with specificationsΦ25 × 2500mm, interrow dis-
tance 1600 × 1600mm, 6 pieces in a row, connected by ladder
beam along the direction of the roadway (Figure 10).

The surface displacement observation section was set up
in the anchor injection reinforcement section on the track
rise. Four monitoring points were set up at the roof-to-
floor plates and side-to-side of the section for observing
the change of surface displacement of the track rise during
the mining of the working face. The variation curves of the
deformation of the track rise were obtained as shown in
Figure 11.

On the first day, the horizontal distance of II8222 work-
ing face from the track rise is 80m, the track rise is less
affected by the mining of the working face, and the ampli-
tude and rate of roadway deformation are low. On the
10th day of the observation time (-60m horizontal distance
between II8222 working face and track rise), the impact of
mining on the track rise became apparent, and the ampli-
tude and rate of deformation of the roadway gradually
increased. As the working face continued to advance, the
track rise was gradually affected by the mining, and
the deformation rate of the surrounding rock was acceler-
ated. On the 30th day of the observation time (-20m hori-
zontal distance between II8222 working face and track
rise), the working face stopped mining. The deformation of
the roadway still increased, while the rate of deformation
slowed down. It means that the influence of the track rise
by the mining of II8222 working face gradually decreases.
On the 50th day of the observation time, II8222 working face
has stopped mining for 20 days, and the deformation of the
roadway has stabilized. The amount of roof-to-floor conver-
gence is stabilized at about 135mm, and the side-to-side
convergence is 120mm. Through the analysis of the obser-
vation results, it can be seen that after strengthening the sup-
port of the roadway, the deformation of the surrounding
rock is low, and the surrounding rock is effectively con-
trolled, indicating that the support effect is good.

6. Conclusions

(1) Based on the random damage and Mogi-Coulomb
strength theory, the variation rules of the stress field on the
track rise induced by the workface advancement disturbance

Track rise

Isotropic stress

7 m−8 m−20 m−30 m

Figure 8: The variation pattern of the equivalent stress with the advance of the working face.
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and the resulting rupture damage impact were studied. It
was found that the surrounding rocks near the track rise
were gradually affected by the disturbance of the workface
as the stope kept approaching in the process. In particular,
when the working face crosses the track rise, the range of
the surrounding rock fracture zone will be greatly increased,
indicating that the track rise is strongly affected by the
advancement of the working face. So the key considerations
need to be given to the advancement of the working face and
the design of the track rise support

(2) The fracture evolution law of the surrounding rock on
the track under the continuous influence of the oversupport
pressure (dynamic loading) during the advance of the working
face was analyzed. As the working face continued to approach,
large-scale cracks appeared in the surrounding rock on the
track rise. The equivalent stress τoct concentration area
expanded, gradually intersecting with the surrounding rock
concentration area of the roadway. It indicates that the work-
ing face advancement caused a dramatic change in the stress
field of the roadway envelope, which will have an immediate
adverse effect on the track rise. Considering factors such as
support costs and economic benefits, the working face will
no longer cross the track rise, and the mining stop line will
be roughly controlled at about -20m so that the track rise will
serve other stopes for a long time

(3) According to the influence of mining on the II8222
working face on the track rise, the surrounding rock rupture
and evolution of the roadway is triggered. Therefore, the
reinforcement support scheme of “anchor mesh spray + -
grouting anchor” is proposed for the key areas such as arch
shoulder. Based on on-site monitoring and analysis of the
roadway surface displacement, the deformation of the sur-
rounding rock of the roadway shows a trend of first increas-
ing and then becoming stable over time. The deformation
rate and deformation volume of the roadway enclosure are
effectively controlled, which indicates that the support effect
was good and greatly improved the stability and safety of the
roadway
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To solve the high-stress hazard faced in the process of deep mining process, the pressure relief characteristics of gas bearing coal
and the deformation characteristics of surrounding rock in deep roadway are studied by means of laboratory test, similar
simulation analysis, and field investigation. The investigation results and engineering application showed that the specimens
could more easily reach the failure point due to the axial pressure relief under high confining pressure. In addition, the
deformation and failure degree of the surrounding rock was higher due to the disturbance from the deep high-stress roadway.
The scope of the height affected by the pressure relief of the overlying strata reached above 10m. Moreover, the initial gas
emission could reach 4.41–14.39 times that of the original coal seam by drilling a hole in the coal seam at 10m from the roof.
Thus, the short-distance floor roadway exerted an obvious pressure relief effect on the overlying coal seam.

1. Introduction

As the coal mining depth is increased and the gas permeabil-
ity of deep coal seams is further degraded in China [1, 2], for
the single outburst coal seam or coal seam group without
exploitation of the protective layer, the coal roadway strips
at the outburst coal seam will be initially exploited, and the
outburst prevention measure is still mainly to drill crossing
holes on the floor roadway for the gas preextraction [3–5].
The difficulty in the drilling construction under deep high
ground stress condition is significantly aggravated, and the
gas preextraction further enhances the ground stress-
dominated dynamic danger [6–9]. Various pressure relief
and permeability enhancement technologies, such as
hydraulic flushing [10, 11], hydrofracturing [12, 13],
hydraulic slotting [14, 15], presplitting blasting [16, 17],
cumulative blasting [18, 19], and CO2 presplitting blasting

[20], have been successively proposed at home and abroad.
Hydraulic reaming is carried out by conveying high-
pressure water to the reaming drill pipe through an under-
ground emulsion pump (31.5MPa). Continuous reaming
of high-pressure water jet along the radial direction of dril-
ling hole is formed through reaming drill bit or jet device.
However, the depth of reaming hole is limited due to the
influence of high-pressure water resistance along the path,
and the maximum depth is generally not more than 60m.
Hydraulic fracturing is performed by injecting high-
pressure water into sealing boreholes through a fracturing
pump set (40~70MPa). The fracture was fractured by
high-pressure water in the original coal body, but the unifor-
mity was poor after fracturing, and there were obvious stress
and gas rich areas. Currently, hydraulic fracturing pump sets
are generally large in volume, high in failure rate, and poor
in downhole applicability. Hydraulic slotting is separated
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by radial high-pressure water jet through ultrahigh pressure
clean water pump (70~100MPa) and high-pressure sealing
drill pipe in slotting bit. The high pressure hydraulic slotting
has good slotting effect on medium hard coal seam, but it
cannot form flat disc slotting groove for soft coal seam,
and the working pressure is high, so there is a certain safety
hazard. The exposed area of coal seam in coal hole section is
increased by mechanical cutting through secondary
mechanical reaming. However, the increase of the overall
reaming radius is limited. At present, the maximum aperture
of reaming using equipment machinery is only 300mm,
which is easy to induce dynamic phenomenon for coal seam
reaming with higher gas content and pressure, i.e., greater
outburst risk, and brings certain security risks. Controlled
presplitting blasting is to produce a large number of cracks
around the blast hole through the blasting effect of explo-
sives in the coal and rock stratum, increase the permeability
of coal, and improve the extraction effect. However, for the
deep soft coal seam, the hole forming effect is poor, the
charging is difficult, and the blasting pressure relief and per-
meability enhancement effect is not ideal, which is easy to
produce misfire and bring potential safety hazards.

Given the complex and diversified stress field evolution
of surrounding rock in deep roadway, the large deformation
and strong rheological properties of surrounding rock, the
brittleness–ductility transformation of coal and rock mass,
and the mutability of dynamic response [21, 22], a pressure
relief and permeability enhancement method of short-
distance floor roadway in deep coal seam was investigated
and formed. The comprehensive study shows that in view
of the high stress hazard of deep mine, the stress level of
overlying coal rock mass can be reduced in advance by lay-
ing near floor roadway at a certain distance below the coal
roadway to be excavated. The pressure relief method of near
floor roadway proposed in this paper is feasible and can pro-
vide reference for the prevention and control of mine disas-
ters under similar conditions.

2. Mechanical Characteristic Test of Pressure
Relief in Gas-Bearing Coal

2.1. Testing System and Program

2.1.1. Testing System. The gas–solid coupling seepage system
[23] used in the test was mainly composed of four major
parts, namely, pressure loading chamber, hydraulic servo
control system, gas seepage system, and data acquisition sys-
tem. The test device is shown in Figure 1, which can test the
coupling relationship between mechanical properties and
seepage characteristics of coal under different stress paths.

The pressure chamber provides the required stress envi-
ronment for the test. The frame system is composed of 4 col-
umns and upper and lower supports. The true three-axis
pressure chamber is embedded in the circular groove set
by the lower support, the cylinder height is 494mm, the
inner diameter is 500mm, and the “O” type sealing ring is
installed at the joint. Three-way stress loading and unload-
ing is controlled by hydraulic servo system and automati-
cally controlled by constant speed and constant pressure

metering pump. It has two working modes of constant cur-
rent and constant pressure. At the same time, it is equipped
with touch-type keyboard and data display screen, which
can easily set and intuitively display the operating status,
pressure, and flow. It is through the standard data interface
to ensure that the computer to pressure, flow, pump, or
pump volume and other parameters can be real-time acqui-
sition. The gas seepage system consists of high-pressure gas
cylinders, gas guide pipes, pressure reducing valves, and
flowmeters. The gas enters the pressure chamber through
the pressure reducing valve, flows through the coal speci-
men, and then passes through the mass flowmeter. The pres-
sure copper pipe of 6mm is the gas guide pipe, which is
connected with a conical head to ensure good air tightness
of the seepage system. Three-way automatic control of stress
loading and unloading parameters and stress path and con-
tinuous and automatic data acquisition ensure the reliability
of data.

2.1.2. Testing Program. In this paper, the variation character-
istics of stress, deformation, and permeability of coal under
axial stress unloading path were studied. The gas-bearing
coal was loaded to 80% of the compressive strength of the
test coal mass. After the deformation and seepage of the coal
mass became stable, the axial pressure or confining pressure
was kept constant, and the axial pressure was unloaded at a
rate of 0.01N/s until the failure of coal specimen. The stress
loading and unloading path is shown in Figure 2.

Given that the coal mass structure was soft, the raw coal
specimen was difficult to fabricate with a low success rate;
conversely, the differences among the coal specimens in
their physical and mechanical parameters, such as compres-
sive strength and tensile strength, were minor due to the
standard fabrication process; the influence of specimen dif-
ference on the experimental results was basically eliminated,
and the physical and mechanical properties of coal could be
well reflected [24]. Hence, standard rectangular-shaped coal
specimens were used in this test. Specifically, the fresh coal
samples are ground and ground on the pulverizing machine,
screened out the same amount of 20~40 mesh and 40~80
mesh coal sample preparation base material, mixed evenly
with water, then put into the specimen forming device, and
pressed on the 100T press for 30min into rectangular

Figure 1: Physical diagram of gas–solid coupling coal seepage test
system.
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standard briquette specimen with size of 100mm × 100
mm × 200mm. Place in a drying oven at 80°C for 24 hours
and wrap it with insurance film for later use.

2.2. Axial Unloading Characteristics under Different
Confining Pressures

2.2.1. Engineering Background. This paper takes Qujiang
Coal Mine as the engineering background. The mine is
located in Qujiang Town, Fengcheng City, Jiangxi Province.
It is 9 km long from east to west and 4.8 km wide from north
to south, covering an area of 39.5988 km2, and the ground
elevation is +20.1~+90.8m. Qujiang Coal Mine is the main
mine of Fengcheng Mining Area, with a designed produc-
tion capacity of 900,000 t/a. The current production level is
-850m level, and the buried depth of coal seam exceeds
900m, which belongs to deep mining.

The single B4 coal seam mined in Qujiang Coal Mine is a
gently inclined medium-thick coal seam with a dip angle of
12°~14° and an average coal thickness of 2.86m. The roof
of the coal seam is intermingled with fine sandstone and
mudstone with a high proportion of sandstone and good
sealing performance. The bottom plate is dominated by fine,
medium fine, coarse, and medium sandstone. B4 coal seam

has high buried depth geostress, gas pressure and gas con-
tent (measured gas pressure Pmax = 9:2MPa and gas content
W = 13:5 ~ 25:3m3/t), soft structure (firmness coefficient f
= 0:29 ~ 0:8), and extremely low permeability
(K = 1:7 × 10−5 ~ 4:4 × 10−5m2/MPa2·d), it is difficult to
extract gas, and it takes a long time for intensive drilling to
reach the standard, and the extraction efficiency is low.

In view of the coal roadway belt, the regional predrai-
nage gas outburst prevention measures are mainly imple-
mented through the construction of dense drilling holes
through the floor (the spacing between them is 3:0m × 3:0
m). The gas drainage from drilling holes reduces the energy
of gas outburst, but it is difficult to eliminate the harm of
high in situ stress in deep mining. In the process of drilling
construction, abnormal phenomena such as jet holes and
drill clamping often occur.

2.2.2. Mechanical Characteristics. The axial pressure unload-
ing test under the conventional triaxial stress condition with
constant pressure and different confining pressure is con-
ducted. The axial pressure and confining pressure are,
respectively, loaded to different hydrostatic pressure levels
(successively σ1 = σ2 = σ3 = 4MPa, 5MPa, 6MPa, and 7
MPa), and gas with pressure P = 1:5MPa is introduced to
keep the confining pressure unchanged. Continue to apply
axial pressure to 80% of the compressive strength of coal
samples under the same conditions in force control mode
of 0.01N/s, and then unload axial pressure in control mode
of 0.01N/s until coal failure occurs. The axial compressive
stress–axial strain unloading curves of gas-bearing coal
under constant gas pressure (p = 1:5MPa) and different con-
fining pressures (σ2 = σ3 = 4, 5, 6, and 7MPa) are shown in
Figure 3.

Under different confining pressures, the axial strain
decreases rapidly at first and then slowly during the unload-
ing process of axial stress. However, with the increase of
confining pressure, the axial strain at final failure shows an
increasing trend (as shown in Figure 4). When the confining
pressure was elevated from 4MPa to 7MPa, the strain εfinal
was increased from 1.13% to 4.52% in case of coal failure,
with the increase amplitude reaching 300%. That is, the
higher the confining pressure is, the more easily the speci-
men under axial pressure relief will reach the failure point.

3. Simulation Analysis of Deformation
Characteristics of Surrounding Rock in
Deep Roadway

3.1. Similar Simulation Scheme and
Parameter Determination

3.1.1. Testing System. A two-way four-plane load-adjustable
multifunctional similar simulation testing device [25] was
used to simulate deep underground engineering. This device
mainly included a model steel truss, a constraining channel
steel, a transparent organic glass viewing window
(800mm × 900mm), and a loading system. The effective
dimensions were 3,000mm × 2,000mm × 200mm. A pic-
ture of this device is shown in Figure 5.
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Figure 2: Schematic of stress loading/unloading path.
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Figure 3: Mechanical characteristic curves in the axial pressure
unloading of coal specimens under a constant atmospheric
pressure of 1.5MPa and different confining pressures.
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3.1.2. Experimental Parameters. According to the literature
[26], the geometric similarity ratio is generally 20–300 in
the similar simulation of mining and 20–50 in the simula-
tion of underground chamber and tunnel (roadway). By
combining the size of the viewing window in the actual test-
ing device for the similar simulation, the geometric similar-
ity ratio was taken as αl = 25 : 1 in this study, and the
roadway width and height were calculated as 160mm and
120mm, respectively.

The average density of field surrounding rock in the
roadway was 2.5 g/cm3, and that of similar material matched
in the laboratory was 1.56 g/cm3. Thus, the similarity ratio of
the volume weight was αr = 1:6, that of stress was ασ = αl ×
αr = 40, and that of Poisson’s ratio was constantly 1. On
the basis of the similar three theorems, the similarity ratio
of time was obtained as αt = ðαlÞ0:5 = 5, and it was taken as
6 to facilitate the time simulation. That is, 4 h simulation
was equivalent to 24 h field operation.

According to the principle of similarity, 14 anchor bolts
and 3 anchor cables shall be arranged in each row, with a total
of 84 anchor bolts and 18 anchor cables. In consideration of
ineradicable friction effect, supporting intensity, and density
of front and rear baffles in the model, the support parameters

were adjusted, 4 rows were arranged in the front and back, and
10 anchor bolts and 3 anchor cables were arranged in each
row, with a total of 40 anchor bolts and 12 anchor cables.

The simulated aggregate is river sand with particle size of
0.2~0.5mm brushed by 250 mesh sieve, the cementitious
material is freshly burned lime and hydrated gypsum, and
40-mesh mica powders were applied on the bedding plane.
On the basis of the corresponding matching number, the
matching ratio of similar simulation materials was deter-
mined, as shown in Table 1.

3.1.3. Monitoring Method. A totally enclosed-type test rack
was used in the simulation. The strain inside the surround-
ing rock was monitored with a distributed optical fiber.
The distributed optical fiber monitoring equipment and
measuring line layout are presented in Figure 6.

The surface displacement was observed by high-
definition digital camera. To clearly observe the fracture
and displacement development on the model surface, the
observed surface at the viewing window part was uniformly
whitewashed, the vertical crossing measuring lines were
marked using ink lines, and the displacement measuring
point layout in the viewing window is shown in Figure 7.
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Figure 4: Strength and strain change curves at the failure point in the axial pressure unloading of coal specimens under a constant
atmospheric pressure of 1.5MPa and different confining pressures.
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During the pressurization process, the strain was acquired
via a distributed optical fiber, the surface displacement was
observed using a high-precision digital camera, and the failure
was photographed synchronously. In the steady pressure
phase, the strain data acquisition frequency was 4h each time,
and it was 1h each time in other phases. The photographing
frequency was 2h each time in case of no obvious changes
and 0.5 h each time in case of evident changes.

3.2. Deformation and Failure Characteristic Analysis of
Overlying Strata after Floor Roadway Excavation

3.2.1. Displacement Evolution Characteristics of Overlying
Strata. The vertical displacement changes on the model sur-
face in different loading phases were collected through the
near-view photographing technology of a high-definition
digital camera, and the changes at some measuring lines
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Figure 6: Strain measuring line and monitoring point layout plan of distributed optical fiber.
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layout plan of viewing window.

Table 1: Matching materials in similar simulation test and their use levels.

Serial
number

Rock stratum name
Seam height/

mm
Proportion
number

Amount/kg
Total/
kg

Water
quantity/kg

RemarkRiver
sand

Lime Gypsum

1 Gritstone 100 4 : 0.6 : 0.4 115.2 17.2 11.6 144.0 14.4
Pavement
stratum

2 Sandy shale 100 6 : 0.7 : 0.3 123.6 14.4 6.0 144.0 14.4

3 Fine sandstone 100 5 : 0.6 : 0.4 120.0 14.4 9.6 144.0 14.4

4
Medium-fine grained

sandstone
120 5 : 0.6 : 0.4 144.0 17.9 11.4 172.8 17.4

Layer of floor
roadway

5 Sandy shale 300 6 : 0.7 : 0.3 370.2 43.2 18.6 432.0 43.2

Roof layer

6 Mudstone 100 7 : 0.7 : 0.3 126.0 12.6 5.4 144.0 14.4

7 Coal seam 120 10 : 0.5 : 0.5 157.0 7.9 7.9 172.8 17.3

8 Mudstone 100 7 : 0.7 : 0.3 126.0 12.6 5.4 144.0 14.4

9 Fine sandstone 200 5 : 0.6 : 0.4 240.0 28.8 19.2 288.0 28.8

10 Mudstone 130 7 : 0.7 : 0.3 163.8 16.4 7.0 187.2 18.7

11 Fine sandstone 230 5 : 0.6 : 0.4 288.0 34.5 23.1 345.6 34.6

12 Fine sandstone 200 5 : 0.6 : 0.4 252.0 30.2 20.2 302.4 30.2

Accumulate 1,800 / 2,225.8 250.1 145.4 2,620.8 262.2
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Figure 8: Roof displacement curves in different loading phases after floor roadway excavation.

6 Geofluids



are displayed in Figure 8 (the following related data were all
the original sizes after conversion; the displacement field
formed in loading phase 1 was taken as base point 0; the left
side of the roadway center line was negative, whereas the
right side was positive).

As shown in Figure 8, in the steady pressure phase
(phase 1) and initial loading phase (phases 2–4), the subsi-
dence of the roadway surface was minor, and the deforma-
tion basically presented the “︶”-shaped symmetric
distribution characteristic; as the load was increased (phases
2–5), the subsidence of the roadway surface was enlarged,
and the deformation basically showed “V”-shaped symmet-
ric distribution characteristics. That is, the subsidence dis-
placement at the roof position, where the left and right
sides of the same measuring line were equally distant from
the roadway center line, was basically identical, presenting
the axisymmetric laws. The more distant from the roadway
center line was, the smaller the displacement would be.
The maximum displacement appeared at the middle of the
roadway, specifically as follows. After the roadway excava-
tion, from loading phase 2 to phase 11 (1–11 d after the
excavation), the surface subsidence displacement in the
roadway center at 2m from the roof was elevated from
75mm to 850mm, that in the roadway center at 7m from
the roof was increased from 37.5mm to 525mm, and that
in the roadway center at 12m from the roof (stratum of coal
seam) was increased from 12.5mm to 262.5mm.

The observation line 9 of the horizon where the coal
seam is located (within the range of 10~13m above the floor
roadway) is in the loading phase 11, and the corresponding
subsidence at the distance of 2.5m, 5m, 7.5m, and 10m
from the roadway center is 170mm, 98mm, 48mm, and
24mm, respectively. The comprehensive analysis indicated

that the scope of influence of the floor roadway excavation
under the effect of mine ground pressure reached above
10m when the burial depth of Qujiang Coal Mine was
800m.

3.2.2. Fracture Development Characteristics in Overlying
Strata. With the increase in the load applied to the upper,
lower, left, and right loading units, the appearance and
development process of fractures around the roadway could
be intuitively displayed through the high-definition camera.
After the experimental preparations were made, the whole
overlying strata movement and fracture development and
evolution process during the loading process after the road-
way excavation was completely recorded, as shown in
Figure 9. The fractures at the roadway roof were continu-
ously developing and propagating with the increase in the
load applied. Relative to the three-phase evolution character-
istics of the displacement of the surrounding rock, the frac-
ture development at the roadway roof was also basically
divided into three phases: initial phase nearly without frac-
ture, slow development phase, and intense development
phase.

In loading phases 1–4, the maximum pressure reached
5MPa at the upper and lower loading units and that at the
left and right loading units reached 4MPa. In this period,
the pressure load borne by the model was relatively small.
Specifically, the fractures between the internal rock strata
were continuously compacted, the overall rock strata at the
roof subsided, and almost no fractures appeared.

In loading phase 5, the fractures that deviated from the
arch corner to the floor at the roadway center were initially
generated at the right arch corner of the roadway due to
shear dislocation, with the extended length of about

(a) Phase 1 (b) Phase 3 (c) Phase 5

(d) Phase 9 (e) Phase 11

Figure 9: Fracture development characteristics on the roadway surface in different loading phases.
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2.5mm. Almost at the same time, an inverse “L”-shaped
fracture developed at the roadway roof from the roadway
center, with the vertical length of about 2.4m and transverse
length of about 2.6m. As the load was increased until phase
9, the original fractures within 3m range at the roadway roof
continuously developed, propagated, and extended. More-
over, multiple transverse and vertical fractures developed at
the right side of the roadway center line due to the upper
load without obvious detachment. Given the stress concen-
tration, multiple vertical fractures and a small quantity of
transverse fractures appeared within 5 range at the left wall
of the roadway. Long fractures were generated within 1.5m
range from the roadway floor to the undersurface under
the continuous squeezing effect of the surrounding rock,
with the length reaching 4m, and small-scale floor heaving
started appearing.

In the 10~11 loading phases, the surrounding rock of the
roadway began to be damaged, the existing cracks developed
violently, some cracks formed through cracks, and the block
fell off on the surface of the model. In the intense fracture
development phase, as the compressive strength of the mate-
rial was considerably greater than the tensile strength, the
original fractures at the model strata, especially the roof
strata, were continuously developing under the combined
action of horizontal and vertical stresses. Moreover, a large
number of vertical fractures were generated due to the Pois-

son’s effect, along with the rupturing phenomenon. The roof
continuously subsided, the subsidence at the right side of the
roof center could be evidently manifested from a macro-
scopic perspective, and a bulging phenomenon was promi-
nent. Some rock strata experienced obvious shear
dislocation, and the central subsidence was apparently larger
than that of the rock mass at the two sides.

According to the literature, the fractal characteristics of
fracture development were analyzed using box dimension
in this study, and the calculation method is expressed as
follows:

D = lim
r⟶0

ln N rð Þ
ln 1/rð Þ

� �
, ð1Þ

where D is the fractal dimension value based on box
dimension; r denotes the radius of nonempty subset, and
r > 0; NðrÞ represents the least number in the covered sub-
set Ar ; Ar is an arbitrary bounded subset in the domain.

The fracture development laws in the overlying rock
strata of the roadway in different loading phases were quan-
titatively analyzed. The fracture pictures in different loading
phases were selected, followed by the grey processing, to
obtain the black and white bar graph used to calculate the
fractal dimension. The fracture distribution graphs in differ-
ent loading phases were transformed into sketch maps. Next,
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Figure 10: Curve chart of fractal dimension calculation for fractures in different loading phases.
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the related parameters in Equation (1) were calculated via
the Fractal Fox software, and the fractal dimension shown
in Figure 10 was generated. In the figure, the fractal dimen-
sion in the fracture network in the mined rock mass was pre-
sented through a straight slope.

The occupation of fractures in two-dimensional space
under different loading phases reflects the dynamic evolu-
tion law of fracture network distribution, and better reveals
the variation characteristics of fractures with loading phase
(buried depth). In the fractal dimension calculation for frac-
tures in different loading phases after the floor roadway
excavation, the fitting precision (R2 value) was high (over
0.99), indicating that the fractal characteristics of the frac-
ture network evolution in the floor roadway in different
loading phases were regular. After the floor roadway excava-
tion, the fractal dimension of fractures presented an overall
increasing trend with the loading phase (namely, with the
increase in the pressure), being basically divided into three
phases: the phase almost without fractal dimension, phase
with slow dimension increase, and phase with rapid dimen-
sion reduction, which basically corresponded to the fracture
development characteristics in the previous section.

3.2.3. Strain Distribution Characteristics in Overlying Strata.
The data acquisition interval at the distributed optical fiber

strain points used in this study was 5 cm, the length of each
measuring line was 230 cm, and the collected data size was
46. Given the overall large data size, the observed data of
strain measuring lines 1, 3, 5 (stratum of coal seam), and 8
at 5, 25, 45, and 75 cm from the roadway roof were calcu-
lated to form the test results of strain measuring lines in dif-
ferent loading phases, as shown in Figure 11. The tensile
strain was set positive, whereas the compressive strain was
negative.

Figure 11 shows the strains at the coal and rock strata
within a certain range at the left and right sides of the road-
way center line. With the roadway center line taken as the
center, the strains were basically symmetrically distributed,
which was nearly identical with the characteristic curve of
the displacement evolution in the surrounding rock, as
aforementioned. The existence of tensile strain reflected that
the coal and rock strata within this range were affected by
the mining disturbance, with a certain subsidence displace-
ment. In the zone with tensile strain, the coal and rock strata
were under pressure relief state, and the greater the tensile
strain was, the higher the pressure relief degree would be.
Compressive strain existed in the other zones, indicating
that they were almost not affected by the roadway excava-
tion. Moreover, they were basically located at the terminal
line of the fracture development.
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Figure 11: Strain curve chart of overlying strata in different loading phases after the floor roadway excavation.
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Following the roadway excavation, the maximum tensile
strain appeared nearby the roadway center. For example, the
maximum tensile strains at strain measuring lines 1, 3, 5,
and 8 were 1,167, 730, 603, and 240 με, respectively, indicat-
ing that these positions were greatly disturbed after the road-
way excavation. With the increase in the distance from the
roadway roof, the strain of overlying strata followed such
laws. ① In the same loading phase, the tensile strain was
gradually reduced. That is, the pressure relief was gradually
weakened, and the strain test results at different positions
and measuring lines in phase 7 are specifically shown in
Figure 12. ② The ranges of tensile strain zones generated
at measuring lines 1–5 were gradually enlarged. In phase 7,
the ranges of tensile strain zones at measuring lines 1, 3,
and 5 were 26.25, 30.00, and 31.25m, respectively. However,
the range of tensile strain zone at the coal seam roof was
gradually shrunk, and that at measuring line 8 was only
23.75m.

As the loading proceeded (i.e., the pressure applied was
increased), the strain of the overlying strata basically pre-
sented the following laws. ① At the same measuring line,
the range of tensile strain was gradually enlarged in phases
2–9, and that in phases 10 and 11 was almost unchanged.
For example, the ranges of tensile strains at measuring line
3 in phases 2, 5, 7, 9, and 11 were 23.75, 26.25, 30.00,
31.25, and 31.25m, respectively. ② The tensile strain value
at the same measuring line was gradually enlarged. For
instance, the tensile strains at measuring line 3 in phases 2,
5, 7, 9, and 11 were 542.0, 600.0, 704.0, 720.0, and 730.0 με
, respectively.

The measuring line 5 of the coal seam is located at
11.25m of the roadway roof. At the end of the 11th phase
of loading, the tensile strain range is 31.25m, that is, the ten-
sile strain is generated within 15.6m on both sides with the
roadway centerline as the midpoint. Therefore, the coal
seam within this range is in a pressure relief state after road-
way excavation.

4. Engineering Application of Pressure Relief
Method through Short-Distance Floor
Roadway at Deep Coal Seam

4.1. Project Profile and Investigation Scheme for Application
Effect. To further verify the previous study results, the out-
burst prevention method through the pressure–relief gas
drainage in the floor roadway was applied in Fengcheng
Mining Area, and the study object was 213 floor roadway
in Qujiang Coal Mine. The single B4 coal seam exploited in
this mine was medium-thickness coal seam with a gentle
dip. The dip angle of the coal seam was 12°–14°; the average
coal thickness was 2.86m; the coal seam roof was composed
of fine sandstone and mudstone, where sandstone accounted
for a high proportion with good sealing capacity; the floor
was mainly composed of fine, medium, and coarse sand-
stone and medium sandstone. The B4 coal seam was charac-
terized by a large burial depth, high ground stress, gas
pressure and gas content (measured gas pressure: pmax =
9:2MPa and gas content: W = 13:5 – 25:3m3/t), loose and
soft structure (firmness coefficient: f = 0:29 – 0:8), extremely
low gas permeability (k = 1:7 × 10−5 – 4:4 × 10−5m2/
MPa2·d), difficult gas extraction, long time consumed by
the dense borehole drainage to reach the standard, and low
extraction efficiency. Given that the geological structures
were complicated in the Fengcheng Mining Area to reduce
the safety risk induced by the mistaken coal uncovering,
the 213 floor roadway was arranged at 10m away from the
coal seam floor in Qujiang Coal Mine, and the pressure–
relief baseplates were overlapped up and down.

The pressure relief effect of the floor roadway was inves-
tigated mainly from two aspects: displacement and failure of
the surrounding rock. The drill holes were arranged, as
shown in Figure 13, and the investigation sites were
designed, as shown in Table 2. The displacement and failure
characteristics at different depths of the surrounding rock
were investigated using DW-6 multipoint displacement
meter and YTJ20 rock strata detection recorder, the diame-
ter of all drill holes was Φ32mm, and the real pictures of
the instruments are displayed in Figure 14.

4.2. Investigation on Pressure Relief Effect in Overlying
Strata of the Roadway

Floor roadway

7.5m

15m

7.5m
15m

Right above
the roadway

Lower side of 
roadway

Right-15 Right-7.5 Right above Lower-7.5 Lower-15

Figure 13: Drill hole layout plan.
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Table 2: Investigation sites of pressure relief effect.

Mine
Floor roadway

number

Distance from
investigation site to

head-on/m
Diameter of drill

hole/mm
Investigation content

Group
1

Group
2

Group
3

Qujiang 213 244 208 116 32
Displacement and failure of the surrounding rock and gas

flow in the drill hole

(a) DW-6 multipoint displacement meter (b) YTJ20 rock strata detection recorder

Figure 14: Real pictures of instruments used for investigating pressure relief effect.
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Figure 15: Displacement curve chart of surrounding rock in 213 floor roadway in Qujiang Coal Mine.
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4.2.1. Displacement Change of Overlying Strata. A total of six
measuring points were arranged in each drill hole to investi-
gate the displacement of the surrounding rock, and the
investigation results are presented in Figure 15. The dis-
placements at different depths of drill holes were character-
ized by the alternate change of crest and trough, which
indicated the zonal disintegration inside the surrounding
rock. The crest and trough represented the failure and non-
failure zones of the surrounding rock, respectively [27].

The maximum displacements on different investigated
sections (sites) of the surrounding rock in the roadway were
calculated, as shown in Figure 16, basically presenting the

distribution characteristic of successive reduction from the
roadway center line to the two sides. With the increase in
the distance from the working face, the deformation of the
surrounding rock in the roadway above the floor roadway
became greater. In addition, the pressure relief of the sur-
rounding rock was more sufficient, which accorded with
the pressure relief law in the deep roadway and the theory
of rheological effect.

4.2.2. Zonal Fracture of Surrounding Rock. The situation in
the holes could be detected using a peering instrument, a
steel measuring tape, and video transmission technology
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Figure 16: Curve chart of maximum displacement of surrounding rock in 213 floor roadway of Qujiang Coal Mine.
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Figure 17: Peering video screenshots of drill holes.
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[27]. The peering results of typical drill holes are shown in
Figure 17. The fracture zones above 0.2m of different drill
holes on each investigated section in the 213 floor roadway
of Qujiang Coal Mine were delineated, and their distribution
is shown in Figure 18. The fracture zone on the roadway sur-
face was traditional excavation damaged zone. Multiple frac-
ture zones appear from the roadway surface to the interior of
surrounding rock [28]. There existed generally 4–5 fracture
zones in the surrounding rock on each roadway section,
and the fractures were gradually reduced from the roadway
center toward the two sides, which was consistent with the
previous theoretical study results.

The average initial positions (distance from the roadway
wall) of the fracture zones in the surrounding rock at differ-
ent positions within 15m range from the upper and lower
walls of the surrounding rock above the test roadway, as well
as the average width of the fracture zone, were further calcu-
lated. The fracture laws and distribution in the surrounding
rock of 213 floor roadway in Qujiang Coal Mine are shown
in Figure 19. The fracture zone basically presented a linear
increase trend with the increase in the distance from the
tunneling head-on (i.e., the fracture zone was enlarged with

the pressure relief time), which coincided with the theory of
rheological effect in the pressure relief of the roadway.

4.2.3. Initial Gas Flow in Drill Holes. The investigation
results of gas flow in the drill holes arranged in the overlying
coal seam of 213 floor roadway in Qujiang Coal Mine and
the maximum increase amplitudes are shown in Figures 20
and 21, respectively.

The gas flow in the drill hole rightly above the floor
roadway was the maximum, followed by those at 7.5m and
15m from the two sides of the roadway. The gas flow in
the drill holes at the same position presented a gradual atten-
uation trend with the time. Therefore, the pressure relief
effect of the coal seam above the floor roadway was gradually
weakened from the center line to the two sides but strength-
ened as the pressure relief time was lengthened, which was
identical with the previous study results. The initial gas flow
per meter in the drill hole rightly above the pressure–relief
floor roadway and those at 7.5m and 15m from the two
sides were increased to 14.39, 9.90, and 4.41 times that in
the original coal seam, respectively, fully manifesting that
the pressure relief effect of floor roadway was significant.
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5. Main Conclusions

(1) The unloading test of gas-bearing coal shows that the
axial strain declines slowly after the rapid reduction
initially during the unloading process of axial stress.
The higher the confining pressure is, the greater the
axial stress and strain in case of specimen failure will
be. Moreover, the specimen can more easily reach
the failure point due to the axial pressure relief under
a high confining pressure, and the disturbance-
induced deformation and failure degree of surround-
ing rock is higher in a deep high-stress roadway

(2) According to the similar simulation test results, the
subsidence displacement on the roadway surface expe-
riences three phases—slow, rapid, and stable deforma-
tions—with the increase in the load, and the fractures
are continuously generated and propagating at the
roadway roof. The displacement is the maximum at
the roadway center line. The more distant from the
roadway center line is, the smaller the displacement
will be, and the displacements will show the symmet-
ric distribution laws. The scope of influence of floor
roadway excavation on the pressure relief of overlying
rock strata reaches over 10m. The tensile strain is gen-
erated within 15.6m range at the two sides of the coal
seam at 11.25m away from the roadway roof, and the
pressure relief state is manifested within this range

(3) The investigation results of displacement and failure
in the overlying strata of deep floor roadway imply
that the displacements of surrounding rock at differ-
ent positions above the floor roadway are featured by
the alternate crest and trough variation. Zonal frac-
ture takes place inside the surrounding rock, and
the deformation of surrounding rock and fracture
zones are the maximum at the roadway center line
and gradually reduced at the two sides. Moreover,
the pressure relief effect is better if the distance from
the tunneling face is greater and the pressure relief
time is longer. The initial gas emission in the drill
holes rightly above the roadway and those at 7.5m
and 15m from the two sides reach 14.39, 9.90, and
4.41 times that in the original coal seam, hinting a
highly apparent roadway pressure relief effect

(4) The stress level in the overlying coal and rock strata
can be reduced in advance by arranging a short-
distance floor roadway beneath the coal roadway to
be mined to prevent and control the high-stress
induced hazards in the deep mine. Hence, the pres-
sure relief method through the short-distance floor
roadway proposed in this study is feasible, thereby
providing reference for the hazard prevention and
control in other mines with similar conditions
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Under natural conditions, joint failure usually occurs after long-term loading rather than short-term loading. In order to prevent
rock mass failure caused by creep behavior, bolt is widely used as a mature and effective reinforcement method. Therefore, it is
necessary to consider the rheological effect of bolted joint. In this paper, the particle flow code (PFC) was used to study the
effect of mesoparameters on the rheological shear mechanical behavior of joints without bolts and with bolts. The effects of
mesoparameters such as Maxwell elastic coefficient Em, Maxwell viscosity coefficient Cm, Kelvin elastic coefficient Em, Kelvin
viscosity coefficient Cm, and friction coefficient Fs were analyzed. The results show that Em and Fs mainly affect the
instantaneous shear displacement, but have little effect on the rheological shear displacement. However, Cm, Ek , and Ck have
little effect on the instantaneous shear displacement, and the sensitivity is mainly reflected in the rheological shear
displacement. Em and Fs mainly affect the instantaneous shear displacement, but have little effect on the rheological shear
displacement. However, Cm, Ek , and Ck have little effect on the instantaneous shear displacement, and the sensitivity is mainly
reflected in the rheological shear displacement. Compared with the parameter sensitivity characteristics without bolt, the
instantaneous shear displacement, shear stiffness, and steady rheological displacement under anchor condition are less affected
by parameters, indicating that anchor can reduce the influence of joint parameters.

1. Introduction

The mechanical properties of joints are important factors
affecting the stability of rock mass engineering [1–3]. Under
natural conditions, joint failure usually occurs after long-
term loading rather than short-term loading. Under the con-
dition of constant external stress, the displacement and
stress field of joint are constantly adjusted and reorganized
with time, resulting in the creep phenomenon that the strain
increases continuously with time, which leads to the failure
of jointed rock mass [4–6]. In order to prevent rock mass
failure caused by creep behavior, bolt is widely used as a
mature and effective reinforcement method [7, 8]. The
mechanical properties of bolted joints can be studied by
experiment, theoretical analysis, and numerical simulation
[9–13]. At present, numerical calculation methods have been

widely used in the field of rock mechanics, forming a variety
of numerical calculation methods, including finite element
method, discrete element method, motion element method,
and meshless method [14–16]. Each method has its own
advantages and disadvantages, which can solve geotechnical
engineering-related problems. In the process of joint shear,
due to the fluctuation of rock rupture, the cracks will occur
in the rock mass and lead to stress and strain change
[17–19]. However, the numerical calculation method based
on continuum cannot easily simulate crack development,
joint shear slip of continuous deformation of the line. There-
fore, it is necessary to consider the material discontinuity
numerical calculation method, such as particle flow code
(PFC) [20, 21]. In order to study the mesomechanical char-
acteristics of bolted joints, some scholars adopted PFC to
simulate the macroscopic mechanical response of bolted
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joints through the interaction between mesoparticles. Shang
et al. [22] established a numerical calculation model of dis-
continuous joints, studied the characteristics of joint meso-
scopic parameters, and simulated the failure mode and
strength characteristics of joints under equal normal stress
and equal normal stiffness. The previous work mainly stud-
ied the shear mechanical properties of joints under conven-
tional conditions, and the rheological effects of joint shear
were seldom considered. Therefore, this paper adopts dis-
crete element numerical calculation method to conduct rhe-
ological shear simulation tests on both anchored and
unbolted joints and adopts control variable method in
parameter sensitivity analysis. The effects of rheological
mesoscopic parameters such as Maxwell body elastic coeffi-

cient Em, Maxwell body viscosity coefficient Cm, Kelvin body
elastic coefficient Em, Kelvin body viscosity coefficient Cm,
and friction coefficient Fs on shear mechanical behavior of
joints were investigated.

2. Numerical Model

The numerical calculation model of joint was established
using PFC, and the size of the model was 100mm × 100
mm. Based on the established intact rock mass geometry
model, the corresponding joint geometry is drawn in CAD.
The geometry is imported into PFC by the geometry import
command, and it is set to DFN fracture to establish the rock
mass geometry model with joints. In the model, different
particle parameters are set to simulate the bolt, as shown
in Figure 1. In this paper, a flat-joint model is used to simu-
late the upper and lower rock blocks. Due to shear box in the
rheological shear test parts in addition to a constant load,
loading wall outside wall is consistent with the only wall
loading rate of unconstrained free wall.

In the study of shear mechanical behavior, the experi-
mental phenomenon at the moment of peak shear displace-
ment is an important research object, and it is necessary to
keep the simulated peak shear displacement consistent with
the real test as much as possible [23–25]. Therefore, in this
paper, the results of numerical simulation when normal
stress is 1MPa and laboratory test are the same as the stan-
dard, and the trial-and-error method is adopted to calibrate
the mesoscopic parameters of rock. Firstly, a complete sam-
ple numerical model of flat joints is established to simulate
the shear stress-shear displacement curve of flat joints.
Finally, the mesoscopic parameters matching the actual situ-
ation are calibrated. The microscopic parameters of the
numerical model are shown in Table 1. According to the bolt
parameters in reference [26], a parallel bond model is used
to describe the bolt. The friction coefficient is 0.5, which is
smaller than that of rock. The tensile strength of bolt parti-
cles is 4.0GPa, the bond force is 0.9GPa, and the internal
friction angle is 20°. Set a 5 cm long bolt with a diameter of
2mm, as shown in Table 2 for specific parameters.

Bolt

Rock

Figure 1: Numerical model of bolted joint subjected to rheological direct shear.

Table 1: Mesoscopic parameters of the numerical model.

Category Microparameter (unit) Value

Particle

Density (kg/m3) 2500

Radius (mm) 0.48-0.9

f 5.0

Krat (kn/ks) 0.5

Porosity 0.16

Emod (109) 0.425

Flat-joint contact model

fj_ten (106) 4.10

fj_coh (106) 20.8

fj_fa (°) 58.47

fj_n 4

Burger contact model

bur_knm (109) 0.06

bur_ksm (109) 0.06

bur_cnm (109) 12.4

bur_csm (109) 12.4

bur_knk (109) 1.6

bur_ksk (109) 1.6

bur_cnk (109) 13.1

bur_csk (109) 13.1

bur_fs 0.6
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3. Calculation Results and Analysis

3.1. Relationship between Maxwell Elastic Coefficient and
Macroscopic Shear Stiffness. In the rheological contact
model, Maxwell volume elastic coefficient Em controls the
instantaneous displacement of intergranular contact. It is
of important reference value to analyze the influence of Em
, the microscopic parameter of intergranular contact, on
the macroscopic shear mechanical properties of joints. The
control variable method was adopted, set to 1E7, 5E7, 1E8,
and 5E8 (unit: Pa), respectively, to analyze the sensitivity
of elastic coefficient Em of Maxwell body. Shear
displacement-time curves of bolt-free joints under different
Em conditions are shown in Figure 2. As can be seen from
the figure, the instantaneous shear displacement decreases

with the increase of Em, and Em has a significant effect on
the instantaneous shear displacement. Different Em corre-
sponds to the same rheological shear displacement, and Em
has no effect on the rheological shear displacement. By ana-
lyzing the elastic moduli corresponding to different Em, the
macroscopic shear stiffness Ks corresponding to different
Em is obtained, and the relationship between Em and shear
stiffness is shown in Figure 3. The shear stiffness is obtained
from the curve of relation between shear stress and shear
displacement; the curve slope represents the shear stiffness.
It can be seen that there is a nonlinear relationship between
Em and macroscopic shear stiffness, and the shear stiffness
changes greatly and converges to a value, indicating that
Em has a significant influence on macroscopic shear stiffness.
The nonlinear expression is used to fit it, and the results are
shown in Equation (1); R2 is 0.98, indicating that the for-
mula can well predict the macroscopic shear stiffness under
different Em conditions.

Ks = 3:1 1 − exp −0:04Emð Þ½ � − 0:719: ð1Þ

In the case of bolted joint, shear displacement-time
curves under different Em conditions were recorded, as
shown in Figure 4. It can be seen that, similar to the case
without bolt, the instantaneous shear displacement decreases
with the increase of Em, and Em has a significant effect on the
instantaneous shear displacement. Different Em corresponds
to the same rheological shear displacement, and Em has no
effect on the rheological shear displacement.

By analyzing the elastic moduli corresponding to differ-
ent Em, the macroscopic shear stiffness corresponding to dif-
ferent Em is obtained, and the relationship between Em and
shear stiffness is shown in Figure 5. It can be seen that there
is a nonlinear relationship between Em and macroscopic
shear stiffness, and the shear stiffness changes greatly and
converges to a value, indicating that Em has a significant
influence on macroscopic shear stiffness. Nonlinear expres-
sion was used to fit them, and the results are shown in

Table 2: Mesoscopic parameters of bolt.

Category Mesoscopic parameters Value

Particle

Density (kg/m3) 7850

Radius (mm)
0.18-
0.3

f 0.5

Porosity P 0.16

Normal stiffness kn 8e9
Shear stiffness ks 2:286e9

Flat-joint contact model

Tensile strength pb_ten (GPa) 4.25

Cohesion pb_coh (MPa) 900

Friction angle pb_fa (°) 0

Normal stiffness pb_kn 5:9e14
Shear stiffness pb_ks 5:9e14

0 5 10 15 20 25
–0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Sh
ea

r d
isp

la
ce

m
en

t (
m

m
)

Time (h)

Em = 1e7

Em = 5e7

Em = 1e8

Em = 5e8

Figure 2: Shear displacement-time relation of unbolted joints
under different Em.
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Equation (2). R2 is 0.96, indicating that this formula can well
predict the macroscopic shear stiffness under different Em.
Compared with Formula (1) without bolt, the shear stiffness
with bolt is less affected by Em, and the convergence value is
also smaller, indicating that the bolt can reduce the influence
brought by the change of joint parameters.

Ks = 2:6 1 − exp −0:03Emð Þ½ � − 0:207: ð2Þ

3.2. Influence of Maxwell Volume Viscosity Coefficient on the
Relationship between Joint Shear Displacement and Time. In
Burger’s contact model, Maxwell viscosity coefficient Cm
controls the creep displacement of interparticle contact,

and the displacement is closely related to time. Analyzing
the microscopic parameter Cm of interparticle contact can
effectively reflect the macroscopic mechanical characteristics
of Burger’s model parameters in the process of joint shear.
The control variable method was adopted, set to 1E9, 5E9,
1E10, and 5E10, respectively, to analyze the sensitivity of
Maxwell body viscosity coefficient Cm. The shear
displacement-time curves of bolt-free joints under different
Cm are shown in Figure 6. It can be seen that Cm has little
influence on instantaneous shear displacement, but signifi-
cant influence on rheological shear displacement. The larger
Cm is, the smaller the rheological shear displacement is, and
there is a negative correlation between the two. The rheolog-
ical shear simulation results of unbolted joints obtained by
changing Cm show that the adjustment of Cm has no signif-
icant effect on the joint numerical model displacement,
crack. The results show that Cm affects the shear mechanical
properties under rheological conditions, but the effect is
small when no damage occurs. Cm is a factor affecting parti-
cle contact, but different from the displacement affected by
Em. The displacement affected by Cm is controlled by time.
Therefore, when the time scale is not very large and Cm is
not very small, the displacement affected by Cm is not partic-
ularly obvious.

In the case of bolted joint, shear displacement-time
curves under different Cm conditions were recorded, as
shown in Figure 7. It can be seen that Cm has little influence
on instantaneous shear displacement, but significant influ-
ence on rheological shear displacement. The larger Cm is,
the smaller the rheological shear displacement is, and there
is a negative correlation between the two. Compared with
Figure 6 without bolt, the discretization of shear displace-
ments and time curves of different Cm in Figure 7 with bolt
is smaller, indicating that anchor can reduce the influence of
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Figure 5: Shear stiffness of different Em with bolt.
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joint parameter Cm on joint aging deformation. The rheo-
logical shear simulation results of bolted joints obtained by
changing Cm show that adjusting Cm has no significant effect
on the joint numerical model displacement and crack. The
results show that Cm affects the shear mechanical properties
under rheological conditions, but the effect is small when no
damage occurs. Compared with the condition without bolt,
the influence of Cm on displacement is less obvious in the
condition with bolt, and the influence of Cm on displace-
ment can be weakened by bolt.

3.3. Influence of Nonlinear Kelvin Elastic Coefficient on Shear
Mechanical Behavior of Joints. In the rheological contact
model, the Kelvin elastic coefficient (Ek) affects the aging dis-
placement of interparticle contact. The analysis of the micro
parameter (Ek) of interparticle contact can effectively study
the reflection of Burger’s model parameters in macroscopic

shear mechanical properties of joints. The control variable
method was adopted, set to 1E8, 5E8, 1E9, and 5E9 (unit:
Pa), respectively, to analyze the sensitivity characteristics of
the elastic coefficient of Kelvin body Ek. The shear
displacement-time curves of boltless joints under different Ek
conditions are shown in Figure 8. It can be seen that Ek has lit-
tle effect on the instantaneous shear displacement, but has an
obvious effect on the rheological shear displacement. The
larger Ek is, the smaller the rheological shear displacement is,
and there is a negative correlation between them.

The rheological shear simulation results of unbolted
joints obtained by changing Ek show that adjusting Ek has
no obvious effect on the numerical model displacement,
crack of the joints. The results show that Ek affects the shear
mechanical properties under rheological conditions, but the
effect is small when no damage occurs. Ek affects particle
displacement, but the displacement is controlled by time.

0 5 10 15 20 25
–0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Sh
ea

r d
isp

la
ce

m
en

t (
m

m
)

Time (h)

Cm = 1e9

Cm = 5e10

Cm = 1e10

Cm = 5e9

20

0.72

0.73

0.74

0.75

0.76

Sh
ea

r d
isp

la
ce

m
en

t (
m

m
)

Time (h)

Figure 7: Shear displacement-time curves of bolted joints at different Cm.
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Figure 9: Shear displacement-time relation under different Ek conditions with bolt.
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Therefore, when the time range is not very large and Ek is
not very small, the displacement affected by Ek is not partic-
ularly obvious. The relationship between shear displacement
and time at different Ek was recorded, as shown in Figure 9.
It can be seen from Figure 9 that Ek has little influence on
instantaneous shear displacement, but has obvious influence
on rheological shear displacement. The larger Ek is, the
smaller the rheological shear displacement is, and there is a
negative correlation between them. The rheological shear
simulation results of bolted joints obtained by changing Ek
show that adjusting Ek has no obvious effect on the numer-
ical model displacement and crack of the joints. The results
show that Ek affects the shear mechanical properties under

rheological conditions, but the effect is small when no dam-
age occurs. Compared with the condition without bolt, the
rock mass displacement with bolt is less affected by Ek .

3.4. Relationship between Joint Shear Displacement and Time
under Different Kelvin Body Viscosity Coefficients. The Kel-
vin viscosity coefficient Ck affects the aging displacement
of the contact between particles. The analysis of the micro-
scopic parameters Ck of the contact between particles can
effectively study the reflection of the parameters of Burger’s
model on the macroscopic shear mechanical properties of
joints. Control variable method was adopted, set as 1E9, 5E
9, 1E10, and 5E10, respectively, to analyze the sensitivity
characteristics of Kelvin body viscosity coefficient Ck . Shear
displacement-time curves under different Ck conditions are
shown in Figure 10. It can be seen that Ck has little influence
on instantaneous shear displacement, but significant influ-
ence on rheological shear displacement. The larger Ck is,
the smaller the rheological shear displacement is, and there
is a negative correlation between the two.

The rheological shear simulation results of unbolted
joints obtained by changing Ck show that adjusting Ck has
no significant effect on the joint numerical model displace-
ment, crack. The results show that Ck affects the shear
mechanical properties under rheological conditions, but
the effect is small when no damage occurs. Ck is a factor
affecting particle contact, but different from the displace-
ment affected by Em, the displacement affected by Ck is con-
trolled by time. Therefore, when the time scale is not very
large and Ck is not very small, the displacement affected by
Ck is not particularly obvious. Shear displacement-time
curves of bolted joints under different Ck conditions are
shown in Figure 11. It can be seen that Ck has little influence
on instantaneous shear displacement, but significant influ-
ence on rheological shear displacement. The larger Ck is,
the smaller the rheological shear displacement is, and there
is a negative correlation. The rheological shear simulation
results of bolted joints obtained by changing Ck show that
adjusting Ck has no significant effect on the joint numerical
model displacement and crack. The results show that Ck
affects the shear mechanical properties under rheological
conditions, but the effect is small when no damage occurs.
Compared with the condition without bolt, the rock mass
displacement with bolt is less affected by Ck .

3.5. Influence of Joint Friction Coefficient on Joint
Mechanical Behavior. In the rheological contact model, the
friction coefficient affects the contact force between particles,
and the analysis of the friction coefficient can effectively
study the reflection of the rheological model parameters on
the macroscopic shear mechanical properties of joints. The
control variable method was adopted, set to 0.1, 0.3, 0.5,
and 0.7, respectively, to analyze the sensitivity characteristics
of friction coefficient Fs. Shear displacement-time curves
under different Fs conditions are shown in Figure 12. As
can be seen from the figure, the instantaneous shear dis-
placement decreases with the increase of Fs, and Fs has a sig-
nificant impact on the instantaneous shear displacement.
The rheological shear displacement corresponding to
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Figure 12: Shear displacement-time curves under different Fs
conditions.
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different Fs is roughly the same, and Fs has no effect on the
rheological shear displacement. By analyzing the elastic
moduli corresponding to different Fs, the macroscopic shear
stiffness corresponding to different Fs is obtained, and the
relationship between Fs and shear stiffness is shown in
Figure 13. It can be seen that there is a nonlinear relation-
ship between Fs and the macroscopic shear stiffness, and
the shear stiffness changes greatly, indicating that Fs has a
significant impact on the macroscopic shear stiffness. The
nonlinear expression is used to fit it, and the results are
shown in Equation (3); R2 is 0.99, indicating that the for-
mula can well predict the macroscopic shear stiffness under
different Fs conditions.

Ks = 2:77 1 − exp −7:3Fsð Þð Þ − 0:59: ð3Þ

Respectively, change the interparticle friction coefficient
of Fs, by calculation, the joint can be obtained correspond-
ing crack number, displacement, as shown in Figure 14. It
shows that, in the process of shearing, joint displacement
and number of crack are significantly affected by Fs. The
greater the shear displacement is smaller, the less crack. Fs
has a negative relationship with shear displacement and
crack number. In the rheological model, the shear strength
is controlled by the normal stress and friction coefficient
Fs. Therefore, the larger Fs is, the greater the static friction
force to overcome under the condition of the same displace-
ment caused by particle contact is, and it is less likely to pro-
duce sliding and cracks.

In the case of bolted joint, shear displacement-time
curves under different Fs conditions are shown in
Figure 15. As can be seen from the figure, the instantaneous
shear displacement decreases with the increase of Fs, and Fs
has a significant impact on the instantaneous shear displace-
ment. The rheological shear displacement corresponding to
different Fs is roughly the same, and Fs has no effect on
the rheological shear displacement. By analyzing the elastic
moduli corresponding to different Fs, the macroscopic shear
stiffness corresponding to different Fs is obtained, and the
relationship between Fs and shear stiffness is shown in
Figure 16. It can be seen that there is a nonlinear relation-
ship between Fs and the macroscopic shear stiffness, and
the shear stiffness changes greatly, indicating that Fs has a
significant impact on the macroscopic shear stiffness. The
nonlinear expression is used to fit it, and the results are
shown in Equation (4); R2 is 0.99, indicating that the for-
mula can well predict the macroscopic shear stiffness under
different Fs conditions. Compared with Formula (3) without
bolt, the shear stiffness with bolt is less affected by Fs, and
the anchor can reduce the influence of joint parameter Fs
on mechanical properties.

For bolted joints, Fs is changed separately, and it is found
that the larger Fs is, the smaller the shear displacement is, the
fewer the cracks are, and the less obvious the tension chain
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Figure 14: Number of sample cracks under different friction coefficients Fs.
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concentration on the joints is. Fs has a negative relationship
with shear displacement and crack number. Shear strength is
controlled by normal stress and friction coefficient Fs and is
proportional to Fs. Therefore, the larger Fs is, the more static
friction force to be overcome under the condition of the same
displacement caused by particle contact and the less prone to
sliding and cracking of rock mass. However, the rock mass
under the condition of anchor is less affected by Fs than that
without bolt, and the anchor can reduce the influence brought
by the change of rock mass mesoscopic parameters, which is
conducive to enhancing the stability of rock mass.

Ks = 1:06 1 − exp −3:86Fsð Þ½ � + 1:09: ð4Þ

4. Conclusions

(1) For unbolted joint, Em and Fs mainly affect the
instantaneous shear displacement, but have little
effect on the rheological shear displacement. How-
ever, Cm, Ek , and Ck have little effect on the instan-
taneous shear displacement, and the sensitivity is
mainly reflected in the rheological shear
displacement

(2) For bolted joint, Em and Fs mainly affect the instan-
taneous shear displacement, but have little effect on
the rheological shear displacement. However, Cm,
Ek , and Ck have little effect on the instantaneous
shear displacement, and the sensitivity is mainly
reflected in the rheological shear displacement. It
should be noted that the instantaneous shear dis-
placement, shear stiffness, and steady rheological
displacement with bolt are less affected by parame-
ters than the parameter sensitivity without bolt, indi-
cating that the anchor can reduce the influence of
joint parameters
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Under the influence of tectonism in geological activities, most fault structures appear in groups. Multiple fault structures can
induce a variety of mine dynamic disasters, which significantly affect the safety of mine production. To study the dynamic
instability mechanism of the strata in the multifault structure zone of the stope when mining, a numerical model of multiple
fracture structures was established. At the same time, the mechanism of the dynamic instability of the rock formation in the
multifault structure zone of the stope has been studied through similar simulation experiments and on-site data analysis. The
research results show that the stress-affected areas of the faults in the multiple-fault structure area overlap, and the stress
evolution law of the fault will distinguish its independent dynamic evolution model. The multifault structure area has a
multifault overall evolution law model. In this model, there is a synergy between the fault layers, and the maximum value of
stress concentration is diagonally distributed. Under the influence of mining, the fault structure will be activated to change the
stress field distribution form of the stope. The two faults in multiple structural areas have a joint mechanism, which plays a
key role in controlling the dynamic instability process of the surrounding rock of the stope. The first activated faults in the
multiple-fault structure area will undergo secondary activation under the influence of subsequent fault activities. The evolution
law of cracks in the overburden of similar simulation experiments confirms that the early active F1 fault will be affected by the
subsequent F2 fault activity. The mine pressure data measured on-site verifies the reliability of the numerical simulation
experiment and the similar simulation experiment.

1. Introduction

The fault is one of the important factors causing the mine
dynamic disaster. Theoretical research on the mechanism
of the impact of faults on coal mines is the research hotspot
of mine dynamic disasters [1–4]. There are many mountain-
ous structures in southwest China, which are affected by tec-
tonic action in geological activities, and fault structures are
developed and mostly appear in groups [5]. Therefore, it is
of great significance to study the mechanism of mine
dynamic disasters induced by multiple fault structures for

mine production safety. Due to technical and economic con-
straints, most of the small faults are gradually excavated in
the process of roadway excavation and mining. At the same
time, the solutions are often proposed for the current fault
problems, and the interaction mechanism of adjacent faults
is rarely considered due to the timeliness of mining. The pre-
vious active fault will change the surrounding rock stress
state and the active influence range of the adjacent fault.
The activation of the second fault will amplify the influence
and range of activity of the first fault. The rock mass affected
by multiple fracture structures is broken and has low
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mechanical strength. At present, under the influence of in
situ stress and mining disturbance, problems such as the
deformation of surrounding rock of the mining roadway
and the instability of the overlying rock layer have become
more and more prominent. It makes the transportation
and operation of mining equipment very difficult to deform
and even causes roof fall accidents. Faults are one of the geo-
logical structures frequently encountered in mining activi-
ties. The existence of faults destroys the continuity and
integrity of the rock formations. It is an important factor
affecting the safety of coal mining. Many mine disasters such
as rock shock, mine water inrush, and stepped subsidence of
the ground are caused by the activation of faults caused by
mining.

Han et al. [6] established a mechanical model of fault
activation when mining on hang-wall and foot-wall mining
based on the theory of key strata and deduced the criterion
of fault slip and instability. The movement model of key
strata is shown in Figure 1. Wang et al. [7] studied the crack
areas of overlying strata affected by reverse faults and discov-
ered the characteristics of easy slicing of coal walls in the
areas affected by faults. Wu et al. [8] conducted a similar
simulation, taking the coal pillar away from the fault as a
variable, and concluded that the width of the coal pillar plays
a key role in the stability of the surrounding rock of the fault.
Li et al. [9] revealed the dynamic change indexes of displace-
ment and stress after fault activation under similar simula-
tion through the data recording of measuring points in the
model. Zhang et al. [10] obtained the variation law of stabil-
ity of faulted rock mass after failure by studying the process
of rock mass expansion and dilatancy. Hudson et al. [11]
found that the stress near the structural plane is caused by
the joint action of the structural plane itself and the sur-
rounding rock mass. Atsushi Sainoki et al. [12–14] studied
the influence of joints on the activation of faults by means
of simulations and obtained the law of action of different
factors on the activities of mining over faults.

Xiao et al. [15] pointed out that the surrounding rock
with a developed geological structure and loose and broken
will suffer from strong tectonic stress when the coal seam
is mined. The surrounding rock of the roadway is character-
ized by asymmetric deformation and failure, large floor
heave deformation, and inner squeezing of two sides.
Through field investigation, numerical simulation, and theo-
retical analysis, Yu et al. [16, 17] studied the action mecha-
nism of fissures on roadway surrounding rock, which has
an important guiding role in the study of the failure law of
roadway surrounding rock in the fracture zone of fault.
Gou et al. [18] simulated the instability process of overlying
rock when mining on the fault zone to grasp the movement
characteristics of the overlying strata near the fault mining
roadway. The test results show that the fault activation is
caused by the mining of coal seam, which makes the strata
movement have discontinuity, and the roof separation
occurs. When the mining roadway is close to the fault, ver-
tical cracks appear on the roadway side, the failure depth
of floor increases, the deformation of the roof is not coordi-
nated, and the deformation of the boundary coal pillar is
large. Wang et al. [19] found that large mining height, poor

mechanical properties of coal and rock mass, and large roof
load were important reasons for coal wall slicing near faults.
At the same time, the internal mechanism of coal wall lam-
ination in the working face is revealed, and the discriminant
basis of coal wall lamination is established. Wang et al. [20]
analyzed the top plate stress distribution law by establishing
an elastic beam model including normal and inverse faults.
Based on the Mohr-Coulomb criterion, the failure mecha-
nism and mechanical mechanism of the roof under different
roof loads, different support strengths, and different span-to-
height ratios are revealed. Li et al. [21] analyzed the distribu-
tion characteristics of the in situ stress field in China’s coal
mining areas and the relationship between the in situ stress
field and fault activity by using 219 groups of measured in
situ stress data optimized by regression analysis. The conclu-
sion indicates that 0.6 is the appropriate criterion for fault
slip instability in the overall evaluation of fault stability in
coal mining areas of China. Wei et al. [22] analyzed the lay-
out of roadway preexcavation and the rationality of the tech-
nology when the working face passed through the fault by
applying the theory of key strata. The characteristics of mine
pressure in the preexcavation roadway at fault position are
pointed out, and the optimal supporting parameters are
selected by numerical simulation. Wang et al. [23, 24]
obtained the failure law of surrounding rock under different
confining pressures in the process of coal mining through
experimental research, providing theoretical guidance for
the failure form of surrounding rock under different confin-
ing pressures when mining across faults. Through experi-
ments and theoretical analysis, Ma et al. [25–28] studied
the fracture propagation form of overlying rock in stope
and the water conduction law of the fracture, which pro-
vided an important theoretical basis for the study of fault
fracture failure mechanism. Lai et al. [29] observed the
microstructure and distribution of cracks (pores) of coal
and rock samples adjacent to the fault and measured the
physical and mechanical properties of the coal and rock
mass. The effect of faults on dynamic pressure in stope was
explored through the physical experiment and the numerical
simulation. The analysis shows that the existence of fault
blocks the continuity of the medium and causes energy to
accumulate at the fault. When the work is advancing
towards the fault area, the accumulated energy is released
and transferred, resulting in the roof of the mining roadway
being cut off, coal wall slicing, partial support fracture, and
other phenomena.

Experts and scholars have carried out a lot of research
work on rockburst under the influence of faults by means
of physical experiments, theoretical derivation, and numeri-
cal simulation. A series of important indexes representing
the relationship between fault and rockburst are revealed,
which provides a useful reference for mine safety production
[30–33]. As one of the important factors to induce the min-
ing response of coal seam, fault poses a great threat to the
safe mining of coal mines. Therefore, it is very important
to know the development degree and distribution of faults.
For a long time, relevant experts at home and abroad have
attached great importance to the adverse effects of faults
on the safe mining of coal mines, carried out a lot of research
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work on this, and achieved fruitful research results [34–37].
At present, most studies focus on a single fault, but few on
the joint mechanism of multiple faults. Based on the actual
conditions of the specific coal mine, this paper uses a combi-
nation of theoretical analysis, numerical simulation, similar
simulation, and on-site measurement to study the overbur-
den cracks and stress evolution laws caused by coal mining.
The dynamic instability mechanism of rock strata was syste-
matically revealed in the multifault structural area of the
stope and provided a reference for the actual production
activities.

2. Fault Activation Instability Model

It is rare for the faults to exist alone in nature, and faults
often appear in groups during structural changes. Many
faults of varying sizes are either almost parallel to each other
or intersect or tend to intersect at a certain angle, forming a
fault zone. Faults are generated and developed in the process
of crustal tectonic changes. Faults are widely distributed in
the world and in my country. It is not only an important
geological phenomenon related to a series of theoretical
issues in structural geology, seismology, and geodynamics.
Moreover, it is closely related to the formation and distribu-
tion of mineral resources, the foundation stability of large-
scale projects, the division of seismic danger zones, and
earthquake prediction.

The southwestern region is one of the most widely dis-
tributed areas of faults in China. In order to study the
dynamic instability mechanism of the strata in the multifault
structure zone of the stope, the specific working face of the
mining area in Liupanshui, Guizhou, was selected as the
research object. By analyzing the mechanical effect of fault,
it was found that the rheological instability comprehensive
model can explain the activation phenomenon of fault rock
well. The model consists of three parts, which can properly

describe the viscoelastoplastic mechanical properties of rock.
The first part is composed of spring E1 in series with the Kel-
vin body, which is mainly manifested as viscoelastic defor-
mation. The viscous element and the friction element are
connected in parallel to form the second part and when σ

> σf exhibits viscoplastic deformation characteristics. The
third part is composed of the friction element, which is used
to simulate the phenomenon of sudden sliding when σ > f .
Different rheological instable mechanical phenomena will
appear when the σ f and f values of the model are different.
This is shown in Figure 2.

When σ < σf < f , the model satisfies the following stress-
strain relationship:

σ = E1 · ε1,
σ = E2 · ε2 + K1 · ε2,
ε = ε1 + ε2:

8
>><

>>:

ð1Þ

The rheological equation can be obtained from equation
(1) as follows:

Κ1
E1

· σ + E1 + E2
E1

· σ = K1 _ε + E2 · ε, ð2Þ

where σ and ε represent the differential of stress and strain
with respect to time, respectively. When the stress is con-
stant, the following can be obtained:

σ = σ0 = cos s · t: ð3Þ

And set the initial conditions as εð0Þ = ε0 = σ0/E1 ðt = 0+Þ
. Then, the solution of rheological equation (2) can be chan-
ged to

ε tð Þ = σ0
E

+ ε0 − σ0
E

· e−t/tret , ð4Þ

where tret = K1/E2 is the lag time, E = E1 · E2/E1 + E2.
In summary, when stress is constant, the strain increases

with time. Assuming that the strain does not change, that is,

ε = ε0 = cos s · t: ð5Þ
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Figure 1: Movement of key strata when mining on hanging-wall and foot-wall [6].
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Then the change of stress with time can be obtained by
formula (2) as

σ tð Þ = E1 · E2
E1 + E2

· ε0 +
E1

2 · ε0
E1 + E2

· e−t/tret , ð6Þ

where tret =Κ1/ðE1 + E2Þ is the relaxation time, which
decreases with the increase of time.

The mining of the working face will have a certain
impact on the fault. When the support pressure in the
above expression is sufficient, the fault will “activate” and
slip. Due to the difficulty in selecting the rock mechanics

parameters in the above formulas, the actual engineering
calculation is huge. In this paper, numerical simulation
and similar simulation are used to study the stress varia-
tion in the fault region.

3. Numerical Simulation Analysis of Multiple
Fault Zones in Stope

3.1. Model Building. The numerical model established in this
paper is based on the geological conditions of the 21 mining
area of a coal mine in Guizhou. The average thickness of the
No. 12 coal seam excavated by simulation is 2m, the

No. 12 coal (2 m) No. 12 coal
No. 12 coal

F1 F2

No. 13-2 coal
No. 13-1 coal

No. 10 coal
No. 9 coal

30° 45°

21129 return airway

21129 haulage gateway

21
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9 
T-

ju
nc

tio
n

F1 F2

Figure 3: Sketch of the engineering drawing (flat and section).

Table 1: Rock mechanical parameters of each rock layer.

Rock name Thickness (m) Bulk (GPa) Shear (GPa) σtension (MPa) Coh. (MPa) Fric. (°) Density (kN/m3)

Siltstone 47 9.94 6.5 2.3 3.2 35 2460

No. 9 coal 1.5 3.22 1.0 0.23 0.6 22 1620

Fine sandstone 2 9.82 6.7 2.5 1.6 32 2660

Siltstone 2 9.94 6.5 2.4 3.2 30 2460

No. 10 coal 0.8 3.22 1.0 0.23 0.6 22 1620

Mudstone 1.5 3.68 3.1 1.8 0.56 20 0.23

Siltstone 4.5 9.94 6.5 2.4 3.2 30 2460

Fine sandstone 22 10.6 9.1 2.0 2.2 32 2200

No. 12 coal 2 4.36 1.2 0.2 0.6 22 1620

Silty mudstone 8 8.16 5.8 1.7 0.7 26 1980

No. 13-1 coal 2 3.22 1.0 0.23 0.6 25 1620

Silty mudstone 5 8.16 5.8 1.7 0.7 26 1980

Fine sandstone 4 10.6 9.1 2.0 2.2 32 2200

No. 13-2 coal 2 3.22 1.0 0.23 0.6 22 1620

Sandy mudstone 5 8.16 5.8 1.7 0.7 26 1980

Siltstone 49 9.94 6.5 2.4 3.2 35 2460

Figure 4: Model and local magnification of the fault.
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inclination is 0°, and the average buried depth is 453m. In
the process of mining, the central part of the working face
revealed multiple fault zones composed of F1 and F2 faults.
F1 is a reverse fault (dip angle of 30°, drop 2m), and F2 is a
normal fault (dip angle of 45°, drop 2m). The horizontal dis-

tance between the two faults is 62m in the No. 12 coal seam.
According to the measured data of the mine, the strike
length, dip length, and height of the model are 340m,
240m, and 160m. According to the measured data of the
mine, the strike length, dip length, and height of the model

Limestone

qq q

Advancing
direction

Advancing
direction

F1 F2
No.12 coal

Grey fine siltstone

Advancing
direction

Siltstone

Sandy mudstone

shale

Figure 5: Schematic design of numerical model.
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Figure 6: Stress distribution diagram.
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are 340m, 240m, and 160m. There is a fracture zone
between the upper and footwall of the inverse and normal
faults, and the average width of the fracture zone is 0.5m.
Each rock layer is set independently in different layers
according to the actual situation. The engineering diagram
of the model is shown in Figure 3.

In this model, the Moors-Coulomb model was adopted
for rock mass, and the brick element was selected as the basis
for modeling [38]. Boundary conditions and initial condi-
tions or model boundary conditions are as follows: fix com-
mand is used to fix the velocity components of the boundary
nodes in x, y, and z directions. The commands fix x range
x − 0:1 0:1 and fix x range x 339:9 340:1 fix the left and right
boundaries of the model. The commands fix y range y −
0:1 0:1 and fix y range y 239:9 240:1 fix the front and back
boundaries of the model. The command fix z range z − 0:1
0:1 fixes the bottom boundary of the model, and the top of
the model is regarded as the free boundary.

The initial conditions of the model stress are as fol-
lows: the model height is 160m, in which the thickness

of the overburden of the No. 12 coal seam in the model
is 81m. The actual buried depth of No. 12 coal seam is
453m, and the overburden pressure of 372m needs to be
compensated by simulation. Taking the bulk density of
the rock layer as 28 kN/m3, the pressure value of overlying
rock at 372m is 10.416MPa. The horizontal stress coeffi-
cient is λ = 1:66, so the boundary pressure applied around
the model is 17.29MPa. The gravity acceleration g = 9:8m/
s2 should be considered in the whole model. The mechan-
ical parameters of coal and rock mass in the study area are
shown in Table 1.

3.2. Simulation Scheme. According to the measured data in
the mining area, FLAC3D was used to establish a three-
dimensional model, as shown in Figure 4. The measured
data and boundary conditions were input to simulate the
excavation process. In the simulated 12# coal seam mining,
the front and rear protective coal pillars are 40m, and the
left and right protective coal pillars are 50m. The excavation
distance is 10m for each time. Continue to push forward
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Figure 7: Stress distribution diagram.
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after the operation is stable. The mining diagram is shown in
Figure 5.

4. Numerical Simulation and Dynamic
Analysis of Stope Stress

According to the vertical stress diagram obtained from the
simulation, the change of mining stress is systematically
described and analyzed.

Stage 1 is from setup entry to F1 (a reverse fault).
As shown in Figure 6(a), the simulated excavation is

30m, and it is 50m away from F1, and mining has no effect
on the fault basically. The stress concentration appeared in
the setup entry and the front of the working face, and their
maximum stress values were 21.3MPa and 20.6MPa,
respectively. The central part of the excavation area is under
pressure relief, and the pressure relief height of the upper
strata is 22m.

As shown in Figure 6(b), the working face advances
40m, and at this time, it is 40m away from the F1, and the
F1 fault begins to have an impact on the working face. The
suspension distance of the overlying strata in the goaf
reaches the limit span of the old roof fault. The present stress
concentration area is formed in the setup entry and the front
end of the working face. The stress value of the working face
and the setup entry increased obviously, and the maximum
stress value was 24.3MPa and 23MPa, respectively. The
stress reduction zone is formed in the overlying strata of
the excavation area, and the pressure relief effect is better
at 26.5m above the roof. At the same time, the stress change
occurred in the reverse fault zone, and local pressure relief
occurred in the middle part. The stress concentration zones
appeared at the upper and lower ends, and the maximum
values of the stress concentration zones at the upper and

lower ends were 22.5MPa and 17.5MPa, respectively. The
stress reduction zone appears in the upper-pressure relief
zone of the goaf and above the pressure relief zone in the
middle of the fault, and the two pressure relief zones are
connected in series to form an “n”-shaped pressure relief
zone.

As shown in Figure 6(c), the working face advances
50m, and at this time, it is 30m away from the F1, and the
stress at fault appears to change. At this time, the maximum
stress value of the setup entry and the stress concentration
area at the front of the working face are 24.1MPa and
23.7MPa, respectively. With the increase of excavation
range, the value of stress concentration area increases grad-
ually, and the pressure relief area of overlying rock in goaf
increases gradually.

As shown in Figure 6(d), the working face advances
60m. It is 20m away from F1, and the effect of reverse fault
on the roof of the coal seam increases. The stress at the
working face and the setup entry is significantly increased.
At this time, the maximum stress value of the setup entry
and the stress concentration area at the front of the working
face are 26.3MPa and 25.5MPa, respectively. The roof pres-
sure relief zone in the middle of the excavation area was fur-
ther extended to 27.3m above the roof. At the same time, the
stress changes in the reverse fault zone, and the maximum
values of the stress concentration zones at the upper and
lower ends are 23.7MPa and 17.4MPa, respectively. The
“n”-shaped connected relief zone of the two relief zones at
the upper part increases. The “U”-shaped connected relief
zones of the two relief zones at the lower part increase, and
the two relief zones are connected at the lower part.

As shown in Figure 6(e), the working face advances
70m, and it is 10m away from F1. The reverse fault has a
significant effect on the surrounding rock of the working
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Figure 8: Vertical stress diagram.
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face. The maximum stress concentration area at the setup
entry is 27.7MPa, and the stress concentration area at the
front of the working face is reduced sharply. At this time,
the pressure relief range of the upper strata of the goaf
extends to 28.1m above the roof. At the same time, the stress
changes in the reverse fault zone, and local pressure relief
occurs in the middle part. The maximum value of the stress
concentration zone at the upper end increases to 24.6MPa,
and the lower end is in the pressure relief zone.

As shown in Figure 6(f), the working face advances 80m,
and it is 0m away from F1 at this time. At this time, the
maximum stress value of the setup entry and the stress con-
centration area at the front of the working face are 27.6MPa
and 5.6MPa, respectively. At the same time, the maximum
value of the stress concentration zone at the upper end of
the reverse fault zone is 26.5MPa, the lower end is in the
relief zone, and the relief zone begins to increase in the mid-
dle of the fault. The pressure relief area above the goaf
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overlapped with the upper plate pressure relief area of F1,
and the “n”-shaped pressure relief area above the stope dis-
appeared. The lower pressure relief area of the goaf coincides
with the bottom pressure relief area of F1, and the “U”-
shaped pressure relief area under the stope disappears.

The second stage is from F1 (a reverse fault) to F2 (a
normal fault).

As shown in Figure 7(a), the working face advances
90m. It is 10m past the F1 and 52m away from the F2. F1
reverse fault has a significant influence on the working face,
and its effect on the roof of coal seam increases, while nor-
mal fault has almost no influence on the working face. The
maximum stress concentration area at the setup entry is
25.5MPa, and there is no obvious stress concentration at
the front end of the working face. The pressure relief zone
of the goaf surrounding rock is further increased. At the
same time, the stress concentration area at the end of the
reverse fault zone increases, and the maximum value of

stress is 26.4MPa. The middle part and lower part are in
the relief zone.

As shown in Figure 7(b), the working face advances
100m. It is 20m over F1 and 42m away from F2. The F1
reverse fault has a significant influence on the working face,
while the F2 normal fault has little influence on the working
face. The maximum stress values of setup entry and stress
concentration area in front of the working face are
26.4MPa and 13.5MPa, respectively. Meanwhile, the maxi-
mum value of the stress concentration area at the upper
end of the reverse fault is 24.6MPa.

From the above analysis, it can be seen that in the pro-
cess of advancing from 80m to 100m, the F1 fault and the
working face interact greatly, and the F2 fault area is basi-
cally stable.

As can be seen from Figures 7(c)–7(f), the advancing
distance of the working face ranges from 110m to 142m.
In this process, the working face is far away from the F1

The fractured
area of the rock
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Figure 11: Fracture distribution diagram of similar simulation.
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fault, and the distance from the F1 reverse fault is 30m-
62m. The working face is close to the F2 fault and the dis-
tance from the F2 normal fault is 32m-0m. In this process,
the influence of fault F1 on the working face gradually
decreases, and the interaction between fault F2 and the
working face begins to increase [39, 40].

It can be seen from Figure 8 that, within the range of
90m-100m, under the influence of the F1 fault, the stress
values of the working face and the setup entry changed
greatly. With the continuous advancement of the working
face, the stress value at the setup entry increases with the

increase of the mined-out area. When the advancing dis-
tance of the working face is 90m-130m, as the distance
between the working face and F1 continues to increase, the
interaction between F1 and the working face gradually
becomes smaller, and the leading support pressure of the
working face gradually increases. The F1 fault tends to be
stable gradually, and the value of the stress concentration
area at the top of the F1 fault decreases gradually. When
the working face advances from 130m to 142m, the advance
bearing stress of the working face suddenly increases from
19.5MPa to 14.6MPa, and the maximum stress at the top
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of the F1 fault increases from 15.5MPa to 17.2MPa. As can
be seen from the data changes in Figure 8, the blocking effect
of the F2 fault makes the surrounding rock at the front end
of the working face at 142m in the stress reduction zone. At
the same time, the activity of the surrounding rock of the F2
fault has an influence on the F1 fault, which intensifies the
activity of the F1 fault.

According to Figures 9(a) and 10, the working face
advances 160m. At this time, the working face is 80m away
from the F1 fault and 18m away from the F2 fault. The stress
concentration area is distributed in the setup entry, the lower
part of F2, and the front end of the working face. The lower
part of the F2 fault shares some of the overburden pressure,
which reduces the value of the stress concentration area near
the setup entry and the working face. The maximum stress
at the cut hole reaches 26.2MPa, and the maximum stress
at the lower part of F2 reaches 27.6MPa. The maximum
stress at the working face is 15.2MPa. As can be seen from
Figures 9(a)–9(h), with the advance of the working face,
the F1 fault tends to be basically stable. The value of the
stress concentration area from the setup entry is decreasing
gradually. The overburden pressure gradually transfers to
the lower part of the F2 fault. The maximum stress concen-
tration at the working face increases gradually. Multiple fault
structures seriously destroy the continuity of surrounding
rock and change the stress distribution of the stope. The
multifault structure hinders the stress transfer of the over-
burdened strata to the working face, which makes the value
of the leading abutment pressure of the working face low.
Through numerical simulation research and analysis, the
role of multiple fault structures in the energy transfer pro-
cess of the surrounding rock of the stope is obtained. The
multicracked structure severely damaged the continuity of
the surrounding rock and changed the energy distribution
of the surrounding rock. The transfer and concentration of
the energy field to the F1 and F2 faults effectively reduce
the energy value of the working face.

5. Stope Similarity Simulation Experiment and
Field Measurement

As shown in Figure 11, fractures develop in the overlying
strata of the goaf in the multifault structural area composed
of F1 reverse fault and F2 normal fault, and the rock mass is
broken. In particular, due to the multiple effects of mining
and F2 fault, the surrounding rock activity in this area is
intense, the overlying strata fractures are more developed,
and the caving rock mass is more broken. The vertical dis-
placement subsidence of overlying strata in the stope is
larger than that of nondouble fault areas on both sides.
The vertical displacement curve of overburden is shown in
Figure 12. The analysis of the resistance monitoring data of
the hydraulic support in the working face shows that the
multiple fracture structures can be divided into “high-
pressure zone” and “low-pressure zone.” The surrounding
rock stress in the “high-pressure area” and “low-pressure
area” of the fault is abnormal, and the working resistance
value of the support in the low-pressure area is higher than

that in the nonfault affected area. The working resistance
curve of the hydraulic support is shown in Figure 13.

6. Conclusion

By means of finite element numerical simulation software
and similar simulation experiment, the movement law of
overlying strata and the ore pressure behavior law are stud-
ied when 12# coal seam mining passes through multiple
fault structure areas. The conclusions are as follows:

(1) The ore pressure behavior law of the surrounding
rock of the stope crossing the multiple fault zone
was analyzed by the finite element numerical simula-
tion software. The study concluded the following:
When the working face passes through the faulting
area, the fault has a significant effect on the stress
distribution of the surrounding rock. When the
working face is 20m past the F1 fault and advanced
to the middle area of multiple fault structures, the
pressure relief zone of the surrounding rock in the
goaf becomes smaller. The increase of stress concen-
tration area within 10m in front of the working face
is not conducive to the release of gas pressure in
front of the working face

(2) During the advancing process of the working face from
80m (F1 fault) to 142m (F2 fault), the concentration
area and numerical value of the stress at the top of the
F1 fault experienced a process of increasing, maximal,
decreasing, slowly decreasing, and increasing. The
results show that the stress change of the F2 fault pro-
motes the stress change of the F1 fault undermining

(3) When the working face advances to the F2 fault,
there is no strong stress concentration in front of
the working face due to the blocking effect of the
fault. The stress concentration is transferred to the
bottom of the F2 fault, which easily causes the floor
heave of the working face

(4) Through the numerical analysis of finite element
software, it is concluded that the multiple fracture
structures will seriously cut the continuity of the sur-
rounding rock and affect the stress distribution of
the surrounding rock. Multiple fault structures will
only change the energy distribution of the surround-
ing rock but will not increase the value of energy.
The transfer and concentration of the energy field
to the F1 fault and the F2 fault effectively reduced
the energy value of the working face. This phenome-
non provides a new possibility for the study of
underground engineering
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To investigate the damage pattern and acoustic emission pattern of temperature on laminated shales, numerical experiments were
carried out using the RFPA2D-Thermal numerical software under the effect of thermosolid coupling. During the tests,
temperatures of 30°C, 60°C, and 90°C were controlled, and five sets of shales containing different laminar dips were
numerically modeled at each temperature, with dips of 0°, 22.5°, 45°, 67.5°, and 90°. The test results show that (1) the increase
in temperature reduced the linear elastic phase of the shale specimens in each group, with a significant reduction in the linear
elastic phase of the shale at lamina dips of 22.5° and 45°. (2) The lamination effect decreased slightly as the temperature rose
from 30°C to 60°C, and the most significant enhancement of the lamination effect on the shale occurred when the temperature
reached 90°C. (3) The shale damage pattern is divided into five types (N, ʌ, v, slanted I-type, and cluttered-type), in which the
lamina effect is stronger for high-angle lamina dips, and the lamina surface has a strong dominant effect on the entire shale
crack expansion. At a temperature of 90°C, the lamina effect and temperature effect of the shale reached their maximum at the
same time, and the thermal and load stresses inside the shale acted together causing the shale to show a complex damage
mode. (4) The fractal dimension was used to analyze the damage pattern of the shale. The larger the fractal dimension was, the
greater the crack rate of the specimen. The fractal dimension curve was flatter at a temperature of 60°C, while at 90°C, the
fractal dimension rose rapidly, indicating the most favorable crack expansion in the shale at a temperature of 90°C.

1. Introduction

As the first country to develop shale gas, the United States
has succeeded in reducing natural gas consumption and
has seen a gradual increase in natural gas exports, contribut-
ing to the optimization of the US energy system [1–5]. In
recent years, with the massive depletion of conventional
energy sources, there has been an urgent need for a new q-
energy source that can replace natural gas and oil, which
has led to strong interest in shale gas from all corners of
the world [6–13].

Currently, the commonly used technology in shale gas
exploitation is hydraulic fracturing technology. In hydraulic
fracturing technology, a series of rock mechanic problems

are involved [14–20]. Hence, exploring the mechanical abil-
ity of shale is of outstanding importance for the evolution of
reformed shale gas reservoirs. Shale gas is stockpiled in shale
pores containing shale gas under high ambient stress and
high-temperature conditions. Therefore, the exploitation of
shale gas always includes the coupling of stress and temper-
ature fields [21–23].

Inhomogeneous bedding has attracted the attention of
scholars for a long time, but the temperature impact on the
mechanical properties of shale rocks has only gradually
received attention since the 1970s. Therefore, domestic and
foreign researchers have acquired successful outcomes
regarding the effect of temperature on the mechanical prop-
erties of shale rocks. Lou et al. [24] used numerical modeling
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experiments to probe the bedding effects of shale with differ-
ent bedding dips and applied fractal dimensions to analyze
the crack laws of shale. Wei et al. [25] created a thermal
damage thermosolid coupling model, performed physical
tests on granites, and found that the thermal effect caused
changes in rock parameters thereby stimulating rock
tensile-reduction damage. Zhou et al. [26] established com-
pression, and the thermosolid coupling model of thermal
expansion provided the thermosolid coupling equation for
shale. Alm et al. [27] studied the effect of microcrack density
on the elastic and mechanical properties of granite. After the
granite was heated, the crack density of the rock was mea-
sured by scanning electron microscopy and other instru-
ments, and finally, it was found that when the temperature
exceeded 300°C, the crack density increased significantly.
Lu et al. [28] carried out a large-scale triaxial compression
test on shale. By controlling temperature variables, the rela-
tionship between temperature, peak strength of shale, Pois-
son’s ratio, internal elastic modulus, and friction angle was
found. Wang et al. [29] found that the fractality, connectivity
and connectivity of parallel laminations were 1.31, 1.12, and
1.61 times higher than those of vertical ones by studying the
coal rocks in the Fukang Mine area. Yao et al. [30] investi-
gated the mechanical properties of outcrop shale under dif-
ferent laminar dip angles and found that the damage
extension direction almost coincided with the laminar dip
angle around 0~45°, and when the dip angle was 60~90°,
only a small part of the fracture extension direction coin-
cided with the laminar dip angle. Only a small part of the
fracture extension direction coincides with the laminar dip
angle.. Masri et al. [31] performed hydrostatic and conven-
tional triaxial tests to explore the mechanical properties of
the bedding angles of parallel and vertical bedding angles
at different temperatures. As the temperature rose, the elastic
modulus and compressive strength of the rock were weak-
ened, but the overall deformation was strengthened. Gautam
et al. [32] studied the deformation characteristics of sand-
stone at various temperatures. They observed that the
stress-strain curve showed that sandstone underwent brittle
deformation at 250°C, and plastic deformation occurred
when the temperature exceeded 450°C. Ranjith et al. [33]
performed uniaxial compression tests on Hawkesbury sand-
stone at different temperatures. The results showed that the
maximum elastic modulus of Hawkesbury sandstone was a
threshold value at 500°C, which explained the softening phe-
nomenon of sandstone when the temperature exceeded
500°C. Lei et al. [34] used the MTS 815MPa rock testing
machine to monitor the microscopic failure process of sand-
stone during uniaxial compression testing. AE monitored
the sandstone transition from brittleness to plasticity at
approximately 600°C and found that the sandstone micro-
scopic porosity decreased with increasing temperature.
Mahanta et al. [35] conducted experiments on Manoharpur
sandstone, Dholpur dolomite, and Bellary sandstone during
these heating treatments. Their fracture strength increased
by 40%, 25%, and 65%, respectively, within the range of
100°C. However, with temperature rising to 600°C, the frac-
ture strength decreased by 59%, 36%, and 30%, respectively.
Yang et al. [36] performed a dynamic compression test on

shale rocks and controlled the temperature between 20 and
~220°C. Their conclusion was that there was a temperature
threshold between 20 and 220°C, before which the compres-
sive strength increased with temperature and beyond which
the compressive strength decreased with increasing temper-
ature. Currently, many achievements have been made
regarding the mechanical properties of rocks at diverse tem-
peratures, dip angles, and confining pressures. They have
mainly focused on the rupture modes of rocks at various
temperatures. However, there have been few reports on the
failure processes and acoustic emission characteristics under
thermosolid coupling at different dip angles of shale bedding
and thermosettings. Therefore, it is of great practical signif-
icance to carry out numerical simulation experiments to
explore the mechanisms of thermosolid coupling on the
propagation of shale fracturing and restructuring.

This paper utilizes the Lower Cambrian Niutitang For-
mation shale as the research object in the northern Guizhou
area, uses statistical methods to describe the correlation
between the bedding dip and temperature in the shale, and
uses RFPA2D-Thermal to establish a numerical model of 5
groups of shale samples that have different dips. A constant
confining pressure and several temperature conditions are
set to simulate the natural environment of shale under high
temperature and high pressure. Simultaneously, shale is ana-
lyzed in detail, in which the shale contains compressive
strength and cracking processes at various temperatures,
and the evolution of acoustic emission signals during the
process is studied.

2. Geological Characteristics of the Study Area

2.1. Geographical Location of the Feng’gang No. 3 Block,
South China. Guizhou is located in southwestern China
and has unique geographic advantages in shale gas storage.
Most areas of Guizhou are within the tectonic unit of the
Yangtze block, which is divided into four blocks. The third
block of shale gas in Feng’gang, Guizhou (referred to as
the research area in the text), is an important part of the
national shale gas resource experiment, with abundant
resources and a good geological environment. The geo-
graphic location of the study area is located in the southeast-
ern part of Zunyi city in the northern part of Guizhou
Province (see Figure 1). The administrative divisions are
located in the subregions of Meitan County, Feng’gang
County, and Sinan County of Tongren city and parts of
Meitan-Feng’gang-Tongren Sinan County from Zhengjia-
shan in Sinan County to Zhangjiapo and Tianjiawan Line
in the east, Liujiawuji-Liangshuijing-Huangnipo Line in
Meitan County in the west, Jiangjiagou-Ranjiayuanzi-
Houtang Line in Tan County, Meitan County in the south,
and North to Feng’gang Xianglu Mountain-Qinggang
Park-Loquat Bay line. The area coverage in the study area
is approximately 1167.49 km2. The study area has diverse
terrain types that contain hills, midmountains, hills and
dams interspersed with each other, and karst landforms with
conventional landforms alternately spread in between. The
terrain is generally mountainous and hilly. The western ter-
rain is dominated by flat dams and hills. Most areas contain
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low hills and relatively flat valleys, with certain undulations.
Some areas are cut by rivers (100~300m), and the east is
mountainous. The terrain is undulating, and the cut is
deeper.

2.2. Influence of Folds and Fractures on Shale Temperature.
The occurrence of folds and fractures caused the strata to
no longer lie on the same plane during the same period, pre-
senting a spatially scattered structure with a large depth
decrease. Affected by structural compression and deforma-
tion, the Niutitang Formation in the study area is generally
shallower in the southeast and northwest (approximately
1500m and 500m, respectively) and relatively deep in the
middle (mainly 2000~4000m); among them, the overall
burial depth is between 1000m and 3500m, and the Meitan
compound anticline is relatively shallow, with a burial depth
of 500m to 1500m, while the Yachuan compound syncline
contains Triassic strata, and the burial depth is at a maxi-
mum of 5000m (see Figure 2). Near the study area, detailed
logging data record the burial depth of the Niutitang Forma-
tion shale. The Niutitang Formation, which is located in
Songtao Wuluo well ZK408 in the eastern part of the survey
area, is present at a depth of 616.90~640.80m. In the Deye 1
well in the northern part of the study area, the floor depth of
the Niutitang Formation is at 1661.66~1752.20m. In the
drilling record of Well Fengshen 1, the Niutitang Formation
is approximately 2500m underground in Liujiazhai Village,
Dangwan Township, Feng’gang County. The temperature
of the stratum increases as depth increases. According to
valid statistics, every time the depth increases by 100 meters,
the temperature increases by 3°. The temperature at the Niu-
titang Formation in the study area is approximately
45°C~120°C. The amount of methane adsorption is greater
at low temperature and low pressure, and the amount of free
methane at high temperature and high pressure is greater.
To approximate these real conditions, this study is con-
ducted from 30°C to 90°C.

2.3. Pore Characteristics of Shale. Nanoscale pores are prev-
alent in shales, but the connectivity between pores is negligi-
ble. Shale gas is mainly stored in the micropores of shale.
The size and connectivity of pores have a large impact on
the ability of shale to adsorb shale gas and its storage perfor-
mance. The degree of pore development in shale determines
the permeability of shale and the degree of gas reservoir stor-
age. Using nuclear magnetic resonance (NMR) technology,
the pores of 5 groups of samples in the rock reservoirs in
the study area are quantitatively tested, and the pore throat
and pore size distributions are obtained [37].

Figure 3 shows that the pore throat and pore size distri-
bution of each group of samples are approximately similar.
Three peaks appear in the pore size distribution, indicating
that the pore size range of shale is primarily concentrated
at 0.001~0.1μm and 0.01~0.4μm, and a very small amount
is distributed at 1~10μm.

Through NMR analysis of the Lower Cambrian shale in
the Feng’gang No. 3 block, it can be seen that the develop-
ment of pores in the Lower Cambrian shale is advantageous
to the storage of shale gas. This indicates that the develop-
ment of shale gas in this area is economically important. It
can also be seen from Figure 3 that although the micron-
scale pores are well developed, the connectivity between
the pores is not good, and increasing the temperature helps
to increase the porosity and permeability of the shale. It is
therefore important to study the mechanism of damage
under thermosolid coupling for the extraction of shale gas.

3. Thermosolid Coupling Element Model

3.1. Element Thermal Damage Evolutionary Theory. At the
microscopic scale of shale, an element is considered to be
an elastic body at the initial failure stage, and the stress-
strain curve of each element is linear. When the damage
threshold is reached, the properties of the unit begin to
change. When shale is compressed, stretched, or sheared,
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Figure 1: Detailed location map of the third district of the Feng’gang No. 3 block, Guizhou [37].
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the tensile strength of shale is much smaller than the com-
pressive strength, and tensile failure occurs, as shown in
Equation (1). When shale reaches a critical state of stress,
the shear stress exceeds the shear strength, and shear failure
occurs, as shown in Equation (2) [38, 39].

F1 ≡ σ1 − f t0 = 0, ð1Þ

F2 ≡ −σ3 −
1 + sin φ

1 − sin φ
σ1 − f c0 = 0: ð2Þ

F1 and F2 are the two damage threshold functions, and
σ1 and σ3 are the maximum principal stress and minimum
principal stress, respectively. In terms of the sign, the com-
pressive stress is positive, and the tensile stress is negative.
In actual situations, f t0 in the formula is expressed in terms
of uniaxial tensile strength. f c0 is the uniaxial compressive
strength of shale, and φ is the internal friction angle of the
material. In the case of uniaxial compression and uniaxial
tension, f c0/ f c0 = f c0/f c0 = λ indicates that the formula is
applicable.

3.2. Element Thermosolid Coupling Equation. Assuming that
the shale is an elastic body, the constitutive relationship sat-
isfies the generalized Hooke’s law. The shale in the study
area is at high temperature and high pressure. Under this
condition, Wee et al. proposed that the relationship between
temperature variables and shale under combined loading is
expressed as follows [40]:

σ′ij = 2G εij + δij
ν

1 − 2ν εkk
� �

− K ′αTTδij: ð3Þ

σij′ = σij + ξpδij, δ represents the total stress tensor (sym-
bol is positive for tension), δij is the Kronecker symbol, G is
the shear modulus of the material, ν is Poisson’s ratio, ξð≤1Þ
is the compressibility of the material ½ξ = 1 − ðK ′/KSÞ�, KS is
the shale material modulus of elasticity, and α is the volume
expansion coefficient (K−1). In this formula, the strain and
stress caused by temperature changes are relative to the ini-
tial temperature; therefore, T is the temperature increase
compared with the initial temperature.
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Figure 2: Geological formations in the study area. (a) Geological structural section view of the Feng’gang No. 3 block. (b) Basic structural
feature map of the Feng’gang No. 3 block [37].
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During the research process, the interaction between
mechanical energy and thermal energy is ignored. Based
on the REV heat balance equation, it can be expressed as fol-
lows [26]:

ρsCsð Þ ∂T∂t + T0 + Tð ÞK ‘αT
∂εv
∂t

= λs∇
2T: ð4Þ

In this formula, T0 is the initial temperature (K) in the
unstressed state, ρs is the density of the shale (kg/m3), Cs is
the specific heat capacity (J/kg·K), and λs is the heat transfer
coefficient H of the shale (J/s·m·K). Equations (3) and (4) are
a set of fully coupled nonlinear equations that control the
thermosolid coupling of shale. This equation explains the
evolution of heat transfer, compressibility, and thermal
damage between shale materials under thermosolid cou-
pling. The nonlinear differential equation is controlled by
the second-order space partial derivative and the first-
order time partial derivative. The nonlinear differential
equation in the space and time domains is unsolvable.

3.3. Numerical Simulation. The RFPA temperature version
software is used to study crack propagation under the ther-
mosolid coupling of shale. RFPA is software that is based
on the finite element, statistical damage theory, and Cou-
lomb failure criterion. The deformation and failure of the
rock are analyzed to obtain the true failure mode. This calcu-
lation method considers fully the randomness of the mate-
rial distribution, such as rock heterogeneity and pores, and
combines it with the statistical distribution assumption of
material properties into the finite element algorithm. The
division unit meets the given strength criterion; therefore,
the rock under real conditions and the destruction process

can be presented through numerical simulation. In actual
situations, many difficult-to-implement problems can be
solved. Figure 4 shows the schematic diagram of controlling
the displacement of the model with bedding inclinations of
0°~90°.

The discretization unit of RFPA obeys the Weibull dis-
tribution. On this premise, the relationship between the
microscopic conditions and the mechanical properties of
the macroscopic medium is established, and the Weibull
statistical distribution function is introduced to describe
the following [41]:

φ αð Þ = m
α0

⋅
α

α0

� �m−1
⋅ e− α/α0ð Þm , ð5Þ

where α is the mechanical property parameters of the primi-
tive body, α0 is the average value of the mechanical property
parameters of the material, m is the parameter reflects the
homogeneity of the material medium in a physical sense and
is defined as the uniformity coefficient, and φðαÞ is the statis-
tical distribution density of the primitive property α.

In the RFPA temperature version, the temperature dis-
tribution function T ðx, y, z, tÞ is used to express the func-
tional expression of the temperature change with time at
each certain point in the rock.

In the calculation, the heat q ðx, y, z, tÞ, q = dQ/dt/S, and
Q per isothermal area are considered heat, t is time, and S is
area, where q is proportional to the gradient of temperature
function u, and the proportional coefficient H is the thermal
conductivity.

q = −k∇T ð6Þ
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Figure 3: Distribution of pore size and pore throats. (a) Schematic diagram of shale aperture distribution/μm. (b) Pore throat diameter/μm
[37].
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The numerical experimental model uses a two-
dimensional model to simulate shale at different tempera-
tures. The calculation range is 100mm in width and 100mm
in height. The entire numerical simulation model is divided

into 100 × 100 units, and the initial value of displacement is
set to 0.001mm. The loading method is displacement loading
ΔS = 0:0003mm and fixed confining pressure p1 = 10MPa. A
layered structure with a thickness of 3mm and a spacing of
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Figure 4: Stress-strain curves of different bedding inclination angles at (a) 30°C, (b) 60°C, and (c) 90°C.

Table 1: Numerical simulation parameters [24].

Material
Elastic

modulus/
MPa

Mean
degree

Compressive
strength/MPa

Poisson
ratio ν

Internal
friction angle

(°)

Compression
tension ratio

Thermal
capacity

Thermal
expansion
coefficient

Heat transfer
coefficient

Shale
substrate

51600 4 145 0.22 35 14 3.250 1.36 0.20

Bedding 30960 2 116 0.31 30 13 2.153 1.30 3.57
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15mm is established in the model to simulate the layered
structure of shale. The specific parameters in the model are
shown (see Table 1) below.

The experimental study is a numerical model of shale
with different bedding angles under the condition of gradu-
ally increasing temperature. The bedding angles in the
model are set to 0°, 22.5°, 45°, 67.5°, and 90°. A schematic
diagram of the model’s overall conditions is shown in
Figure 5. The fixed temperatures for the shale numerical
model are 30°C, 60°C, and 90°C. The temperature boundary
condition is set as the first type boundary condition (temper-
ature is constant at 30°C, 60°C, and 90°C), and there is no
heat flow between the shale matrix and outside world.

4. Analysis of Results

4.1. Analysis of Mechanical Characteristics of Shale Rupture.
Figure 4 shows the stress-strain curves for shale at 30°C and
dip angles of 0°, 22.5°, 45°, 67.5°, and 90° in a and 60°C and
90°C in (b) and (c). As seen from the graphs, the corre-
sponding stress-strain curves for the shale change signifi-
cantly with different inclinations, with temperature having
less influence on the stress-strain curve than the effect of
shale inclination. The damage of shale is broadly divided
into four stages: the linear elastic stage, yielding stage, dam-
age stage, and stability stage.

(1) The first stage is the linear elastic stage. In this stage,
stress and strain have a linear relationship and
exhibit good elastic properties. As seen in Figure 4,
the linear elastic phase of the shale decreases signifi-
cantly with increasing temperature and laminar dip
angles of 22.5° and 45°. This indicates that the
increase in thermal stress within the shale reduces
the cementation between the shale matrix and lami-
nae, and the softening effect becomes more pro-
nounced as the lamina dip angle increases

(2) In the second stage of the yielding stage, influenced
by the surrounding pressure and thermal stress, the
temperature increase causes plastic deformation
within the shale, and the shale stress-strain curve
under the effect of thermosolid coupling shows a
more obvious yielding stage

(3) The third stage is the failure stage. When the strength
reaches its peak, the stress decreases sharply, and shale
damage occurs. The graph shows that the failure
strength of the shale decreases to a certain extent at
each laminar dip angle after the temperature rises,
especially at laminar dips of 22.5° and 45°. When the
dip of the shale is the same and is accompanied by a
decrease in temperature, the reduction in peak
strength is due to the difference in the coefficient of
thermal expansion between the bedding and shale
matrix within the shale.When the particles are heated,
they cause uneven expansion and uneven deformation
of the shale. The particles squeeze each other so that a
temperature-induced thermal stress is developed in
the shale. As the temperature increases, the thermal
stresses increase, resulting in thermal damage to the
shale. More microfractures or primary fractures
appear in the shale. On a macroscopic scale, the tem-
perature of the shale increases. In this case, the
strength decreases, which is consistent with the results
of Yan et al., who studied mudstones [42]

(4) The fourth stage is the stabilization stage, where the
tail end of the curve is smoothed. It can be seen from
the graph that the stabilization phase at 30°C is
shorter than that at 60°C and 90°C. At a temperature
of 30°C, the damage mode of the shale mainly shows
a brittle damage state. As the temperature increases,
the properties of the shale change from brittle to
plastic, showing an increase in the stability phase

Δs=0.0003mm

α = 0°

Δs=0.0003mm

α = 22.5°

Δs=0.0003mm

α = 45°
Δs=0.0003mm

α = 90°

Δs=0.0003mm

α = 67.5°

Figure 5: Schematic diagram of model loading.
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Table 2 shows the compressive strength of shale with dif-
ferent bedding dip angles obtained by numerical simulation
at 30°C, 60°C, and 90°C. The compressive strengths from
Table 2 are plotted in Figure 6, from which it can be seen
that the compressive strength of the shale reaches its maxi-
mum at 30°C, while the compressive strength decreases with
increasing temperature. Additionally, temperature has a
strong effect on the anisotropy of shale bedding, with
increasing temperature leading to reduced cementation of
the laminae to the shale matrix, and the effect is strongest
at lamina dips of 22.5° and 45°. At temperatures of 30°C
and 60°C, the compressive strength of the bedding inclina-
tion is greatest at 0° and least at 45°. As the azimuth of the
bedding rises, the compressive strength of the shale shows
a trend of first falling and then rising. When the temperature
is 90°C, the compressive strength is greatest at a bedding azi-
muth of 90°. Alternatively, the compressive strength is low-
est at 45° because of the weak cementation between the
shale matrix and weak bedding surface. As the temperature
increases, the thermal stress resulting from the incompatible
expansion of the laminated particles and shale matrix grad-
ually increases, and the compressive strength of the shale
specimens decreases under the combined effect of the ther-
mal stress and lamination effect.

As seen from the variation curve in Figure 6, the
encrusted shale exhibits a strong lamina effect. To represent
the effect of laminations on the mechanical properties of
shale under thermosolid coupling, SðαÞ is used to character-
ize the structural effect of the laminations. The bedding
effect is 1 minus the compressive strength at different incli-
nation angles divided by the compressive strength measured
at the inclination level. The expression is as follows [24]:

S αð Þ = 1 − θ αð Þ
θ 0°ð Þ : ð7Þ

In the formula, SðαÞ is the bedding effect coefficient, θðαÞ
is the compressive strength of different bedding dips, and θ
ð0°Þ is the compressive strength of the shale when the bed-
ding dip is 0°. According to the above formula, Table 3
shows the bedding effect coefficients of different shale dip
angles. To observe the changes in bedding effect coefficients
more intuitively, bedding effect diagrams of different bed-
ding dip angles at 30°C, 60°C, and 90°C are drawn.

As shown in Figure 7, the shale lamina effect rises more
slowly at 60°C with increasing temperature, with a signifi-
cant effect at 90°C. The laminar effect is not evident for dips
of 0° versus 90°, and temperature changes within 30°C to

Table 3: The bedding effect coefficient of the compressive strength
of shale.

Azimuth/
(°)

t = 30°C,
bedding effect
coefficient

t = 60°C,
bedding effect
coefficient

t = 90°C,
bedding effect
coefficient

0 0 0 0

22.5 0.01 0.08 0.25

45 0.12 0.11 0.22

67.5 0.08 0.04 0.13

90 -0.01 0.01 -0.02

𝛼 = 0°
𝛼 = 22.5°
𝛼 = 45°

𝛼 = 67.5°
𝛼 = 90°
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Figure 7: Variation law of the shale bedding effect at different
temperatures and different dip angles.

Table 2: Simulation results of shale compressive strength.

Azimuth/
(°)

t = 30°C,
compressive
strength

t = 60°C,
compressive
strength

t = 90°C,
compressive
strength

0 78.98 75.81 76.91

22.5 72.69 68.67 62.34

45 69.64 67.79 59.79

67.5 72.65 72.86 67.20

90 79.61 74.98 78.79
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Figure 6: Shale peak intensity variation law.
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t = 30°C

t = 60°C

t = 90°C

(b)

0° 22.5° 45° 67.5° 90°

t = 30°C

t = 60°C

t = 90°C

(c)

Figure 8: Continued.
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90°C have little effect on the strength of the units divided
within the shale, in the form of a smooth curve in the graph.
The laminar effect curves for the 22.5°, 45°, and 67.5° shale
specimens show a decreasing and then increasing pattern.
The temperature rises to 90°C, the thermal stress from the
uneven expansion of the particles within the shale rises
sharply, and the shale matrix turns to plastic deformation
between the shale and laminae, leading to a weakening of
cementation; therefore, the lamina effect increases, and the
fold line in the diagram shows a rapid rise.

4.2. Failure and Deformation Characteristics of Shale under
Thermosolid Coupling. During the evolution of shale damage
by thermosolid coupling, shale specimens reach peak

strength followed by a sharp decrease in stress and sudden
rupture. Figure 8 shows the damage process and the corre-
sponding acoustic emission variation pattern for shales with
different bedding dips at a fixed confining pressure. As seen
from the diagram, the shale undergoes three stages: fracture
initiation, fracture extension, and penetration. Figure 8(a)
shows the fracture initiation phase of the shale damage pro-
cess, Figure 8(b) shows the fracture extension and expansion
phase, Figure 8(c) shows the final destabilization damage
phase, and Figure 8(d) shows the acoustic emission map
corresponding to the damage phase, where red represents
tensile damage, yellow is shear damage, and the black area
is the damaged unit. As seen in Figure 8(c), the damage
pattern is significantly influenced by the lamination effect,

0° 22.5° 45° 67.5° 90°

t = 30°C

t = 60°C

t = 90°C

(d)

Figure 8: Fracture process and acoustic emission diagram of shale. (a) Crack initiation. (b) Crack propagation. (c) Instability mode. (d)
Acoustic emission.

Table 4: Fractal dimensions at different temperatures and stress levels.

Stress level
azimuth

10% 20% 30% 40% 50% 60% 70% 80% 90% 100% Temperature

0°
Ds 0 0 0 0 0.129 0.278 0.411 0.572 0.771 0.978 30°C

Ds 0 0 0 0 0.109 0.254 0.352 0.522 0.714 0.897 60°C

Ds 0 0 0 0 0.327 0.532 0.667 0.796 0.916 1.063 90°C

22.5°
Ds 0 0 0 0 0.303 0.413 0.557 0.731 0.849 1.057 30°C

Ds 0 0 0 0.231 0.385 0.551 0.717 0.82 0.916 1.091 60°C

Ds 0 0 0 0 0.341 0.492 0.656 0.819 0.906 1.269 90°C

45°
Ds 0 0 0 0 0.128 0.451 0.626 0.769 0.872 1.037 30°C

Ds 0 0 0 0 0.280 0.417 0.593 0.743 0.870 1.018 60°C

Ds 0 0 0 0 0.261 0.461 0.609 0.720 0.874 1.1 90°C

67.5°
Ds 0 0 0 0 0.241 0.419 0.554 0.756 0.837 0.874 30°C

Ds 0 0 0 0 0 0.409 0.575 0.719 0.852 0.977 60°C

Ds 0 0 0 0 0.297 0.437 0.565 0.731 0.909 1.079 90°C

90°
Ds 0 0 0 0 0 0.054 0.520 0.631 0.772 0.897 30°C

Ds 0 0 0 0 0 0.600 0.662 0.782 0.940 1.179 60°C

Ds 0 0 0 0 0 0 0.428 0.591 0.734 1.286 90°C
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with an increase in temperature having a definite effect on
the change in damage pattern. The damage patterns of shales
with different laminar dips at the three temperatures are
classified into five damage patterns.

(1) N-type (90°30°C, 67.5
°
60°C, 90

°
60°C, and 45

°
90°C). During

the evolution of fractures in these groups of shale
specimens, cracks first appear in the laminae. As
loading progresses, the cracks extend through the
laminae and eventually penetrate the shale matrix
along a 45° or 135° dip to form an N-fracture. When
the laminar inclination is at a high angle, tempera-
tures below 60°C have less effect on the damage pat-
tern, and temperatures of 90°C strengthen the
laminar effect. The lamina effect is stronger at high

angular lamina dips, and the laminae have a strong
dominant effect on the overall shale integrity. As
seen from the acoustic emission diagrams in
Figure 8(d), these shale specimens are mainly dis-
tributed in tensile stresses during the final damage
phase, but there are a number of shear stresses in
the laminae, which can be judged to be a gradual
increase in tensile stresses in the shale matrix after
shear damage has occurred in the laminae.

(2) ʌ-type (45°30°C and 0°90°C). In both groups, the shale
with a laminar dip of 45° at a temperature of 30°C
cracks first in the laminae during damage, showing
a strong lamina effect. In contrast, shales with a lam-
inar dip of 0° at 90°C are cracked first in the shale
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Figure 9: Plot of AE energy versus temperature and stress level.
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matrix, at which point the temperature effect mani-
fests itself significantly. Shear damage occurs in the
lamina section at a lamina dip of 45°, as seen in
Figure 8(d), while shear damage occurs within the
shale matrix at a lamina dip of 0°.

(3) v-type (22.5°30°C and 45°60°C). Shale specimens with a
laminar dip angle of 22.5° at a temperature of 30°C
show internal cracks in both the shale matrix and
laminae, eventually forming v-shaped cracks along
the laminae. Specimens with a lamina dip angle of
45° at a temperature of 60°C show a strong lamina
effect, with cracks appearing in the lamina and then
breaking along the lamina.

(4) Slanted I-type (0°30°C, 67.5
°
30°C, 0

°
60°C, and 22.5°60°C).

Damage to shale specimens at low laminar angles is
primarily subject to tensile and shear stresses, when
the surrounding pressure plays a major factor in pre-
venting multiple cracks from forming. The specimen
with a high angle of 67.5° at a temperature of 30°C is
then subject to the effects of perimeter pressure and
laminae, with cracks expanding along the laminae
and the perimeter pressure preventing the formation
of multiple cracks, resulting in an oblique I-shaped
damage pattern.

(5) Cluttered-type (22.5°90°C, 67.5
°
90°C, and 90°90°C). At

the higher temperatures of the 90°C complex, irregu-
lar disorganized damage is more likely to occur. At a
temperature of 90°C, the laminar and temperature
effects of the shale reach their maximum at the same
time, and thermal and loading stresses within the
shale act together to cause the shale to exhibit a com-
plex damage pattern.

According to the above analysis, the surrounding pres-
sure at low angles of the shale laminae is the dominant factor
in the damage pattern with simpler forms of damage and
more complex damage occurring as the temperature rises.
The lamina effect is stronger at high angles in shale laminae,
where the lamina effect is the main controlling factor,
mainly manifesting itself as damage occurring first along
the laminae, with the lamina effect acting in conjunction
with the temperature effect to produce a more complex
damage pattern as the temperature rises. During hydraulic
fracturing, hydraulic fractures may extend along high angu-
lar laminar dips, inhibiting the expansion of the fracture net-
work, while higher temperatures contribute to the formation
of complex fracture networks, thereby increasing shale gas
production.

4.3. Quantitative Fractal Characterization of Shale Damage
under Thermosolid Coupling. Analytical theory can be used
to quantitatively describe irregular and complex matters in
nature, including the evolution of damage to rocks. Shale
converts its internal stored energy into elastic waves and
releases them rapidly at the moment of destruction, a phe-
nomenon known as acoustic emission [43, 44]. During shale
damage, acoustic emission occurs for each unit that breaks
down; therefore, acoustic emission has a fractal character.
In this paper, images of acoustic emissions at different stress
levels are grayed out by ImageJ and imported into a
MATLAB calculation program to find their fractal dimen-
sion. The fractal dimension is solved by the following [45]:

Ds = − lim
1/r⟶0

log N rð Þ
log 1/r , ð8Þ

where Ds is the adaptive fractal dimension of the damaged

Figure 10: Relationships between different temperatures, stress levels, and fractal dimensions.
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region, r is the side length of the square box, and NðrÞ is the
number of square boxes with side length r needed to cover
the damaged region therein.

Table 4 shows the fractal dimension values. Figures 9
and 10 show the trends between AE energy, fractal dimen-
sion, laminar dip, temperature, and stress level. As shown
in Figure 9, the AE energy generally shows an increase with
increasing stress levels. At stress levels less than 50%, the AE
energy of each group is almost zero, showing little or no
damage. When the stress level is between 50% and 80%,
the AE energy rises slowly at this stage, with a more pro-
nounced rise in AE energy in low-angle shale specimens
compared with high-angle shale. When stress levels exceed
80%, AE energy rises rapidly, and shale damage breaks
down. 22.5°, 45°, and 67.5° show significant increases in AE
energy, corresponding to the macroscopic damage forms,
with high release energy representing intense shale damage
and injury. An increase in energy is observed as the temper-
ature rises, at which point the macroscopic damage inten-
sifies, with an insignificant increase in energy at 60°C and a
significant increase at 90°C, when the corresponding damage
pattern becomes more complex. Figure 10 shows the fractal
dimension as a function of laminar dip, temperature, and
stress level, with the x-axis coordinates representing stress
level and the y-axis coordinates representing temperature.
It is clear from the graphs that the fractal dimension gener-
ally increases with increasing temperature, and at α = 22:5°,
67.5°, and 90°, the fractal dimension increases more with
increasing temperature, indicating that temperature
enhances the laminar effect of the three groups of shale dip
specimens, and the macroscopic phenomenon shifts from
simple oblique I or N damage to more complex heteroge-
neous damage. Conversely, smaller fractal dimensions corre-
spond to simpler forms of destruction.

5. Conclusion

In this paper, the effect of temperature on the damage pro-
cess of shales containing laminated shales with different
dip angles is studied by establishing a coupled thermosolid
model for shales of the Niutitang Formation, and the follow-
ing laws are summarized:

(1) The temperature increase reduced the linear elastic
phase of the shale specimens in each group, with a
significant reduction in the linear elastic phase of
shales with lamina dip angles of 22.5° and 45°. The
elevated temperature causes partial plastic deforma-
tion within the shale, and the shale stress-strain
curve under thermosolid coupling exhibits a more
pronounced yielding phase

(2) When the temperature rises from 30°C to 60°C, it
makes the unit swell leading to an increase in pore
space, which further compacts the shale matrix with
the laminae under displacement-controlled loading,
and the lamina effect decreases to a small extent.
And after the temperature reaches 90°C, the thermal
stress generated by the uneven expansion of particles

inside the shale rises sharply. The shale matrix and
laminae turn to plastic deformation between them
leading to weakening of cementation, and the
strengthening effect of laminae in shale is most
significant

(3) The shale damage patterns are grouped into five cat-
egories (N-Type, ʌ-Type, v-type, slanted I-type, and
cluttered-type). Among them, the occurrence of N-
type damage is mainly due to the strong dominant
effect of high-angle laminae on the integrity of the
whole shale, and the warming reinforces the lamina
effect. The ʌ and v shapes mainly occur when the
dip angle of the laminae is 45°. The sloping I-
shaped damage occurs in shale specimens with low
laminar dip, which are mainly subjected to tensile
and shear stresses, when the surrounding pressure
plays a major role in preventing the formation of
multiple cracks. Heterogeneous damage occurs at a
temperature of 90°C. The lamina effect and temper-
ature effect of the shale reach a maximum at the
same time, and the thermal and loading stresses
inside the shale act together to give the shale a com-
plex damage pattern

(4) The active role of temperature in shale damage is
further quantified by the fractal dimension. The frac-
tal dimension curve is relatively flat when the tem-
perature is 60°C, while the fractal dimension rises
rapidly by 90°C, indicating that the fractal extension
of the shale is most favorable at a temperature of
90°C. At α = 22:5, 67.5°, and 90°, the fractal dimen-
sion increases with increasing temperature, indicat-
ing that the laminar effect of the three groups of
shale dip specimens is strongly influenced by tem-
perature, and the macroscopic phenomenon shifts
from simple oblique I- or N-shaped damage to more
complex heterogeneous damage
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Deep mining in Ordos Basin faces the threat of bed-separation water inrush (BWI), so it is necessary to carry out BWI risk
assessment before mining. However, the existing BWI risk assessment methods fail to provide a universal risk classification
standard. In this paper, taking three coal mines in Ordos Basin as research cases, the water resistance of fractured rock mass
was analyzed, and a BWI coefficient (BWIC) method for BWI risk assessment was established. Firstly, by comparing the
weight of each BWI-related factor, the formula for calculating the thickness of equivalent water-resisting layer of fractured rock
mass was derived. The weight of each BWI-related factor was obtained by entropy weight method. Secondly, based on the
stress arch theory, the overall BWIC in bed separation zone corresponding to different excavation lengths was obtained. BWIC
was expressed by the ratio of the Cretaceous water pressure to the total thickness of the unbroken water-resisting layer and the
equivalent water-resisting layer of the fractured rock mass. Finally, by comparing the value range of the overall BWIC in the
bed separation zone corresponding to the excavation length with and without BWI, the standard of BWI risk classification was
determined. The application results verified the scientificity of BWIC method and the universality of the BWI risk classification
standard proposed in this paper.

1. Introduction

Bed separation is a layered cavity formed between adjacent
strata due to uneven settlement of strata in overburden dur-
ing underground coal mining [1–5]. When the water in the
surrounding aquifer accumulates into the bed separation,
bed-separation water is formed. Once the bed-separation
water breaks through the water-resisting layer below it and
flows into the mining site, it will cause bed-separation water
inrush (BWI) [6]. BWI has the characteristics of large
instantaneous water volume and strong destructiveness.
Coal is still the most important fossil energy in China, and
Ordos Basin has become China’s main coal producing area
[7, 8]. In underground coal mining, because China has the

most complex geological conditions and the largest coal
mining scale in the world, almost all accidents caused by
BWI occur in China. For example, in 2016, a BWI occurred
at Zhaojin coal mine in China, resulting in 11 deaths. There-
fore, for those coal mines facing BWI threat in Ordos Basin,
BWI risk assessment has important reference value for the
formulation of safe mining scheme.

At present, mine engineers still have different views on the
formation mechanism of BWI. Some views are that the power
to induce BWI comes from the impact of the fracture of the
rock stratum constituting the bed separation on the bed-
separation water [9–11], while some views are that the bed-
separation water pressure is the power to drive the bed-
separation water to break through the aquiclude [12, 13]. In
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fact, in the overburden, the inrush of bed-separation water in
the fracture zone should be caused by the fracture of rock stra-
tum, but the inrush of bed-separation water above the fracture
zone should be driven by bed-separation water pressure.
Although BWI is not a new type of roof water hazards in coal
mining in recent years, but due to the lack of attention, there
are few research results on risk assessment of BWI.
Multifactor-weighted superposition method is a mature risk
assessment method, and it is often used in mine roof/floor
water inrush risk assessment [14, 15]. However, in the
multifactor-weighted superposition method, the result of data
standardization processing will be affected by the value range
of the data set, which will lead to the BWI risk may be wrongly
evaluated and the boundary values between different risk
levels changing with the change of evaluation area, for exam-
ple, assuming that the values of one of the BWI-related factors
in mining areas A and B are data set A = fa1, a2,⋯, ai,⋯,
amg and data set B = fb1, b2,⋯, bj,⋯, bng, respectively. The
maximum and minimum values in data set A are amax and
amin, respectively, and the maximum and minimum values
in data set B are bmax and bmin, respectively. The value of the
BWI-related factor at coordinate point X in mining area A is
ax, and the value of the BWI-related factor at coordinate point
Y in mining area B is by, and ax = by. If amax = bmax and amin
= bmin cannot exist at the same time, the standardized values
of ax and by will not be equal, and the BWI risk at coordinate
point X and coordinate point Y will be evaluated as unequal,
which is not in line with the reality. The water inrush coeffi-
cient method, which was improved from the empirical for-
mula suitable for floor water inrush risk assessment and
suitable for roof water inrush risk assessment, has been used
in BWI risk assessment [16]. However, the evaluation results
were not convincing because the water-resisting capacity of
the fractured Jurassic strata in Ordos Basin due to the fracture
self-healing effect was not considered.

The above analysis shows that there is still a lack of prac-
tical methods suitable for BWI risk assessment in Ordos
Basin. Moreover, the BWI risk corresponding to different
excavation lengths cannot be obtained by using the existing
BWI risk assessment methods, which is not conducive to
guiding relevant disaster prevention and control. Therefore,
the purpose of this paper is to analyze the role of BWI-
related factors in BWI and establish a BWI risk assessment
method that can provide water inrush risk corresponding
to different excavation lengths and universal risk classifica-
tion standard.

2. Engineering Geological Background of Coal
Mining in Ordos Basin

Ordos Basin is the main coal producing area in China, and
Jurassic coal seams are the main excavation objects. In the
middle of the basin, a thick layer of Cretaceous strata is
deposited above the Jurassic Anding Formation (Figure 1).
The Cretaceous strata are mainly composed of thick sand-
stone with a small amount of sandy mudstone intercalation,
which has good integrity (Figures 2 and 3(a)) and is not easy
to deform, while the Jurassic Anding Formation is mainly

composed of mudstone and sandy mudstone and has weath-
ering zone inside, which is easy to deform (Figures 3(b) and
4). In the subsidence caused by underground mining, due to
the asynchronous deformation between sandstone and
sandy mudstone in Cretaceous and between Cretaceous
and Jurassic Anding Formation, layered cavities (i.e., bed
separations) appear in Cretaceous and the interface between
Cretaceous and Jurassic Anding Formation (Figure 5).
When the water in the aquifer around a bed separation con-
verges into the bed separation, bed-separation water is
formed, which can lead to the decline of the water level in
the surrounding aquifer (Figure 6). When the bed-
separation water suddenly burst into the mining area, BWI
is formed. Due to the deformation of sandy mudstone inter-
calation in Cretaceous is clamped by its adjacent thick sand-
stone layers, bed separations in Cretaceous have smaller
scale. On the contrary, because the overall antideformation
ability of Cretaceous is greater than that of Jurassic Anding
Formation, the deformation difference between Cretaceous
and Jurassic Anding Formation is larger; bed separations at
the interface of Cretaceous and Jurassic Anding Formation
have larger scale. Therefore, the bed-separation water at
the interface between Cretaceous and Jurassic Anding For-
mation is the focus of this study.

3. Methods and Materials

3.1. BWI-Related Factors and Their Quantification. As
shown in Figure 5, BWI is caused by the breakthrough of the
Jurassic protective layer by the Cretaceous bed-separation
water above it. Therefore, the research objects directly
involved in BWI process include the Cretaceous bed-
separation water and the Jurassic protective layer. In the Juras-
sic protective layer, the upper part is the unbroken Jurassic
strata (UJS), and the lower part is the fractured Jurassic strata
(FJS). The water-resisting capacity of FJS is due to the closure
of fractures in FJS under the action of water flow. Further-
more, the strata in FJS can be divided into fractured mudstone
and fractured sandstone. The role and quantification of each
BWI-related factor in BWI are described below.

(1) Bed-separation water pressure (Pb)

The bed-separation water pressure (Pb) provides the
inducing power for the occurrence of BWI. Since the bed-
separation water comes from the aquifer around the bed
separation, when the bed separation is filled with water, Pb
will gradually increase to be consistent with the water pres-
sure in the aquifer around the bed separation. Since the
bed separations at the interface between Cretaceous and
Jurassic strata are the focus of this study, in this study, the
Cretaceous Pb can be expressed by the water pressure in
the aquifer at the bottom of Cretaceous.

(2) UJS thickness (TU )

UJS is the key factor affecting BWI because it can pre-
vent the release of bed-separation water. Because the integ-
rity of UJS is not damaged, it has greater strength and

2 Geofluids



better water-resisting capacity than FJS. The greater the
thickness of UJS (TU ) is, the stronger its water-resisting
capacity is. TU can be calculated as follows:

TU = TJ − TF , ð1Þ

TF =M ∗ RFM , ð2Þ

where TJ is the thickness of Jurassic strata between coal
seam and Cretaceous (that is, the thickness of Jurassic pro-
tective layer); TF is the thickness of FJS; M is the mining
thickness; and RFM is the ratio of TF and M, which can be
obtained through field monitoring.

(3) Closure potential of mudstone fractures in FJS (Cm)

Due to the low strength (with an average saturated uni-
axial compressive strength of 4.75MPa) and low softening
coefficient (with an average softening coefficient of 0.34),
the Jurassic mudstone can be easily argillated and deformed
after encountering water (Figure 7), resulting in the self-
healing effect of fractures in Jurassic mudstone under the
action of water flow.
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In FJS, the better the closure effect of mudstone frac-
tures, the stronger the water-resisting capacity of mudstone,
and the smaller the probability of BWI. Here, the closure
potential of mudstone fractures in FJS (Cm) was used to eval-
uate the closure effect of mudstone fractures. Because Cm is
positively correlated with the volume of mudstone and the
volume of mudstone is positively correlated with the mud-

stone thickness, Cm is positively correlated with the mud-
stone thickness. On the contrary, because Cm is negatively
correlated with the opening degree of mudstone fractures,
and the opening degree of mudstone fractures is positively
correlated with the height of available subsidence space of
mudstone before mudstone fracture, Cm is negatively corre-
lated with the height of available subsidence space of

(a) (b)

Figure 3: Rock cores drilled in the Yingpanhao mine of (a) Cretaceous strata and (b) the Jurassic Anding Formation.

Cretaceous

Jurassic Anding Formation

Figure 4: Outcrop of the interface between Cretaceous strata and the Jurassic Anding Formation in the Ordos Basin (October 2019,
Jingbian, China).
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mudstone before mudstone fracture. Therefore, Cm can be
quantified by the following formula:

Cm = 〠
n

i=1
cmi, ð3Þ

cmi =
tmi

Ψmi
= tmi

M − Tmi ∗ η − 1ð Þ : ð4Þ

where cmi, tmi, and Ψmi refer to the closure potential, thick-
ness, and height of available settlement space of the ith mud-
stone layer in FJS, respectively; η refers to the average
expansion coefficient of the fractured rock mass, which can
be obtained through field monitoring; and Tmi refers to the

total thickness of all strata between the ith mudstone layer
in FJS and the coal seam.

(4) Closure potential of sandstone fractures in FJS (Cs)

Due to the low cementation degree, the Jurassic sand-
stone is easy to disintegrate after encountering water
(Figure 8), and the fractures in the Jurassic sandstone are
easy to be filled and closed by the disintegrated rock debris.

In FJS, the better the closure effect of sandstone frac-
tures, the stronger the water-resisting capacity of sandstone,
and the smaller the probability of BWI. Here, the closure
potential of sandstone fractures in FJS (Cs) was used to eval-
uate the closure effect of sandstone fractures. Because Cs is
positively correlated with the sandstone fracture length and
the sandstone fracture length is positively correlated with
the sandstone thickness, Cs is positively correlated with the
sandstone thickness. On the contrary, because Cs is nega-
tively correlated with the opening degree of sandstone frac-
tures, and the opening degree of sandstone fractures is
positively correlated with the height of available subsidence
space of sandstone before sandstone fracture, Cs is negatively
correlated with the height of available subsidence space of
sandstone before sandstone fracture. Therefore, Cs can be
quantified by the following formula:

Cs = 〠
n

i=1
csi, ð5Þ

csi =
tsi
Ψsi

= tsi
M − Tsi ∗ η − 1ð Þ : ð6Þ

where csi, tsi, and Ψsi refer to the closure potential, thickness,
and height of available settlement space of the ith sandstone
layer in FJS, respectively; and Tsi refers to the total thickness
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Figure 6: Changes of Cretaceous water level during the formation of a Cretaceous BWI in Cuimu coal mine. ①: natural recovery period of
water level; ②: filling period of water in Cretaceous aquifer into bed separation; ③: bed-separation water inrush period; ④: water level
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Figure 7: Argillization of Jurassic mudstone core after
encountering water.

Figure 8: Disintegration of Jurassic sandstone core after
encountering water.
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of all strata between the ith sandstone layer in FJS and the
coal seam.

3.2. Bed-Separation Water Inrush Coefficient
(BWIC) Method

3.2.1. Obtaining the BWI-Related Factors at Each Coordinate
Point. According to the strata information revealed by each
borehole, the values of BWI-related factors in each borehole
are calculated. Then, through interpolation calculation, the
values of each BWI-related factor at any coordinate point
in the area to be evaluated can be obtained. Interpolation

calculation can be realized by using a drawing software
named Surfer.

3.2.2. Identifying the Weight of Each BWI-Related Factor.
UJS with a certain thickness and the same water-resisting
capacity as FJS was called the equivalent strata of FJS (E-
FJS). In order to calculate the thickness of E-FJS, it is neces-
sary to determine the weight of each BWI-related factor in
BWI.

In this paper, the mining areas 106A and 108 in Shila-
wusu coal mine are taken as examples to explain how to
obtain the weight of each BWI-related factor. Mining in
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mining area 106A has been completed, mining in mining
area 108 is still in progress, and 1000m has been excavated.
When the excavation length was 554m, a BWI occurred in
mining area 106A, but no BWI occurred in mining area
108 during mining. Because the total amount of water in a
bed separation is limited, the water inflow in a BWI has
the characteristics of rapid increase and rapid decrease
(Figure 9). However, the instantaneous water inflow of
BWI is very large, so BWI is very destructive.

Even though mining areas 106A and 108 have the same
mining width, similar mining depth, and similar mining
thickness, there are differences in BWI-related factors

between the two mining areas, which eventually lead to dif-
ferences in BWI risk between the two mining areas. There-
fore, by comparing the differences of BWI-related factors
between mining area 106A and mining area 108, the weight
of each BWI-related factor in the formation of BWI can be
obtained under the premise of excluding the influence of
mining width, mining depth, and mining thickness on
BWI. The principle of obtaining the weight of each BWI-
related factor is consistent with the basic principle of
entropy weight method. Therefore, in this paper, entropy
weight method was used to obtain the weight of each
BWI-related factor.

(a) (b)

(c)

Figure 11: Stress balance arch and its simplification based on some coal seam mining experiments. (a) Numerical simulation experiment of
coal seam mining in Cuimu coal mine; (b) similar material simulation experiment of coal seam mining in Buerdong coal mine; (c) similar
material simulation experiment of coal seam mining in Daliuta coal mine.
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The data used for weight calculation obtained from m
sampling points and n BWI-related factors is written as:

X = xij
� �

m×n =
x11 ⋯ x1n

⋮ ⋱ ⋮

xm1 ⋯ xmn

0
BB@

1
CCA: ð7Þ

After standardization, the following results can be
obtained:

R = rij
� �

m×n =
r11 ⋯ r1n

⋮ ⋱ ⋮

rm1 ⋯ rmn

0
BB@

1
CCA, ð8Þ

where rij is the standardization value of the ith sampling
point for the jth BWI-related factor. For the BWI-related
factors positively correlated with BWI, rij is calculated as
follows:

rij =
xij −min

j
xij

max
j
xij −min

j
xij

, ð9Þ

whereas for the BWI-related factors negatively correlated
with BWI, rij is calculated as follows:

rij =
max

j
xij − xij

max
j
xij −min

j
xij

: ð10Þ

The information entropy of the jth BWI-related factor (ej)
is defined as:

ej =
−1
ln m

〠
m

i=1
pij ∗ ln pij, ð11Þ

where pij is calculated as follows:

pij =
rij

∑m
i=1rij

: ð12Þ

Because when pij infinitely approaches 0, pij ∗ ln pij
approaches 0; here, when pij = 0, the value of pij ∗ ln pij was
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Figure 13: Distribution of (a) Pb, (b) TU , (c) Cm, and (d) Cs in mining areas 106A and 108 in Shilawusu coal mine.
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set to 0. The entropy weight of the jth BWI-related factor (wj)
can be calculated by the following formula:

wj =
1 − ej

n −∑n
j=1ej

: ð13Þ

In this paper, there are four BWI-related factors, so n = 4,
and w1, w2, w3, and w4 refer to the weight of Pb, TU , Cm, and
Cs, respectively.

3.2.3. Calculating the E-FJS Thickness (TE−FJS). After calcu-
lating the weight of each BWI-related factor in BWI, the

Table 1: Values of BWI-related factors at each sampling point.

Sampling points Pb (MPa) TU (m) Cm Cs

A1 2.78 119.774 18.858 18.997

A2 2.761 121.818 19.128 18.875

A3 2.746 123.425 19.378 18.767

A4 2.768 120.75 18.829 18.922

A5 2.75 122.759 19.135 18.805

A6 2.737 124.304 19.411 18.699

A7 2.755 121.842 18.799 18.839

A8 2.739 123.791 19.146 18.73

A9 2.726 125.248 19.45 18.628

B1 3.019 77.908 20.419 19.315

B2 2.963 82.763 20.607 18.905

B3 2.898 88.448 20.76 18.539

B4 3.102 68.009 20.08 19.796

B5 3.014 75.583 20.285 19.449

B6 2.925 83.201 20.39 19.213

B7 3.191 57.792 19.726 20.319

B8 3.065 68.571 19.983 20.001

B9 2.95 78.299 20.078 19.832

Table 2: Index weight of BWI-related factors.

BWI-related factors Pb TU Cm Cs

Index weight 0.354 0.390 0.158 0.098

Table 3: TE−M−F JS of mudstone at different locations in FJS.

Location
tm
(m)

Tm
(m)

cm
TE−M−F JS

(m)
TE−M−FJS/tm

Top of FJS 1 229 0.374 0.763 76.3%

Bottom of
FJS

1 0 0.1 0.204 20.4%

Table 4: TE−S−FJS of sandstone at different locations in FJS.

Location ts (m) Ts (m) cs TE−S−FJS (m) TE−S−FJS/ts
Top of FJS 1 229 0.374 0.487 48.7%

Bottom of FJS 1 0 0.1 0.130 13.0%
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water-resisting capacity index (Vi) of Jurassic protective
layer at the ith sampling point can be calculated by the fol-
lowing formula:

Vi =
TUi

∑m
i=1TUi

w2 +
Cmi

∑m
i=1Cmi

w3 +
Csi

∑m
i=1Csi

w4: ð14Þ

Equation (14) can be transformed into:

Vi = TUi ∗ k1 + Cmi ∗ k2 + Csi ∗ k3, ð15Þ

where k1, k2, and k3 are constants.

Assuming that the values of TU , Cm, and Cs at the coor-
dinate point A are TUA, CmA, and CsA, respectively, and the
values of TU , Cm, and Cs at the coordinate point B are TUB,
CmB, and CsB, respectively, then according to Equation (15),
the water-resisting capacity index of Jurassic protective layer
at the coordinate points A and B can be shown as follows:

VA = TUA ∗ k1 + CmA ∗ k2 + CsA ∗ k3, ð16Þ

VB = TUB ∗ k1 + CmB ∗ k2 + CsB ∗ k3, ð17Þ

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0 100 200 300 400 500 600 700 800 900 1000

B
W

I
C
l x

 (M
Pa

/m
)

Excavation length lx (m)

Mining area 106A
Mining area 108

Figure 15: Overall BWIC corresponding to different excavation lengths in mining areas 106A and 108 in Shilawusu coal mine.

0
0

la

B
W

I
C
l x

 (M
Pa

/m
)

Excavation length lx (m)

Legend
Safety zone
Relatively safe zone

Relatively dangerous zone
Danger zone

0.015

0.020

0.024

Figure 16: Discriminant diagram of BWI risk classification based on BWIC method.

10 Geofluids



where VA and VB are the water-resisting capacity index of
Jurassic protective layer at the coordinate points A and B,
respectively. Then, the restriction conditions (18) and (19)
were set as follows:

VA =VB ; CsA = CsB,
TUA ≠ 0 ; TUB = 0,
CmA = 0 ; CmB ≠ 0,

8>><
>>:

ð18Þ

VA =VB ; CmA = CmB,
TUA ≠ 0 ; TUB = 0,
CsA = 0 ; CsB ≠ 0:

8>><
>>:

ð19Þ

By synthesizing Equations (16) and (17) and restriction
condition (18), the following equation can be obtained:

TUA ∗ k1 =
k2
k1

∗ CmB

� �
∗ k1 = km ∗ CmBð Þ ∗ k1, ð20Þ

where km is a constant and its value is the ratio of k2 to k1.
From Equation (20), it can be concluded that:

TUA = km ∗ CmB: ð21Þ

The physical meaning of Equation (21) can be expressed
as when Cm is dimensionless and the unit of TU is m, the
water-resisting capacity of UJS with TU = km m is equal to
that of one unit of Cm. UJS with a certain thickness and
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the same water-resisting capacity as mudstone in FJS was
called equivalent strata of mudstone in FJS (E-M-FJS).
Therefore, the E-M-FJS thickness (TE−M−FJS) can be
obtained as:

TE−M−F JS = km ∗ Cm: ð22Þ

By synthesizing Equations (16) and (17) and restriction
condition (19), the following equation can be obtained:

TUA ∗ k1 =
k3
k1

∗ CsB

� �
∗ k1 = ks ∗ CsBð Þ ∗ k1, ð23Þ

where ks is a constant and its value is the ratio of k3 to k1.
From equation (23), it can be concluded that:

TUA = ks ∗ CsB: ð24Þ

The physical meaning of Equation (24) can be expressed
as when Cs is dimensionless and the unit of TU is m, the
water-resisting capacity of UJS with TU = ks m is equal to
that of one unit of Cs. UJS with a certain thickness and the
same water-resisting capacity as sandstone in FJS was called
equivalent strata of sandstone in FJS (E-S-FJS). Therefore,
the E-S-FJS thickness (TE−S−F JS) can be obtained as:

TE−S−FJS = ks ∗ Cs: ð25Þ

The relationship among TE−FJS, TE−M−FJS, and TE−S−FJS
satisfies the following equation:

TE−F JS = TE−M−F JS + TE−S−F JS: ð26Þ
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According to Equations (22), (25), and (26), the formula
for calculating TE−FJS can be obtained as follows:

TE−FJS = km ∗ Cm + ks ∗ Cs: ð27Þ

3.2.4. Calculating the BWIC at Each Coordinate Point. The
formula for calculating the BWIC at each coordinate point
ðxi, yiÞ can be obtained as follows:

BWIC xi , yið Þ =
Pb xi ,yið Þ

TU xi ,yið Þ + TE−FJS xi ,yið Þ
, ð28Þ

where BWICðxi , yiÞ, Pbðxi ,yiÞ,TUðxi ,yiÞ, and TE−FJSðxi ,yiÞ, respec-
tively, refer to the BWIC, Pb, TU , and TE−FJS at the coordi-
nate point ðxi, yiÞ. According to Equation (27), Equation
(28) can be transformed into:

BWIC xi , yið Þ =
Pb xi ,yið Þ

TU xi ,yið Þ + km ∗ Cm xi ,yið Þ + ks ∗ Cs xi ,yið Þ
, ð29Þ

where Cmðxi ,yiÞ and Csðxi ,yiÞ, respectively, refer to the Cm and
Cs at the coordinate point ðxi, yiÞ.
3.2.5. Obtaining the Overall BWIC Corresponding to
Different Excavation Lengths. Since any excavation length
corresponds to a stress balance arch (Figure 10), the average
BWIC in the bed separation zone in the stress balance arch
corresponding to each excavation length was used as the
overall BWIC corresponding to each excavation length.
Therefore, the overall BWI risk when the excavation length
is lx can be expressed by the following formula:

BWIClx
= 1
z
〠
z

i=1
BWIC xi , yið Þ, ð30Þ

where BWIClx
and z, respectively, refer to the overall BWIC

and the number of selected coordinate points within the dis-
tribution range of bed separation zone when the excavation
length is lx. In this paper, for the convenience of calculation,
z refers to the number of grid points after each bed separa-
tion zone distribution range was divided into squares with
side length of 10m.

With the increase of the excavation length, the size of the
stress balance arch expands continuously. When the excava-
tion length reaches a specific value, the size of the stress bal-
ance arch develops to the maximum, which is called the limit
arch. The maximum height of limit arch is about 0.7 times of
mining depth. Then, as the excavation continues, the stress
balance arch exists in the form of moving arch, which has
the same size as the limit arch [17, 18]. In order to observe
the shape of the stress balance arch, some mining cases in
Cuimu coal mine, Buerdong coal mine, and Daliuta coal
mine in Ordos Basin were studied. The mining process of
mining area 21301 in Cuimu coal mine was simulated by
using the discrete element software UDEC. The results show
that the deformed and broken rock strata are located in a tri-
angular area as a whole, the two sides of the triangle are rock
fracture lines, and the bottom of the triangle is the distribu-
tion range of goaf. In the triangular area, the deformation
and fracture degree of the rock stratum below the bed sepa-
ration is large, while the deformation of the rock stratum
above the bed separation is small (Figure 11(a)). Similar
material physical simulation experiments of mining cases
in Buerdong coal mine and Daliuta coal mine also show that
the rock strata that can deform and fracture are located in
the triangular area surrounded by the two rock fracture lines
and the distribution area of goaf (Figures 11(b) and 11(c)).
Because the deformation and failure of overburden occur
in the stress balance arch, the area surrounded by the trian-
gle composed of rock fracture lines and goaf can be equiva-
lent to the area in the stress balance arch, that is, the stress
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Figure 19: Distribution of BWIC in mining areas 2202 and 2201 in Yingpanhao coal mine.
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balance arch can be simplified into a triangle with a base
angle of about 60° [19, 20].

3.2.6. Grading BWI Risk. In actual mining, the excavation
length with or without BWIs is called danger excavation
length (ld) and safety excavation length (ls), respectively.
The BWIClx

corresponding to ld and ls are BWICld
and

BWICls
, respectively. BWIClx

greater than BWICld
indicates

a high risk of BWI, while BWIClx
smaller than BWICls

indi-
cates a low risk of BWI. Therefore, the risk level with
BWIClx

greater than BWICld
was identified as danger, the

risk level with BWIClx
smaller than BWICls

was identified
as safety, and the risk level with BWIClx

greater than
BWICls

less than BWICld
was identified as transition. Fur-

ther division of the transition can be achieved by means of
the average value of BWICld

and BWICls
. Here, the average

value of BWICld
and BWICls

was marked as BWIClt
. The

risk level with BWIClx
greater than BWICls

less than
BWIClt

was identified as relatively safe, and risk level with
BWIClx

greater than BWIClt
less than BWICld

was identi-
fied as relatively dangerous. In addition, when the excava-
tion length is less than la, the BWI risk was determined as
safe because the stress balance arch has not expanded to
the Cretaceous bed separation zone (Figure 10). The princi-
ple of BWI risk classification is shown in Figure 12.

4. Results and Discussion

Taking mining areas 106A and 108 in Shilawusu coal mine
as examples, the establishment process of BWIC method
was introduced.

4.1. Obtaining the BWI-Related Factors at Each Coordinate
Point. The distribution of related factors in mining areas
106A and 108 in Shilawusu coal mine is shown in Figure 13.
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Figure 20: Overall BWIC corresponding to different excavation lengths in (a) mining area 2202 and (b) mining area 2201 in Yingpanhao
coal mine.
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4.2. Identifying the Weight of Each BWI-Related Factor.
According to the analysis in Section 3.2, the entropy weight
method can be used to determine the weight of BWI-related
factors, and the sampling points in mining areas 108 and
106A should be located in the range of the bed separation
zone corresponding to the excavation length of 554m. Based
on the triangle stress arch theory, it can be determined that
when the excavation length is 554m, the sampling points
in mining area 108 are A1-A9, and the sampling points in
mining area 106A are B1-B9 (Figure 13). The values of
BWI-related factors at each sampling point are shown in
Table 1.

By analyzing the data in Table 1 according to Equations
(9)–(13), the weight of each BWI-related factor can be
obtained (Table 2).

Because bed-separation water pressure is the power
source of BWI, Pb has a large weight. As the integrity of
UJS was not damaged, UJS plays an important role in pre-
venting water inrush, so the weight of TU should be the larg-
est. Because the integrity of the rock strata in FJS has been
destroyed, the water-resisting capacity of FJS is still weaker
than that of UJS, so the weight of Cm and Cs is less than that
of TU . In addition, because the fracture closure degree of
mudstone is relatively better than that of sandstone, the
water-resisting capacity of mudstone in FJS is stronger than
that of sandstone, so the weight of Cm is greater than that of
Cs.

The above analysis results are obtained by reasonable
inference based on the actual engineering geological condi-
tions, which are consistent with the results in Table 2, indi-
cating that the calculation results of the weights of BWI-
related factors are in line with the reality.

4.3. Calculating the E-FJS Thickness (TE−FJS). According to
the weights of BWI-related factors in Table 2, Equation
(15) can be expressed as:

Vi = 2:186 × 10−4TUi + 4:457 × 10−4Cmi + 2:844 × 10−4Csi:

ð31Þ

It can be seen from Equation (31) that k1, k2, and k3 are
2:186 × 10−4, 4:457 × 10−4, and 2:844 × 10−4, respectively.
Then, km and ks can also be calculated, which are 2.039
and 1.301, respectively, and Equations (22) and (25) can be
expressed as follows:

TE−M−F JS = 2:039Cm, ð32Þ

TE−S−FJS = 1:301Cs, ð33Þ

Taking mining area 106A in Shilawusu coal mine as an
example, when M, RFM , and η are 10m, 23, and 1.032,
respectively, the TE−M−FJS of mudstone with a thickness of
1m at different locations in FJS was calculated by using
Equations (4) and (32) (Table 3), and the TE−S−F JS of sand-
stone with a thickness of 1m at different locations in FJS
was calculated by using Equations (6) and (33) (Table 4).

Although the rock in FJS still have water-resisting capac-
ity due to the closure of internal fractures, the restored
water-resisting capacity is still weaker than that of the
unfractured rock because the integrity of the fractured rock
has been destroyed. This conclusion can also be obtained
by analyzing the data in Table 3 and Table 4. It can be seen
from Table 3 and Table 4 that the water resistance capacity
of mudstone and sandstone in FJS is weaker than that of
intact rock. Due to the larger opening and weaker closure
of the fractures, the water-resisting capacity of the rock at
the bottom of FJS is less than that of the rock at the top of
FJS. In addition, in FJS, due to the self-healing effect of frac-
tures in mudstone, the fractures in mudstone are easier to
close than those in sandstone, so that the water-resisting
capacity of mudstone at the same location is stronger than
that of sandstone.
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The above analysis shows that the method of obtaining
TE−FJS determined in this paper is practical, and the formula
for calculating TE−FJS is as follows:

TE−FJS = 2:039Cm + 1:301Cs: ð34Þ

4.4. Calculating the BWIC at Each Coordinate Point. Since
km and ks are 2.039 and 1.301, respectively, Equation (29)
can be transformed into:

BWIC xi , yið Þ =
Pb xi ,yið Þ

TU xi ,yið Þ + 2:039Cm xi ,yið Þ + 1:301Cs xi ,yið Þ
, ð35Þ

According to formula (35), the BWIC at each coordinate
point in mining areas 108 and 106A can be obtained
(Figure 14).

4.5. Obtaining the Overall BWIC Corresponding to Different
Excavation Lengths. Based on the triangle stress arch theory,
the overall BWIC corresponding to different excavation
lengths can be obtained by using Equations (30) and (35)
(Figure 15).

4.6. Grading BWI Risk. Because BWI occurred in mining
area 106A when lx = 554m, but no BWI occurred in the
completed 1000m mining process in mining area 108, the
BWIClx

corresponding to the excavation length of 554m
in mining area 106A was regarded as BWICld

, and the max-
imum value of BWIClx

in mining area 108 was used as
BWICls

. According to Figure 15, BWICld
= 0:024MPa/m,

BWICls
= 0:015MPa/m, so BWIClt

= 0:020MPa/m. There-
fore, Figure 12 can be improved to Figure 16.
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Figure 22: Overall BWIC corresponding to different excavation lengths in (a) mining area 21301 and (b) mining area 21302 in Cuimu coal
mine.
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5. Application and Validation

5.1. Shilawusu Coal Mine. According to formula (35), the
BWIC at each coordinate point in mining areas 201 and
201A in Shilawusu coal mine can be obtained (Figure 17).
Based on the triangle stress arch theory, the overall BWIC
corresponding to different excavation lengths can be
obtained by using Equations (30) and (35) (Figure 18). It
can be seen from Figure 18 that the BWI risk in mining areas
201 and 201A during mining belongs to the “safety zone.” In
fact, the mining in mining areas 201 and 201A has been
completed, and no BWI occurred during mining, which ver-
ifies the accuracy of the evaluation results shown in
Figure 18.

5.2. Yingpanhao Coal Mine. According to formula (35), the
BWIC at each coordinate point in mining areas 2202 and
2201 in Yingpanhao coal mine can be obtained
(Figure 19). Based on the triangle stress arch theory, the

overall BWIC corresponding to different excavation lengths
can be obtained by using Equations (30) and (35)
(Figure 20). It can be seen from Figure 20 that the BWI risk
in mining areas 2202 and 2201 during mining belongs to the
“relatively safe zone.” In fact, mining has been completed in
mining area 2201, and 1000m excavation has been com-
pleted in mining area 2202. No BWI occurred during mining
in these two mining areas, which verifies the accuracy of the
assessment results shown in Figure 20.

5.3. Cuimu Coal Mine. According to formula (35), the BWIC
at each coordinate point in mining areas 21301 and 21302 in
Cuimu coal mine can be obtained (Figure 21). Based on the
triangle stress arch theory, the overall BWIC corresponding
to different excavation lengths can be obtained by using
Equations (30) and (35) (Figure 22). It can be seen from
Figure 22 that the BWI risk in mining areas 21301 and
21302 during mining belongs to the “danger zone.” In fact,
the mining in mining areas 21301 and 21302 has been
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completed, and BWIs occurred during mining (Figure 23),
which verifies the accuracy of the evaluation results shown
in Figure 22.

6. Conclusions

The objects directly involved in BWI process include the
Cretaceous bed-separation water and the Jurassic protective
layer. The bed-separation water pressure (Pb) provides the
inducing power for the occurrence of BWI and can be
expressed by the water pressure in the aquifer at the bottom
of Cretaceous. In the Jurassic protective layer, the upper part
is the unbroken Jurassic strata (UJS), and the lower part is
the fractured Jurassic strata (FJS). The water-resisting capac-
ity of FJS is due to the closure of fractures in FJS under the
action of water flow.

The greater the UJS thickness (TU ) is, the stronger its
water-resisting capacity is. In FJS, the closure potential of
mudstone fractures (Cm) was used to evaluate the closure
effect of mudstone fractures, and the closure potential of
sandstone fractures (Cs) was used to evaluate the closure
effect of sandstone fractures. Cm is positively correlated with
the mudstone thickness and negatively correlated with the
height of available subsidence space of mudstone before
mudstone fracture. Cs is positively correlated with the sand-
stone thickness, and negatively correlated with the height of
available subsidence space of sandstone before sandstone
fracture. UJS with a certain thickness and the same water-
resisting capacity as mudstone in FJS was called equivalent
strata of mudstone in FJS (E-M-FJS). UJS with a certain
thickness and the same water-resisting capacity as sandstone
in FJS was called equivalent strata of sandstone in FJS (E-S-
FJS). By comparing the weight of each BWI-related factor,
the formulas for calculating the E-M-FJS thickness
(TE−M−FJS) and the E-S-FJS thickness (TE−S−F JS) were
derived. And the TE−M−FJS corresponding to one unit of
Cm is 2.039m, while the TE−S−F JS corresponding to one unit
of Cs is 1.301m. The weight of each BWI-related factor was
obtained by entropy weight method. And the weights of Pb,
TU , Cm, and Cs are 0.354, 0.390, 0.158, and 0.098,
respectively.

In bed-separation water inrush (BWI) risk assessment,
the existing multifactor-weighted superposition method
cannot provide a universal risk classification standard, and
the existing water inrush coefficient method ignores the
water separation capacity of FJS, so there is still a lack of sci-
entific BWI risk assessment method. In this paper, three coal
mines in Ordos Basin were taken as research cases, and a
bed-separation water inrush coefficient (BWIC) method for
BWI risk assessment was established. The value of BWIC is
the ratio of Pb to the sum of TU , TE−M−F JS and TE−S−FJS.
Based on the stress arch theory, the overall BWIC in bed sep-
aration zone corresponding to different excavation lengths
(BWIClx

) was obtained. By comparing the value range of
BWIClx

with and without BWI, the standard of BWI risk
classification was determined. In the BWI risk classification
discrimination diagram established based on BWIC method,
the area with 0MPa/m < BWIClx

≤ 0:015MPa/m was

divided into safety zone, the area with 0:015MPa/m <
BWIClx

≤ 0:02MPa/m was divided into relatively safe zone,
the area with 0:02MPa/m < BWIClx

≤ 0:024MPa/m was
divided into relatively dangerous zone, and the area with
BWIClx

> 0:024MPa/m was divided into danger zone. The
application results verified the scientificity of BWIC method
and the universality of the BWI risk classification standard
proposed in this paper.
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A pressure relief and permeability enhancement method through short-distance floor roadway was proposed to solve the difficult
outburst prevention during the gas extraction at the coal roadway strips in deep outburst coal seams with high ground stress and
low gas permeability. On the basis of an equivalent model of the surrounding rock in a deep roadway, the analytical solutions of
deep roadway excavation to the stress and deformation of pressure relief at overlying short-distance coal roadway strips were
obtained using the unified strength theory and nonassociated flow rules. Next, the criteria for determining the reasonable
position of floor roadway were established, and a mechanical model of short-distance floor roadway for the pressure relief and
permeability enhancement zone at the overlying coal seam was constructed. Finally, the scope of the zonal disintegration at the
coal roadway strips in the elastic and elastic–plastic zones of the surrounding rock in the roadway, as well as the expression of
gas permeability change, was given. The engineering trial calculation and practice showed that the stress and strain of the
surrounding rock in the roadway were evidently influenced by the intermediate principal stress coefficient. Moreover, the
vertical stress and vertical displacement of overlying coal seam were gradually reduced with the increase in the intermediate
principal stress coefficient and vertical distance of the floor roadway. The minimum reasonable distance arranged for the 213
floor roadway in Qujiang Coal Mine was 6.21m, and the effective pressure relief should be conducted within 10.6m from the
coal seam floor. When the pressure relief was located at 9.0m from the coal seam floor, the investigation results were basically
consistent with the theoretical analysis results, exerting obvious pressure relief and permeability enhancement effects on the
overlying short-distance coal roadway strips.

1. Introduction

Coal is the basic energy source that guarantees the energy
safety and stability in China. Coal resources are estimated
to still account for over 50% of primary energy consumption
by 2030 [1, 2]. China is also one of the countries with the
most serious coal and gas outburst (hereinafter abbreviated
as “outburst”) in the world, and the main regional measures
taken to prevent and control the outburst include the exploi-
tation of the protective layer and gas preextraction at the

coal seam. For the single outburst coal seam or coal seam
group without exploitation of the protective layer, the coal
roadway strips at the outburst coal seam will be initially
exploited, and the outburst prevention measure is still
mainly to drill the crossing holes on the floor roadway for
the gas preextraction [3–5].

However, with the continuously increasing coal mining
depth in China, the high ground stress and low gas perme-
ability of outburst coal seams in most coal mines are more
prominent. The difficulty in the drilling construction under
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deep high ground stress condition is significantly aggra-
vated, and the gas preextraction further enhances the ground
stress-dominated dynamic danger [6, 7], such as the ground
stress-dominated dynamic disasters appearing in deep mines
in provinces such as Anhui, Liaoning, and Jiangxi. Hence,
pressure relief and permeability enhancement technologies,
such as hydrofracturing, hydraulic reaming, and control of
presplitting blasting, have been investigated in coal mines
in China [8–14]. However, some shortcomings exist, such
as large difference in the effect of pressure relief and perme-
ability enhancement, failure to change the stress condition of
surrounding rock in advance, and complex process.

Given the complex and diversified stress field evolution
of the surrounding rock in deep roadways, the large defor-
mation and strong rheological properties of surrounding
rock, the brittleness–ductility transformation of coal and
rock mass, and the mutability of dynamic response [15,
16], an elastic–plastic deformation model of the surrounding
rock in deep roadway was constructed to study the mechan-
ical mechanism of a preexcavated short-distance floor road-
way for the pressure relief of the surrounding rock and the
permeability enhancement of the overlying coal seam. Next,
the proactive pressure relief and permeability enhancement
method for the short-distance floor roadway at the coal
roadway strips in the deep outburst coal seams with high
ground stress and low gas permeability was established,
expecting to provide a reference for the outburst prevention
and control at the coal roadway strips in deep mines.

2. Deformation Analysis of Layered
Surrounding Rock in Deep Roadway

2.1. Equivalent Model Construction for Overlying Layered
Rock Strata in Roadway. In engineering practice, the deep
surrounding rock in a roadway is kept stable under the load
effect of the vertical strata at the roof, and the displacement
and section rotation of rock beam at the roof are restricted
by the clamping effect between the rock strata. Under this
circumstance, the upper rock stratum of the roadway can
be simplified into a mechanical constraint model of a simply
supported beam (Figure 1).

As shown in Figure 1, the bending moment at the sup-
port x is

Mx =
1
2 qlx −

1
2 qx

2 + pω −M, ð1Þ

where l is the upper rock beam span of the roadway, m; p
stands for the horizontal force at the fixed end, p = λqb0h,
MPa; λ is the lateral pressure coefficient of the rock beam;
b0 denotes the width of the rock beam, m; ω is the deflection
of the rock beam; and M is the bending moment at the
support.

According to the principle of static equilibrium, a differ-
ential equation can be listed as follows:

ω” + P
EIω = −

ql
2EI x +

q
2EI x

2 + M
EI : ð2Þ

P/EI = β2 is set, and the differential equation is solved to
obtain

ω = A sin βx + B cos βx + q
2p x

2 −
ql
2p x +

MB

p
−

q

pβ2 : ð3Þ

The boundary conditions
x = 0 ω = 0 θ = 0
x = l ω = 0 θ = 0

(
are

substituted into the above equation to solve

A = q

pβ2 −
M
p

� �
tan βl

2

B = q

pβ2 −
M
p

MB =
q

β2 −
ql
2β cot βl2

8>>>>>>>>><
>>>>>>>>>:

: ð4Þ

According to the deformation continuity condition in
mechanics, the deformation of each rock stratum is contin-
uous in the vertical direction, that is, the rock strata share
the same deflection, that is, ω = ω1 =⋯⋯ = ωi. In actual
working conditions, the mutual bonding power between
rock strata is extremely weak that it can be neglected. Then,

ω0 =
ql
2pβ tan βl

4 −
ql2
8p = ωi =

qil
2piβi

tan βil
4 −

qil
2

8pi
, ð5Þ

where ω0 is the bending moment at the midspan of the rock
beam; and qi and pi represent the vertical load and end hor-
izontal acting force borne by the layer i, respectively, MPa.

Assume that the total height of the rock beam is h, and
the horizontal acting force at the end of the rock beam of
layer i is pi = ðhi/hÞp. For a specific rock stratum, Equation
(5) can be simplified as follows:

4
β
tan βl

4 = ξ, ð6Þ

where ζ is the constant of a specific rock stratum.
Variable β cannot be separated from the left end of

Equation (6), and its numerical solution can be solved
through programming. According to p/EI = β2,p = λqb0h,
and the sectional inertia moment I= b0h

3/12 of the rock

hn, En

h2, E2

h1, E1P P

M M

x
l

FN FN

q

¡ -

Figure 1: Hierarchical mechanical analysis chart of two-end simple
support constraints.
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beam, the overall equivalent elasticity modulus of the rock
strata above the roadway is

E = 12λq
hβ2 : ð7Þ

2.2. Elastic–Plastic Deformation Analysis of Surrounding
Rock in Deep Roadway. The elastoplasticity and brittleness
of the surrounding rock in roadway have been analyzed by
most scholars using the Mohr–Coulomb criterion or
Hoek–Brown criterion [17, 18], but the effect of intermedi-
ate principal stress has not been considered. As pointed
out in literature [19, 20], given that the failure strength of
a rock is strengthened due to the intermediate principal
stress, an obvious disintegration zone with poor mechanical
properties of rocks appears in the surrounding rock exca-
vated in the deep roadway with high ground stress.

On this basis, the surrounding rock in a deep roadway
was divided into elastic, plastic, and disintegration zones in
this study based on the unified strength criterion and nonas-
sociated flow rule to analyze the limiting equilibrium. To
facilitate the calculation, a circular roadway was taken for
example to establish a mechanical model (Figure 2) of the
surrounding rock in this deep circular roadway, and
the whole stress–strain curves of the rock were simplified,
as shown in Figure 3.

The differential equation of the equilibrium that the
stress in each zone should meet (body force unconsidered) is

dσr

dr + σr − σθ
r

= 0: ð8Þ

The geometric equation is

εr =
∂u
∂r

εθ =
u
r

8>><
>>: : ð9Þ

The physical equation is expressed as follows:

εr =
1 − μ2

E
σr −

μ

1 − μ
σθ

� �

εθ =
1 − μ2

E
σθ −

μ

1 − μ
σr

� �
8>>><
>>>:

, ð10Þ

where μ is Poisson’s ratio.
Under the plain strain condition, the intermediate prin-

cipal stress influence coefficient b (0 ≤ b ≤ 1) reflects the
influence degree of the intermediate principal stress on
the rock failure. When the material is under yield and failure
state, b is approximate to 1, and generally, b = 1. In this
study, b = 1 was taken, and the unified strength criterion
under the plane strain condition can then be obtained as fol-
lows:

σ1 − Ai,φσ3 − Bi,φ = 0, ð11Þ

where Ai,ϕ = 2 + 2b − αi ϕb/αi ϕð2 + bÞ, σc is the compres-
sive strength of rock, and αi,φ is the compressive strength
ratio of the rock.

Under the nonassociated flow rule, the stress boundary
conditions and contact conditions are as follows:

r⟶∞ σer = p0 ue = 0
r = Rp σer = σpr ue = up

r = Rc σp
r = σcr up = uc

r = R0 σcr = p1

8>>>>><
>>>>>:

: ð12Þ

Furthermore, through simultaneous Equations (8)–(10)
and the different boundary conditions in Equation (12),
the stress and deformation in the elastic, plastic, and disinte-
gration zones, as well as the scopes of plastic and disintegra-
tion zones, can be solved by reference to literature [21].

3. Mechanical Response of Pressure Relief in
Deep Roadway

3.1. Roadway Pressure Relief-Disturbed Zone Analysis of
Surrounding Rock. Generally, the zone with a stress change
of smaller than 5% is not affected by the excavation, and it
is referred to as the stress zone of primary rock. The zone
with the stress change of greater than 5%, which is affected
by the excavation, is called the disturbed zone (the radius
of the disturbed zone is r′), as shown in Figure 4.

r′ is within the elastic zone, and the stress and radius of
the disturbed zone are solved as follows:

σer = p0 − p0 − σpR
� � Rp

r′

� �2
= 0:95p0,

r′ = 2
ffiffiffi
5

p
Rp

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − σpR

p0

s
,

ð13Þ

Plastic zone

Elastic zone Original stress zone

Re

P0

P1 R0

Rc

Rp

a t ion z one

D isintegr

Figure 2: Mechanical model of circular roadway.
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where σp
R is the contact stress at the elastic–plastic interface,

and it is calculated according to literature [21].
For the floor roadway in the outburst coal seam, its spac-

ing with the overlying coal seam is generally greater than
7m, that is, the coal seam is usually located within the elas-
tic–plastic zone of the surrounding rock in the floor road-
way. When Rp < h < r’, the coal seam is located at the
elastic zone and influenced by the roadway excavation;
the horizontal stress change is as follows:

σe
r = p0 −

p0 − σpR
� �

Rp
2

h2 + x2

σe
θ = p0 +

p0 − σp
R

� �
Rp

2

h2 + x2

8>>><
>>>:

: ð14Þ

When Rc < h < Rp, the coal seam is seated in the plastic
and elastic zones. Under the influence of roadway excava-
tion, the stress change in the horizontal direction is

σpr = σpR + Dp
� � h2 + x2

Rp
2

 !Ap ϕ−1
2

−Dp  0 ≤ x ≤
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rp

2 − h2
q� �

σpθ = Ap σpR + Dp
� � h2 + x2

Rp
2

 !Ap，ϕ−1
2

−Dp  0 ≤ x ≤
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rp

2 − h2
q� �

σer = p0 − p0 − σp
R

� � Rp
2

h2 + x2

 !
 

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rp

2 − h2
q

≤ x ≤
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r′2 − h2

p� �

σeθ = p0 + p0 − σp
R

� � Rp
2

h2 + x2

 !
 

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rp

2 − h2
q

≤ x ≤
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r′2 − h2

p� �

8>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>:

,

ð15Þ

where Dp = Bp ϕ/Ap ϕ − 1, and Ap,ψ = 2 + 2b − αp ψb/
αp ψð2 + bÞ, which can be calculated according to litera-
ture [21].

When the coal seam is in the elastic and elastic–plastic
zones, the minimum bottom stress is σ00

p
RRp/h2rmin and

σp
Rph/Rp

Ap,ψ−1
prmin

, respectively, and the horizontal disturbed

area of the coal seam is L = 2l = 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r′2 − h2

p
.

3.2. Pressure Relief Mechanism of Short-Distance Floor
Roadway for Coal Seam. The formulas for the vertical stress
and displacement changes of the coal seam in the dis-
turbed zone can be obtained through the coordinate trans-
formation of elastic mechanics. For the axisymmetric
problem, the coordinate transformation formula can be

¦ Å

¦ Ò

O

Actual curve

Assuming curve

Elastic zone Plastic zone Disintegration zone

Figure 3: Stress–strain curves of rock deformation failure and
zoning plan.

R0

Rc

Rp

Re

P0

P1

t ion z

ne

D i i

x

g

L

h

r'

Coal seam

a

o

s n et

Original stress zone

r

Plastic zone

Elastic zone

Figure 4: Pressure relief zoning model of floor roadway.
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Figure 5: Schematic of surrounding rock deformation in double-
roadway excavation.
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Figure 6: Mechanical model of pressure relief and permeability enhancement zones at coal seam.

Figure 7: Stress distribution curve of surrounding rock in roadway.
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simplified into the following form:

σx = σr sin2φ + σθcos2φ
σy = σr cos2φ + σθ sin2φ
ux = ur sin φ

uy = ur cos φ

8>>>>><
>>>>>:

, ð16Þ

where φ is the included angle between the radius r and the
vertical direction.

When the coal seam is in the elastic zone, Equation (14)
is substituted into the above equation to solve the stress and
displacement of the coal seam in the short-distance dis-
turbed zone as follows:

σx = p0 +
p0 − σp

R
� �

R2
p

h2 + x2
� �2 h2 − x2

� �

σy = p0 −
p0 − σp

R
� �

R2
p

h2 + x2
� �2 h2 − x2

� �

ux =
p0 − σp

R
� �

R2
px

2G h2 + x2
� �

uy =
p0 − σpR
� �

R2
ph

2G h2 + x2
� �

:

8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

ð17Þ

3.3. Reasonable Position Criterion for Short-Distance Floor
Roadway to Be Depressurized. After the overlying coal road-
way of the floor roadway is excavated, the surrounding rock
will experience secondary pressure relief. To prevent the out-
burst and guarantee the stability of surrounding rock, no
through cracks should be formed at the rock pillar on the
roadway roof, and the reasonable position model is shown
in Figure 5.

As shown in Figure 5, the judgment criteria for the fail-
ure depths hpr and hpc of floor roadway and its overlying coal
roadway for the rock mass, as well as the reasonable distance
between the right-angular semicircular floor roadway and
the coal seam, can be obtained as follows:

hPr = δ · RPr − C1 − B1ð Þ

hPc = δ · RPc −
C1
2

8<
: , ð18Þ

Δh ≥ δ · Rpr + Rpc
� �

−
3
2C1 − B1

� �
, ð19Þ

where δ is the superposition coefficient of the secondary
pressure relief effect, which can be statistically analyzed
through the field monitoring or calculated through the
simulation.

4. Pressure Relief and Permeability
Enhancement Mechanism of Floor
Roadway at Deep Coal Roadway Strips

4.1. Pressure Relief and Zonal Disintegration Analysis of
Floor Roadway at Coal Roadway Strips. After the short-
distance floor roadway is excavated, the vertical stress at
the coal seam rightly above the roadway is released. The
original three-directional stress equilibrium of the coal mass
is destructed, and the ultimate strength of the coal mass can
be easily reached in the deep roadway, thereby leading to
yield failure. Subsequently, the concentrated stress is trans-
ferred to the two sides to form a zoning model, as shown
in Figure 6.

The vertical stress in the pressure relief damaged zone is
obviously reduced. In this zone, the cracks are significantly
developed in the coal mass, and it is called effective pressure
relief zone, extending at the two sides X1 of the center line in
the roadway. The coal mass in the plastic deformation zone
will experience minor deformation and cracking. Thus, the
gas permeability coefficient is obviously enhanced, and it is
called effective permeability enhancement zone, extending
at the two sides X0 of the center line in the roadway.

When the horizontal distance satisfies x ≤ h, the first,
second, and third principal stresses are σx, σz , and σy ,
respectively. Then,

αc
1 + b σx + bσzð Þ − σy = ασc: ð20Þ

After the floor roadway is excavated, the original
adsorbed gas in the upper coal seam is transformed into free
gas, the gas stress in the coal seam will be increased, whereas
the uniaxial compressive strength will be reduced, which
conforms to the following relation [4]:

σc = A2 + B2 · p, ð21Þ

where A2 and B2 are the parameters related to the coal mass.
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Figure 8: Strain distribution curve of surrounding rock in roadway.
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Figure 9: Continued.
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Figure 9: Vertical stress of coal seam during the excavation of floor roadways under different spacings.

Table 1: Pressure relief coefficients (%) at the center line of the roadway and coal seams at two sides.

b
Vertical distance h/m

7 9 12 15 18 21

0 52.0–4.6 31.4–5.0 17.7–4.7 11.3–4.9 7.8-2.7 5.8–2.3

0.25 32.6–2.9 19.7–3.2 11.1–2.7 7.1–3.1 4.9-2.2 3.6–2.0

0.5 23.6–2.1 14.3–2.2 8.0–2.2 5.1–2.2 3.6-2.0 2.6–1.9

Two sides 6m 7m 8m 8m 5m 5m
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Substituting Equation (17) and (21) into Equation (20)
yields the following:

1 − sin φ

1 + bð Þ 1 + sin φð Þ P0 +
P0 − σpR
� �

Rp
2

h2 + X1
2� �2 h2 − X1

2� �
+ bσz

" #

− P0 +
P0 − σpR
� �

Rp
2

h2 + X1
2� �2 h2 − X1

2� �
= 1 − sin φ

1 + sin φ
A2 + B2 ⋅ pð Þ:

ð22Þ

According to the change laws of the uniaxial compres-
sive strength of gassy coal seam, the width X1 of the pressure
relief damaged zone of short-distance floor for the overlying
coal seam can be solved by combining the layout conditions
of the floor roadway, the coal mass-related parameters at the
overlying coal seam, and Equation (22).

The horizontal distance X0 of the effective pressure zone
is the horizontal distance when the vertical stress σy reaches
the maximum value. As the analytical expression of σy in
Equation (17) is complicated, the maximum value of σy
and horizontal distance X0 of effective pressure relief zone
can be calculated via MATLAB.

4.2. Pressure Relief and Permeability Enhancement
Mechanism of Floor Roadway at Coal Roadway Strips.
According to the stress unloading experiment of gassy coal
samples under constant confining pressure and atmospheric
pressure, the fitting relation between permeability K and σ1
–σ3 is as follows [4]:

K = A3 · eB3· σ1−σ3ð Þ, ð23Þ

Table 2: Radius of plastic zone in the roadway under different principal stress coefficients.

Roadway name Roadway shape Equivalent radius R0/m
Radius of plastic zone Rp/m

b = 0 b = 0:25 b = 0:5
Floor roadway Right-angular semicircular arch 2.24 4.55 3.52 2.96

Overlying coal roadway Rectangular 2.47 5.01 3.88 3.26

Table 3: Pressure relief effect of the overlying coal seam in the floor roadway at different positions.

h
/m

Effective pressure relief
zone X1/m

Effective permeability enhancement
zone X0/m

Permeability
enhancement ratio

Gas permeability
enhancement ratio

Pressure relief
effect

7 4.3 12.1 0.28–6.06 11.1–239.3

Obvious9 3.5 15.4 0.17–2.26 6.7–89.2

12 1.2 20.5 0.09–0.94 3.6–37.1

15 0.3 20.7 0.06–0.23 2.4–9.1

Unobvious18 0 20.5 0.03–0.14 1.2–5.5

21 0 20.4 0.02–0.04 0.8–1.6
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Figure 10: Displacement of surrounding rock in 213 floor
roadway.

Figure 11: Failure of surrounding rock in 213 floor roadway.
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where A3 and B3 are the parameters related to coal mass,
stress, and gas.

As indicated by Equation (17) and the stress analysis of
the surrounding rock, when x < h, the first and third princi-
pal stresses are σx and σy, respectively; when x > h, the first
and third principal stresses are σy and σx, respectively.
Therefore, the formulas of permeability K and σ1–σ3 can
be organized as follows:

K = A3 · e2B3· p0−σ
p
Rð Þ h2−x2ð ÞR2

p/ h2+x2ð Þ2 x < h

K = A3 · e−2B3· p0−σ
p
Rð Þ h2−x2ð ÞR2

p/ h2+x2ð Þ2 x > h

8<
: : ð24Þ

The difficulty of coal seam gas extraction is generally
expressed by the gas permeability coefficient, which also
characterizes the resistance formed by the coal seam to the
gas flow. According to the relationship between the gas per-
meability coefficient of the coal seam and the permeability of
the pressure-bearing coal sample [27], the relationship
between the gas permeability coefficient of the coal seam
and the stress change can be further acquired, as shown as
follows:

λ = A3
2ρpn

· e2B3· p0−σ
p
Rð Þ h2−x2ð Þ:R2

p/ h2+x2ð Þ2 x < h

λ = A3
2ρpn

· e−2B3· p0−σ
p
Rð Þ h2−x2ð Þ:R2

p/ h2+x2ð Þ2 x > h

8>>><
>>>:

, ð25Þ

where ρ represents the absolute viscosity of gas, 1:08 × 10−8
N·s/cm2; and Pn denotes a standard atmospheric pressure,
0.1013MPa.

5. Pressure Relief and Permeability
Enhancement Practice of Floor Roadway at
Deep Coal Roadway Strips

5.1. Engineering Trial Calculation. The parameters used in
the calculated example were the measured parameters of
213 floor coal rock stratum in Qujiang Coal Mine. The
burial depth of 213 floor roadway was about 980m,
the roadway size was 4:0m × 3:0m, the wall height was
1.0m, and the thickness of overlying B4 coal seam was 3m.
According to the stress of the primary rock and the experi-
ment, the vertical and horizontal stress components were
24.92MPa and 24.35MPa, respectively, and P0 = 24:6MPa;
the Poisson’s ratio, initial friction angle, initial cohesion,
residual internal friction angle, and residual cohesion of rock
were μ = 0:25, φp = 35°, cp = 3MPa, φc = 20°, and cp = 0:8
MPa, respectively, σc = −1:576p + 24:77 and K0 = 2:7191 ·
e−0:09·ðσ1−σ3Þ.

The equivalent elasticity modulus of the rock and the
equivalent excavation radius of the floor roadway were cal-
culated as E = 15:0GPa and R0 = 2:24m, respectively. When
the intermediate principal stress coefficient b was taken as
0.75 and 1, the calculation results showed that no disintegra-
tion zone appeared in the roadway, which did not conform
to the engineering practice. By combining literature [22],
the stress, deformation, plastic zone, and permeability
(Figures 7–9, Tables 1–3) were analyzed under b = 0, 0.25,
and 0.5, respectively.

As shown in Figures 7–9, the circumferential stress of
the surrounding rock in the roadway under different values
of b was initially increased and then reduced, reaching the
maximum value at the elastic–plastic interface. With
the increase in the coefficient b, the circumferential stress
reached the peak value at a closer distance from the roadway
surface. Under different values of b, the radial stress pre-
sented a monotonic increasing trend and reached the stress
of the primary rock at an infinite distance. At the same ver-
tical distance in the elastic zone, the radial stress of the rock
increased with coefficient b, whereas the circumferential
stress showed an opposite trend. The absolute value of stain
was gradually reduced with the distance; thus, the strain was
obviously affected by coefficient b.

As shown in Figure 9 and Table 1, the pressure relief
coefficient had the same change law as the vertical stress.
The vertical stress of the coal seam was gradually reduced
from the center line of the roadway toward the two sides,
and it was also gradually reduced with the increase in the
intermediate principal stress coefficient b and vertical dis-
tance h.

As shown in Table 2, the radius of the plastic zone in the
roadway was gradually reduced with the increase in
the intermediate principal stress coefficient b. b = 0 was
taken to ensure the safety of distance arrangement. When
δ = 1, the minimum reasonable distance arranged in the
floor roadway could be obtained as Δh = 6:21m.

As shown in Table 3, with the increase in the distance
from the floor roadway to the coal seam, the pressure relief
effect was gradually weakened. When the distance reached
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Figure 12: Gas permeability coefficient of overlying coal seam in
213 floor roadway.
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12m, the pressure relief effect was not evident. By combin-
ing Equation (19), the pressure relief and permeability
enhancement effect was significant when the roadway was
arranged within 10.6m from the coal seam.

5.2. Engineering Practice. Similarly, an engineering practice
was performed in the 213 coal roadway of Qujiang Coal
Mine. This floor roadway was arranged at 9.0m away from
the coal seam. The displacement of surrounding rock was
measured using a DW-6multipoint displacement meter.
The failure status of surrounding rock was detected via
YTJ20 rock strata detection recorder. The gas permeability
coefficient of the coal seam was measured using a test drill
hole, and the test results are displayed in Figures 10–12.

The field measurement showed that the “wave crest” and
“trough” of the surrounding rock displacement in the road-
way alternately appeared. An obvious pressure relief effect
was achieved when the surrounding rock displacement was
1.2–2.1 cm and the expansion rate was 1.3‰–2.3‰. The
zonal disintegration phenomenon occurred to the surround-
ing rock in the roadway. Four disintegration zones appeared
inside the roadway from the wall, their maximum scope of
influence was 5.7m, and the investigation result was basi-
cally consistent with the theoretical analysis. The gas perme-
ability coefficient in the coal seam under pressure relief was
obviously enlarged in comparison to the original coal seam,
being increased by 8.1–54.7 times in different zones. The
permeability enhancement effect of short-distance floor
roadway on the overlying coal roadway strip was significant,
which highly coincided with the theoretical analysis.

6. Conclusion

(1) An equivalent mechanical model of the surrounding rock
in deep roadway was established. The analytical solutions of
deep roadway excavation to the pressure relief-induced
stress and deformation at overlying short-distance coal road-
way strips were obtained through the unified strength crite-
rion and nonassociated flow rule. Next, the criterion for
determining the reasonable position of floor roadway was
constructed

(2) A mechanical model of short-distance floor roadway
for the zonal pressure relief and permeability enhancement
in the overlying coal seam was established. The expressions
of stress and permeability changes at the coal roadway strips
in the elastic and elastic–plastic zones of the surrounding
rock in the roadway were given

(3) The engineering calculation example indicated that
the intermediate principal stress coefficient exerted obvious
effects on the stress and strain of the surrounding rock in
the roadway. The vertical stress and vertical displacement
of the overlying coal seam were gradually reduced with the
increase in the intermediate principal stress coefficient and
vertical distance of the floor roadway. The minimum reason-
able distance arranged for the 213 floor roadway in Qujiang
Coal Mine was 6.21m, and the position of effective pressure
relief should be located within 10.6m from the coal
seam floor

(4) The field practice manifested that the deep floor
roadway exerted obvious pressure relief and permeability
enhance effect on the overlying short-distance coal roadway
strips. The investigation results were basically identical with
the theoretical analysis results. Thus, the pressure relief and
permeability enhancement method of short-distance floor
roadway at deep coal roadway strips was feasible
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In recent years, with the increase of depth and intensity of coal mining, geological disasters in deep engineering occur frequently.
It is essential to study the law of subsidence of overburden after mining for analyzing the mechanism and control of geological
disasters in deep engineering. However, the value of the subsurface subsidence factor and other overburden subsidence
parameters could not be obtained easily. In this paper, the strata bulking of the caving zone, the bed separation of the
fractured zone, and the dilatation of bending zone were considered a kind of expansion in the vertical direction uniformly. An
assumption on vertical expansion value distribution of overburden strata above the longwall gob was proposed. Based on the
assumption, a formula of the subsurface subsidence factor was deduced according to such parameters as the bulking factor,
mining depth, mining height, and surface subsidence factor. Moreover, many field data were used to verify the correctness of
the assumption by the data fitting method. The results show that the exponential function could well describe the expansion
distribution characteristic of overburden strata and subsurface subsidence in the vertical direction. The parameter a in the
deduced formula influences the shape of the subsurface subsidence curve; it is called the subsurface subsidence influence factor
(SSIF). The SSIF, maximal vertical expansion value, and the mining depth-to-mining height (MD/MH) ratio influence the
subsurface subsidence factor. The expansion distribution (E-D) factor is defined to describe the subsidence characteristic of
overburden strata above the longwall gob by the surface subsidence factor and bulking factor of the caving zone. The E-D
factor presents the logarithm relation with the MD/MH ratio, and the range of its maximum is 2.84~3.40. The case study
demonstrates that the subsurface subsidence factor calculated by the proposed method has higher precision, and the mean
errors between the calculated value and the measured value are less than 2%.

1. Introduction

The longwall working surface of coalmine distributes widely
in the world. The overburden strata above the longwall
working face are suspended in a large area, which is easy
to cause coalmine disaster accidents such as rock bursts
and a strong mine pressure. As is known to all, after exca-
vated, the overburden strata above the longwall gob could
be divided into such three zones as caving zone, fractured
zone, and bending zone [1, 2]. Although the deformation

and movement features among the “Three Zones” show
the obvious difference, the fact that the surface subsidence
value is less than the mining height indicates the expansion
generality among them. The subsurface subsidence above
the longwall gob has been used in many fields, including fea-
sibility judgment and design for ascending mining [1, 3–6],
mining of protective coal seam, depressurized mining for
rock bursts and coal and gas outburst mine [1, 3–6], and
destruction of coalmine roadway and chamber [7–9], surface
waters protection [10, 11], and tunnel excavation above the
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longwall gob [12, 13]. Hence, the study on the subsurface
subsidence can provide a vital fundamental basis for engi-
neering works above the longwall gob.

Based on the motion features of overburden strata
above the longwall gob, plenty of studies on the subsurface
subsidence have been developed from such angles as sur-
face subsidence and overburden strata structure, respec-
tively. Many scholars have studied the relation between
surface subsidence factor and subsurface subsidence factor
according to the surface subsidence theory. Considering
the hard rock proportion and overburden stratification,
Luo et al. [10, 11] obtained the enhanced subsurface subsi-
dence prediction model on the basis of the influence func-
tion method. The results of physical simulation tests [14]
showed the quadratic relation between the surface subsi-
dence factor and subsurface subsidence factor above the
longwall gob:

qz = q0 a1 z/Hð Þ2 + a2 z/Hð Þ + a3
� �

, ð1Þ

where qz and q0 are the subsurface subsidence factor and
surface subsidence factor, respectively, z and H are the
depth away from the surface and the mining depth, the ratio
of strata depth to mining depth (z/H) is called the depth level,
and a1, a2, and a3 refer to the parameters relevant to mining
and geological conditions.

Based on Fangezhuang Coalmine’s field data, Li [15]
obtained the function relation between surface subsidence
factor and subsurface subsidence factor as follows:

qz = 1 − 1 − z/Hð Þn 1 − q0ð Þ, ð2Þ

where n refers to the parameters relevant to mining and geo-
logical conditions.

The above studies show the relation between surface
subsidence and subsurface subsidence above the longwall
gob to some extent. However, the influences of such geolog-
ical and mining factors as mining depth, mining height, and
strata collapse condition were not shown.

From the angle of overburden strata structure, the thick
and hard strata in the fractured zone not only have major
control significance for surrounding rock on the longwall
working face but also play the control action on subsurface
and surface subsidence [16, 17]. Qian and Miao [18]
obtained voussoir beam’s subsidence curve through a study
on the voussoir beam theory. Xu and Qian [19] obtained
the relation formula between the length of voussoir beam
and the key strata subsidence with different breaking spans
of the main roof by the UDEC software. This relation for-
mula has better accuracy under the condition of a hard roof
and lesser unconsolidated layers. Wu et al. and Zhou et al.
[20, 21] monitored the vertical movements in internal rock
with the borehole extensometer system and studied the den-
sity distribution of mining-induced fracture interspace
above the longwall gob.

Many studies [22–25] show that the expansion decreases
along with the increase of distance away from the gob. In the
classical “Three Zones” theory, the bulking factors of “Three

Zones” are 1.25-1.4, 1.05-1.15, and 1.01-1.02 successively
from bottom to top [22]. Peng [26] and Deng et al. [27] dis-
covered that the bulking factor decreases along with mining
depth in certain disciplines in the vertical direction based on
the method of statistics and physical simulation, respec-
tively. Wang et al. [28] assumed that the vertical expansion
value shows the linear change in the vertical direction to
obtain the relation between the vertical expansion value
and the ratio of bedrock thickness and mining height. Yavuz
[29] proposed a method that the stress recovery distance in
the gob and deems that the “Three Zones” have different
strains, the caving zone’s strain should follow Salamon’s
equation, the fractured zone’s strain is about 0.4%, and the
strain of bending zone does not change. Through this
method, the surface subsidence value can be calculated, but
not the subsurface subsidence.

Various methods have been adopted to investigate the
relationship between subsurface subsidence factor and sur-
face subsidence factor or overburden strata structure or
bulking factor. Each parameter in the above studies is deter-
mined by a variety of factors, and the subsurface subsidence
factor cannot be calculated accurately by any one of these
parameters. And more, the mining and geological condi-
tions’ effects for subsurface subsidence have not been fully
revealed. Thence, such parameters as mining depth, mining
height, bulking factor, and surface subsidence factor should
be considered to describe the subsurface subsidence above
the longwall gob.

A method for determining subsurface subsidence based
on overburden strata expansion above the longwall gob
was proposed in this paper. In this method, the vertical
expansion value in the overburden strata above the longwall
gob is assumed to obey an exponential distribution in the
vertical direction, and the relation between it and surface
subsidence factor, mining depth, and mining height was
deduced. On the base of the collection of a large number
of field data, the correctness of this method was verified
through parameter fitting and comparison with field data,
and parameters of the distribution function of the subsurface
subsidence factor were determined. Then the distribution
discipline of the subsurface subsidence factor above the
longwall gob was obtained. Finally, parameters of the distri-
bution function of the subsurface subsidence factor were dis-
cussed and a case was analyzed.

2. Methods

2.1. Assumption. As shown in Figure 1, the bulking of the
caving zone, the strata structure action of the fractured
zone, and the bed separation and dilatation of the bending
zone are uniformly considered a kind of expansion in the
vertical direction. Moreover, the basic assumption is as
follows.

(1) The vertical expansion value of strata could be
described by the continuous function

(2) The study is based on the critical and supercritical
longwall gob
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(3) The coal seam is a nearly flat seam and gently
inclined seam and the dip of a coal seam is assumed
as α° (less than 25°)

(4) The vertical displacement of the floor in the gob is
neglected

2.2. Model Establishment. Establish the rectangular plane
coordinate system as shown in Figure 1. The vertical axis
and horizontal axis refer to the depth from the ground and
vertical expansion value of overburden strata, respectively.
In Figure 1, f ðzÞ is the distribution function of vertical
expansion value, and H and h are mining depth and mining
height, respectively.

Based on relevant studies and numerous field experi-
ences [22–24, 26–28], the vertical expansion value for over-
burden strata above the longwall gob is fiercer on change
than the description by linearity and quadratic function.
Thence, when a single coal seam is extracted, it is assumed
that the change of vertical expansion value follows the expo-
nential function:

f zð Þ = λa z−Hð Þ/h, ð3Þ

where f ðzÞ is the distribution function of the vertical expan-
sion value, z is depth, the parameters of λ and a are undeter-
mined parameters, H is mining depth, and h is mining
height.

The strata of caving zone are provided with maximal
vertical expansion value, and according to the formula of
maximum compression strain of bulked rock material [29],
the maximal vertical expansion value could be expressed
by the bulking factor of a caving zone:

ε0 = Δl/l = b0 − 1ð Þ/1, ð4Þ

where ε0 is the maximal vertical expansion value and b0 is
the bulking factor of a caving zone.

The equation of the vertical expansion value in the verti-
cal direction is

ε zð Þ = ε0 f zð Þ = ε0λa
z−Hð Þ/h: ð5Þ

The sum of surface subsidence value and accumulative
vertical expansion value of overburden strata is equal to

mining height. Therefore, the subsurface subsidence value
Wz could be calculated by the following formula:

Wz = h −
ðz
H
ε0 f zð Þdz = h −

λhε0
ln a

a z−Hð Þ/h − 1
� �

: ð6Þ

Based on the relation between subsidence value and sub-
sidence factor [30], the subsurface subsidence factor qz is

qz = 1 − λε0
ln a

a z−Hð Þ/h − 1
� �

: ð7Þ

When z=0, the surface subsidence factor q0 is

q0 = 1 − λε0
ln a

a− H/hð Þ − 1
� �

: ð8Þ

Through formulas (7) and (8), the relation between sur-
face subsidence factor and subsurface subsidence factor
could be obtained as follows:

qz = 1 − 1 − q0ð Þ a z/H−1ð Þ H/hð Þ − 1
� �

/ a− H/hð Þ − 1
� �

: ð9Þ

3. Parameter Determination and
Correctness Verification

3.1. Parameter Determination. Firstly, collect the data
involved in the formula, including the surface subsidence
factor, bulking factor of a caving zone, mining depth, and
mining height. The working face in which the length of the
panel is greater than 1.4 times of mining depth was selected
and was considered a critical or supercritical working face
[29]. Secondly, the transposition and arrangement were con-
ducted for formula (8), and then the logarithm on both sides
was taken to obtain the following form:

H/h = A ln 1 + BTð Þ, ð10Þ

where ð1 − q0Þ/Ԑ 0 = T is defined as the expansion distribu-
tion factor (E-D factor), A = −1/ln a, and B = ln a/λ.

Finally, based on the collected data and formula (10),
implement the regression fitting to obtain the value of λ
and a and then determine the variation tendency of vertical
expansion as well as the subsurface subsidence factor (qz).
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Figure 1: Distribution of “Three Zones” [26] and expansion distribution above the longwall gob.
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3.2. Data and Processing.Many field data for coalmines’ sur-
face subsidence and basic parameters were collected in the
reference [30]. Moreover, twenty-six coalmines with the crit-
ical and supercritical longwall gob were selected, whose
detailed data are shown in Table 1. In the table, the maximal
vertical expansion value Ԑ 0 is calculated by formula (4), the
E-D factor and MD/MH ratio are calculated by the form of
(1 − q0Þ/Ԑ 0 and H/h.

3.3. Correctness Verification. The data in Table 1 is used to
verify the correctness of the assumption on vertical expan-
sion distribution. According to formula (10) and the MD/
MH ratio and the E-D factor in Table 1, the values of A
and B were obtained by data fitting. The fitting result is as
shown in Figure 2. In the figure, the x-coordinate is the E-
D factor, and the y-coordinate is MD/MH ratio.

The calculated results are as follows: under the 95%
confidence interval, a = 1:0054 (1.0046, 1.0066) and λ = −
0:01681 (-0.02270, -0.01299). Therefore, the assumption that
the vertical expansion value follows an exponential function
along with depth change is available.

In order to evaluate the accuracy and adaptability of the
method, surface subsidence factors of coalmines in Table 1
were calculated by the proposed method and Yavuz’s

method [29]. Moreover, the calculated value and field data
were compared in Figure 3, in which the horizontal axis
and vertical axis are the coalmines number and surface sub-
sidence factor, respectively.

After eliminating a coarse error, the maximum relative
error between the calculated two methods and measured
values of surface subsidence factors are 20.1% and 18.8%.
The average errors of the proposed method and Yavuz’s
4method are 2.3% and 6.6%, and the standard deviation of
the two methods are 9.9% and 9.1%. The complexity of geo-
logical and mining conditions leads to an approximate 20%
maximum relative error with both methods. However, both
methods have smaller average error and standard deviation.
Thus, the correctness and accuracy of the proposed method
are further verified by the comparison of surface subsidence.

4. Discussion

4.1. Influences on Subsurface Subsidence

4.1.1. Subsurface Subsidence Influence Factor. Considering
that the parameter a influences the shape of the subsurface
subsidence factor curve, it is called the subsurface subsidence
influence factor (SSIF). Figure 4 shows the distribution

Table 1: Relevant parameters list of coalmines.

Mine ε0 q0 h (m) H (m) 1 − q0ð Þ/ε0 H/h
Qinghemen Mine 0.2 0.66 1.8 224 1.70 124.44

Taiji No.1 Mine 0.35 0.65 1.6 120 1.00 75.00

Baoan No.1 Mine 0.38 0.83 2.1 122 0.45 58.10

Fengfeng 0252 0.42 0.84 2.4 133 0.38 55.42

Zaozhuang 2042 0.58 0.76 1.45 61 0.41 42.07

Panxi Mine 0.58 0.68 2.2 91 0.55 41.36

Macun Mine 0.38 0.83 2.2 128 0.45 58.18

Pingdingshan No.10 Mine 0.39 0.80 2.0 115 0.51 57.50

Pingdingshan No.6 Mine 0.22 0.83 3.0 281 0.77 93.67

Dongzhuang Mine (107) 0.30 0.83 2.0 156 0.57 78.00

Quantai Mine 0.34 0.78 2.1 146.5 0.65 69.76

Hongshandian Mine 0.41 0.63 2.0 114.6 0.90 57.30

Gengcun Mine 0.53 0.60 3.0 146 0.75 48.67

Gengcun Mine 0.22 0.66 2.4 280 1.55 116.67

Wangjiayuan Longjiachong 0.21 0.62 1.5 195 1.81 130.00

Gaokeng Mine 0.19 0.63 1.05 170 1.95 161.90

Dongliang No.2 Mine 0.51 0.91 1.67 67 0.18 40.12

Wuyang Mine 0.39 0.72 3.0 213 0.72 71.00

Nantun Mine 0.17 0.78 2.9 284 1.29 97.93

Qinghemen No. 2 Mine 0.15 0.67 1.6 318.5 2.20 199.06

Fengfeng 0227 0.20 0.72 4.9 459 1.40 93.67

Dongzhuang Mine (113) 0.28 0.85 2.1 159.5 0.54 75.95

Baodian Mine 0.23 0.83 5.8 427 0.74 73.62

Xie’er Mine 0.41 0.77 6.6 288 0.56 43.64

Shizui Mine 0.31 0.86 4.7 268 0.45 57.02

Beisu Mine 0.08 0.80 0.92 305 2.50 331.52
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curves of the subsurface subsidence factor with different
SSIF. The curves in Figure 4 were drawn based on formula
(9). And the parameters with a mean 2.5m mining height,
0.31 maximal expansion value, and maximal 460m mining
depth were selected from Table 1. The scattered points show
the relationship between subsurface subsidence factor and
depth level (z/H) after the normalization processing is con-
ducted for surface subsidence factor and mining depth of
mines in Table 1. In Figure 4, the vertical axis is the different
depth levels (z/H), the horizontal axis is the subsidence fac-
tor, and the legend shows the fitted curves of the subsurface
subsidence factor with different SSIF.

It could be known from the distribution scope of scat-
tered points in Figure 4 that the value of SSIF should be

greater than 1.0054. Since underground mining has a greater
MD/MH ratio, and the MD/MH ratio in Table 1 exceeds 40,
therefore, the SSIF of 1.0054 only embodies the change dis-
cipline of the subsurface subsidence factor on the section
where theMD/MH ratio exceeds 40. On the section less than
40 times mining height, the change of the subsurface subsi-
dence factor is greater and embodies a curve with greater
curvature. Therefore, the SSIF should be greater, and the
actual subsurface subsidence curve should have greater cur-
vature on the section less than 40 times mining height.

As shown in Figure 4, the SSIF influences the distribu-
tion of the subsurface subsidence factor. The bending degree
of the distribution curve for the subsidence factor increases
along with the increase of the SSIF. The subsurface subsi-
dence factor increases with the SSIF increase; however, the
amplification decreases. When the SSIF is equal to 1.0054,
the subsurface subsidence factor is small, and the decreasing
velocity for the subsidence factor from the roof to the surface
is great and uniform, which means that there is an expansion
approaching the linearity [28]. When the SSIF increases,
the surface and subsurface subsidence factors increase,
the change rate of subsidence factor is small, and the expan-
sion focuses on the roof area close to the coal seam (caving
zone and fractured zone).

4.1.2. Maximal Vertical Expansion Value. When the values
of SSIF are 1.015 and 1.05, respectively, Figure 5 shows the
relation between maximal vertical expansion value and sub-
surface subsidence factor under different depth levels. In
Figure 5, a mining depth of 400m and a mining height of
2m were adopted, and the horizontal axis and vertical axis
are the maximal vertical expansion value and subsidence fac-
tor, respectively.

Along with the increase of maximal expansion value, the
subsurface subsidence factor for each depth level linearly
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decreases. The decreased velocity of the subsurface subsi-
dence factor with different depths is different, and it is much
less on the depth level close to the coal seam. This shows that
the influence degree of the maximal vertical expansion value
for subsurface subsidence factor is far greater on the depth
level approaching the gob than the surface. When the max-
imal expansion is identical, along with the depth increase,
the difference value of the subsurface subsidence factor with
equal depth intervals enlarges. This shows that the subsi-
dence factor variation focuses on the deep section close to
the gob. Meanwhile, the greater vertical expansion value
means the fiercer subsidence factor variation for strata close
to the gob. In addition, when the SSIF is different, the influ-
ence of expansion variation on the subsurface subsidence
factor is weaker with the increase of the SSIF.

4.1.3. Mining Depth-to-Mining Height (MD/MH) Ratio.
When the surface subsidence factor is definitive, different
MD/MH ratios influence the subsurface subsidence factor
with different depth levels. Figure 6 shows the relation
between the subsurface subsidence factor with different
depth levels andMD/MH ratio. The parameters that the sur-
face subsidence factor is 0.8 and theMD/MH ratio is 50, 100,
150, 200, and 250, respectively, are adopted in Figure 6.

As shown in Figure 6, the subsurface subsidence factor
decreases with the increase of MD/MH ratio. The greater
MD/MH ratio means the greater expandable scope of strata,
which causes the decrease of subsidence factor. However, the
decrease of subsidence factor with the depth increase is non-
linear, the decreasing tendency of which is fast firstly and
slow lately. The subsurface subsidence factor approaches
certain values finally. When the SSIF is greater, the decreas-
ing tendency of the subsurface subsidence factor along with
the increase of MD/MH ratio is more obvious.

With the increase of theMD/MH ratio, the differences of
the subsurface subsidence factor among different depth

levels decrease. This shows that, under the condition of a
great MD/MH ratio, the accumulative vertical expansion
value above the fractured zone is very small, the further
strata expansion more focuses on strata near gob. In com-
parison, the vertical expansion has a more uniform distribu-
tion under the condition of a small MD/MH ratio. For an
identical MD/MH ratio and equal depth interval, the differ-
ence value of the subsurface subsidence factor near gob is far
greater than that far away from gob. These show that the
change of the subsurface subsidence factor is concentrated
in the vicinity of the gob and is slow when close to the
ground. The greater the SSIF, the more obvious the decreas-
ing tendency for different values of the subsurface subsi-
dence factor on the equal depth interval.

4.2. Expansion Distribution (E-D) Factor. The parameter q0
is the surface subsidence; similarly, the form of (1 − q0) could
be called the overburden expansion factor. Researchers agree
that the maximal vertical expansion is the decisive factor of
surface subsidence. And the E-D factor just reflects the rela-
tionship between the overburden expansion factor and maxi-
mal vertical expansion value. Formula (10) indicates the
relation between the E-D factor and the MD/MH ratio. The
E-D factor embodies the comprehensive characteristic of over-
burden strata induced by mining operations, while the MD/
MH ratio reflects the mining factor. Both are dimensionless
values, having generality.

Formula (10) is a logarithmic function, and its asymp-
tote function is as follows:

Tmaxε = 1 − q0: ð11Þ

Based on the field data in Table 1, the scope of the max-
imum of the E-D factor (Tmax) is (2.84, 3.40). The E-D factor
has an ultimate value, which does not increase infinitively
with the increase of the MD/MH ratio.

Two aspects of reason cause the ultimate value existence
for E-D factor. On the one hand, a great MD/MH ratio cor-
responds to the less maximal vertical expansion value [28].
The greater MD/MH ratio means less mining height or
greater mining depth. Under these two conditions, the max-
imal vertical expansion is less. This is because the greater
vertical stress caused by greater mining depth decreases the
maximal vertical expansion value, while the less mining
height has less dropping space to decrease the maximal ver-
tical expansion value [24, 29, 31]. On the other hand, the
surface subsidence factor decreases, and the surface expan-
sion factor increases with the growth of the MD/MH ratio
[25]. Considering the limitation of coal seam thickness,
when the mining depth reaches a certain degree, the surface
expansion coefficient tends to one, while the maximal verti-
cal expansion value tends to a constant value [28, 32].
Thence, the ultimate value exists for the E-D factor.

As shown in Figure 7, the relation between surface sub-
sidence and maximal vertical expansion value could be
obtained from formula (11). In the figure, the vertical axis
is the surface subsidence factor and the horizontal axis is
the maximal vertical expansion value.
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As shown in Figure 7, the surface subsidence factor line-
arly decreases along with the increase of maximal vertical
expansion value. The decrease velocity of the surface subsi-
dence factor with a less E-D factor is slower than that when
the E-D factor is greater. In addition, along with the decrease
of the E-D factor, the decreasing tendency of the surface sub-
sidence factor is faster. This means that, for a condition of a
great MD/MH ratio, the change of maximal vertical expan-
sion coefficient has a greater influence on surface subsidence.

This is because a great E-D factor corresponds to a greater
MD/MH ratio and less surface subsidence factor [32], and
the great MD/MH ratio represents the large scope of expan-
sive strata. Thence, when maximal expansion value changes
the identical percentage, the change of the surface subsi-
dence factor with a large MD/MH ratio is greater.

5. Case Analyses

The subsurface subsidence was measured in the No. 94302
working face mined in Sihe No. 2 Coalmine, located in
Shanxi Province, China [6]. The mining depth is 280-
420m. The mean value of the 9# coal seam in Sihe No. 2
Coalmine is 1.5m of thickness, with 3° for dip angle of the
coal seam.

As shown in Figure 8, the distance between 9# coal seam
and 3# coal seam is 51m. The multiple-position borehole
extensometer was used for monitoring the subsidence of a
roadway in 3# coal seam. And the monitoring borehole is
located in the supercritical subsidence zone above the No.
94302 gob. Ten measuring points were arranged within the
2.3m~47.5m scope in the monitoring borehole.

The field data of the subsurface subsidence were ana-
lyzed with the two methods. The data were measured by
borehole multipoint displacement meters. As shown in
Figure 9, Li’s method [15] and the proposed method were
fitted to obtain the fitting curve and surface subsidence fac-
tor. The horizontal axis and vertical axis in the figure are
depth level (z/H) and the subsidence factor.

As shown in Figure 9, the fitted value of SSIF and surface
subsidence factor are, respectively, 1:06735 ± 0:02302 and
0:72247 ± 0:04039 through the proposed method. While
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the corresponding fitted values for Li’s method are 0:59808
± 0:13429 and 0:158 ± 0:267.

The mean and maximal values for relative error in this
method are 0.13% and 5.7%, respectively, while the corre-
sponding errors are 0.38% and 6.6% through Li’s method.
The smaller mean and maximum error show the higher pre-

cision of this method. The mean value and maximal value
for relative error in this method are much lesser, showing
that this method has higher precision.

It may be observed from the case that the mean error is
less than 2%. However, the fitted value of the SSIF is farther
greater than 1.0054 that was obtained via statistics. The chief
reason is that underground coalmines have a great thickness
of overburden strata and the MD/MH ratio exceeds 40.
Thence, in practical application, the statistic for subsidence
data of strata near the longwall gob is required to implement
the fitting, or the parameters in the above-mentioned cases
could be adopted to implement the rough estimate. In the
next step, further study would be also required for the con-
dition of multi-coal seam mining.

6. Conclusions

Such factors including the surface subsidence factor, maxi-
mal vertical expansion value, mining depth, and mining
height were utilized to establish the distribution model of
the subsurface subsidence factor above the longwall gob.
Through data fitting, the correctness of the model is verified,
and the conclusions as follows were obtained after analysis
and discussion.

The assumption that the vertical expansion value for
overburden strata above the longwall gob presents the
exponential distribution along with a decrease from the
gob to the ground is verified. The subsurface subsidence
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factor could be calculated by the formula qz = 1 − ð1 − q0Þ
ðaðz/H−1ÞðH/hÞ − 1Þ/ða−ðH/hÞ − 1Þ. In this formula, the SSIF
could be obtained through parameter fitting and determine
the distribution of the subsurface subsidence factor in the
overburden strata. Different geological and mining condi-
tions have different SSIF.

The SSIF, maximal vertical expansion value, and MD/
MH ratio influence the subsurface subsidence factor. The
greater SSIF means the less surface subsidence factor, and
the distribution curve of the subsurface subsidence factor is
more curve. The less the linearity for subsurface subsidence
factor on each depth level decreases linearly with the
increase of vertical expansion value. The influence degree
of maximal vertical expansion value in strata approaching
gob is farther greater than that in strata near the surface.
The subsurface subsidence factor decreases with the increase
of the MD/MH ratio. This is because the greater the MD/
MH ratio means the greater expandable scope for strata
and maximal vertical expansion value. When the SSIF, MD
/MH ratio, and maximal vertical expansion value are greater,
the strata expansion and subsidence furthermore focus on
rock strata near the gob.

The expansion deformation (E-D) factor is defined as
ð1 − q0Þ/Ԑ 0 and is a dimensionless parameter, which
embodies the relationship between subsurface expansion
coefficient and maximal vertical expansion value and
describes the comprehensive characteristic of overburden
strata induced by mining operations. Based on the method
proposed above, through the MD/MH ratio, the relation
between surface subsidence and maximal vertical expan-
sion value (bulking factor of a caving zones) is established
under the condition of longwall mining. The MD/MH
ratio and E-D factor follow the logarithmic relation. The
E-D factor exists in the maximum, the range of which is
(2.84, 3.40). Considering the limitation of coal seam thick-
ness, when the mining depth reaches a certain degree, the
surface expansion coefficient tends to one, while the max-
imal expansion value tends to a constant value. A study
on the E-D factor shows that the surface subsidence factor
with the greater MD/MH ratio is more sensitive to change
of the maximal vertical expansion value.

The analysis for this case shows that the subsurface subsi-
dence factor calculated by this method is provided with higher
precision, and the mean error between the calculated value
and measured value is less than 2%. Thence, in the practical
application, it is necessary to correct the value of SSIF by
adopting the data less than 40-time mining height or estimate
roughly using the parameters in the above-mentioned cases.
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Rib spalling of loose thick coal wall seriously restricts the high yield, high efficiency of coal mine, affecting the safety production of
coal mine. Based on the engineering background of water injection to control rib spalling of loose thick coal seam in the Luling
Coal Mine of the Huaibei Mining Group, the mineral composition and microscopic morphology of III811 loose thick coal seam in
Luling Coal Mine were analyzed by X-ray diffraction and scanning electron microscope. Through uniaxial compressive strength
tests of coal samples with different moisture content, the relationship between uniaxial compressive strength, peak strain and
moisture content, and their failure characteristics was studied. The results showed that the natural moisture content of III811
coal seam in Luling coal mine is low, and it contains a large amount of kaolinite (75.2%) belonging to clay mineral which is
easy to absorb water and then expand, fully bond loose coal body and fill cracks to improve the integrity of coal body. These
two factors provide feasibility for injecting water in workface to prevent rib spalling. The compressive strength of coal samples
decreased slowly with the raise of moisture content, while the peak strain increased first and then decreased. The peak strain
was the largest when the water content was 6.0%. The failure degree of coal samples intensifies with the increase of water
content, and the failure form changes from tensile failure at low water content to shear failure at high water content.
Considering the relationship between compressive strength, peak strain, and moisture content of coal samples, the optimal
moisture content of III811 workface in loose thick coal seam is determined to be 4.5%~6%.

1. Introduction

In recent ten years, in all coal mine accidents in China, the
casualties due to roof accidents caused by rib spalling and
roof caving account for 43% of all underground accidents.
The rib spalling and roof caving pose a great threat to the
production of workface and seriously affect advance speed
and output of workface [1–4]. In the process of loose thick
coal seam mining, because of the loose coal body and a
higher workface mining height, the coal body fissure in front
of the workface develops, and the rib spalling and roof cav-
ing are more serious [5, 6].

The stability of the coal wall can be enhanced by opti-
mizing the advance speed of the workface, controlling the
reasonable height of the workface and ensuring the reason-

able support strength of the support, or changing the physi-
cal and mechanical parameters of the coal body by physical
and chemical methods [7–10]. Due to the characteristics of
loose coal seam, its compressive strength is low, and its bear-
ing capacity is weak. It is particularly important to take
physical and chemical methods to improve the mechanical
properties and structure of coal body for the prevention of
rib spalling [11, 12]. A large number of engineering practices
showed that reasonable water injection in coal wall for soft
coal seam with large mud content can effectively improve
the cohesiveness, reduce the rib spalling and roof caving
accidents. Cheng et al. [13] studied the stability of the sur-
rounding rock of the workface after water injection. It shows
that after water injection, the peak value of abetment pres-
sure in front of the coal wall shifts to the deep, the pressure
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relief zone and plastic zone increase, the compression defor-
mation of the coal body increases, and the water injection is
beneficial to improve the stress state and enhance the stabil-
ity of the coal wall. Wang et al. [14] analyzed the limit con-
dition of coal wall failure and adopted FLAC3D simulation to
analyze the effect law of different water injection pressure on
vertical stress distribution and compression of coal wall and
coal body in front of workface. The results showed that
water injection can increase the compression of coal wall
and reduce the elastic energy of coal body. Yang et al. [15]
used intermittent water injection technology to increase
the moisture content of the coal seam from 4% to 5% ~6%
and reduce the range of rib spalling from 50%~70% to
10%~30%. The problem of rib spalling is effectively solved
by water injection. Yao et al. [16] conducted variable-angle
shear test (compression-shear test) and research on the
mechanism of crack propagation and strength weakening
on coal samples with different moisture content in the 4-2
coal seam of the Meihuajing Coal Mine of Shenhua Ningxia
Coal Industry. It showed that the main cracks of the dry coal
samples exist along the shear plane, while the fracture sur-
face of the saturated coal samples deviated from the shear
plane and formed many irregular shear cracks. The shear
strength, cohesion, and internal friction angle of the coal
samples decreased linearly or exponentially with moisture
content. Zhang et al. [17] conducted direct shear test on coal
samples with different moisture content in Yiluo coal seam
and used the X ray diffraction (XRD) to analyze the influ-
ence of different moisture content and clay minerals (kaolin-
ite, montmorillonite, illite) to the bond strength of coal, and
it showed that when the moisture content increased from
6.6% to 17.6%, bond strength increased and then decreased
with increasing moisture content, determined that of 17.6%
is the best moisture content to improve the stability of Yiluo
coal seam. Zhou et al. [18] used extremely soft coal to make
coal samples and conducted direct shear experiments under
different moisture content and normal stress. The results
showed that the cohesive of the coal samples increases first
with the raise of the moisture content and reaches the opti-
mum moisture content (about 17.64%), and the cohesive
decreases with the raise of the moisture content; the mois-
ture content has no obvious effect on the internal friction
angle of the coal samples. Zhen et al. [19] used ultra-high
speed digital image to analyze the influence of moisture con-
tent on the deformation trend and failure characteristics of
extremely soft coal samples. It is shown that the dynamic
stress-strain curve of coal samples consist of four stages.
With the raise of moisture content, the brittleness of coal
samples decreased and the plasticity increased. Wang et al.
[20] carried out the uniaxial compression tests on coal sam-
ples with different moisture content. The results showed that
with the raise of moisture content, the range of the stress-
strain curve of coal samples increased in the compaction
stage, decreased in the elastic stage, and became more signif-
icant in the yield stage. There was a negative linear relation-
ship between compressive strength and moisture content, a
positive linear relationship between peak strain and moisture
content, and a negative exponential relationship between elas-
tic modulus and moisture content.

The above researches are not accurate enough to influ-
ence factors of coal seam water injection, such as the feasibil-
ity of coal seam water injection and the optimal moisture
content. In this paper, the water injection on the coal wall
of loose thick coal seam to prevent rib spalling in the Luling
Coal Mine of the Huaibei Mining Group was used as the
engineering background, and the mineral composition and
microscopic morphology of III811 loose thick coal seam in
the Luling Coal Mine were analyzed by X-ray diffraction
and scanning electron microscope. Through uniaxial com-
pressive strength and shear strength tests, the relationship
between uniaxial compressive strength, peak strain and
moisture content of coal samples with different moisture
contents, and their failure characteristics was studied. The
research results are conducive to reveal the feasibility of
water injection to prevent rib spalling and the optimum
moisture content of coal seam in III811 workface of the Lul-
ing Coal Mine.

2. Feasibility of Water Injection on Loose Thick
Coal Wall to Prevent Rib Spalling

2.1. Project Background. III811 workface in the Luling Coal
Mine of the Huaibei Mining Group is located in one mining
area in the east of the third level of the mine, mainly mining
8# and 9# coal seams. The thickness of 8# coal seam is
3.33~14.75m with an average of 8.25m, which belongs to
stable coal seam. The thickness of 9# coal seam is
0~ 4.25m, with an average of 1.21m, which belongs to
extremely unstable coal seam. III811 workface is mostly
combined area of 8# and 9# coal seam, and inclination is
15° ~28° with an average of 20°, for gently inclined thick coal
seam. The hardness coefficient of coal seam is 0.16~0.53, the
whole coal seam is loose and extremely soft, and the joints are
developed. The direct roof of III811 workface is mudstone
with an average compressive strength of 14.92MPa and tensile
strength of 0.68MPa. The direct floor is sandy mudstone with
an average compressive strength of 15.07MPa and with an
average tensile strength of 1.04MPa. The coal seam of III811
workface is a typical loose, extremely soft, thick coal seam,
and the strength of the roof and floor strata is low.

In addition, in order to improve the recovery rate of coal
resources, the III811 loose thick coal seam workface using a
full high fully mechanized caving mining technology caused
that the rib spalling of coal wall is serious in mining process,
seriously affecting the safety of coal mine production and
mining progress. Therefore, it is necessary to carry out the
research of feasibility of water injection on the coal wall of
loose thick coal seam to prevent rib spalling and its optimal
moisture content, in order to achieve III811 loose thick coal
seam workface of Luling Coal Mine safety, efficient mining.

2.2. Mineral Composition of Coal Seam

2.2.1. Test Coal Sample. Figure 1 shows the coal sample and
test instrument for the mineral composition of coal seam.
The test coal sample was taken from III811 workface of the
Luling Coal Mine of the Huaibei Mining Group. The coal
at III811 workface was ground into powder, and the coal

2 Geofluids



sample (above 50mg) was identified and analyzed by X-ray
diffractometer. The principle is to compare the lattice plane
spacing and diffraction intensity measured on the material
with the diffraction data of the standard phase; so, the min-
eral composition of the coal seam at III811 workface can be
determined.

2.2.2. Test Results. Figure 2 shows the X-ray diffraction pat-
tern of mineral components in the test coal sample. It can be
seen that the mineral composition of the coal seam at III811
workface of the Luling Coal Mine is mainly dolomite and
clay mineral kaolinite. Kaolinite has a content of up to
75.2% in the test coal sample. It is characterized by soft qual-
ity, strong water absorption, and easy expansion in water
absorption. It is easy to disperse and suspend in water and
has good plasticity and high adhesion. The existence of large
amounts of clay mineral kaolinite in the coal seam of the
III811 workface provides the feasibility for preventing the
rib spalling of coal wall by water injection in the Luling Coal
Mine.

2.3. Microscopic Morphology of Coal Samples

2.3.1. Test Equipment. Figure 3 shows the microscopic mor-
phology coal samples for testing and test equipment (scan-
ning electron microscope). The test coal sample was taken
from III811 workface of the Luling Coal Mine of the Huaibei
Mining Group. The lump size of the test coal sample is
1 cm3. FlexSEM 1,000 scanning electron microscope was
used to observe the pore and crack structures and their dis-
tribution characteristics of the coal samples for testing. The
principle is to scan the surface of the coal sample through
the electron beam emitted and focused by the electron gun
and stimulate the coal sample to produce various types of
physical signals. After signal detection, video amplification,
and signal processing, the scanning image that can reflect
the surface characteristics of the coal sample can be read
out on the fluorescent screen.

2.3.2. Test Results. Figure 4 shows the microcracks of the coal
sample for testing at different magnification ratios. When
the coal sample was magnified to 500 times, it can be seen
that the coal sample is seriously damaged and attached with
many crushed particles, as shown in Figure 4(a). When the
coal sample was magnified to 5,000 times, a fine crack could
be seen in the coal sample and the crack fracture was
smooth, indicating that the coal sample was a brittle frac-
ture, as shown in Figure 4(b).

Figure 5 shows the adhesion of coal sample particles
under different magnifications. When the coal sample is
magnified to 500 times, it can be seen that the integrity of
the coal sample is poor, and a large number of tiny particles
are attached, indicating that the coal sample is loose, as
shown in Figure 5(a). When the coal sample is magnified
to 5,000 times, it can be seen that the particle surface of
the coal sample is smooth, indicating that the coal sample
is prone to brittle fracture and has a low moisture content,
as shown in Figure 5(b).

3. Optimum Moisture Content of Water
Injection on Loose Thick Coal Wall to
Prevent Rib Spalling

After injecting water into coal seam, the water molecules
bound to the surface of coal will pull the particles closer
and pick up it tighter in the loose coal seam through its con-
nection effect which has a more obvious influence on the
mechanical properties of the coal in the loose coal seam.
However, if inject too much water, too high moisture con-
tent in this test which leads to the connecting force weak-
ened, and friction reduced between loose coal particles
because water plays a role of lubrication. The most hydro-
philic rocks are clay minerals, and the rocks with more clay
minerals are also most affected by water. Therefore, it is nec-
essary to accurately control the moisture content and
improve its ability of preventing rib spalling.

3.1. Preparation of Coal Samples with Different Moisture
Contents. The coal samples were selected from III811 work-
face of the Luling Coal Mine. After being crushed by the

(a) Coal sample (b) X-ray diffractometer

Figure 1: Coal seam mineral component testing.

Figure 2: X-ray diffraction pattern of mineral components in coal
sample.
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mill, pulverized coal particles of more than 0.25mm and less
than 1mm were screened by classification and placed in a
105°C constant temperature drying box for drying. Mixed
the water with the pulverized coal particles dried in a certain
proportion and stir evenly and weighed mixture of a certain
quality by using an electronic balance and put into the bri-
quette pressing mold. Through a universal experimental

machine (pressure 50 kN and maintain constant pressure
10min), the mixture is pressed into Φ50 × 100mm, used
for compressive strength test.

Figure 6 shows the variation curve of the moisture con-
tent of the coal sample with drying time. It can be seen that
drying under the condition of constant temperature at
105°C, the moisture content of the coal sample decreased

Figure 3: Test coal sample and scanning electron microscope.

FlexSEM1000 15.0 kV 6.5 mm ×500 SE 09/02/2020 02:05 100 𝜇m

(a) 500 times

FlexSEM1000 15.0 kV 6.4 mm ×5.00 k SE 09/02/2020 02:10 10.0 𝜇m

(b) 5,000 times

Figure 4: Microcracks in coal sample at different magnification ratios.

FlexSEM1000 15.0 kV 6.4 mm ×500 SE 09/02/2020 02:13 100 𝜇m

(a) 500 times

FlexSEM1000 15.0 kV 6.4 mm ×5.00 k SE 09/02/2020 02:16 10.0 𝜇m

(b) 5,000 times

Figure 5: Particle attachment of coal sample under different magnification.
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exponentially with the increase of drying time, especially in
the early stage, and the moisture content decreased rapidly.
In addition, it can be seen that the variation curve of the
moisture content of the coal sample with drying time has a
high fitting degree (R2 = 0:99621). Therefore, coal samples
with different moisture contents can provide reliable data
support for compressive strength test and shear strength test.
As can be seen from Figure 6, when drying for 345 minutes,
the coal sample had the same weight twice as before and
after; so, its moisture content can be considered to be 0.
When the moisture content is 15%, the coal sample is con-
sidered to be in the state of saturation. According to the var-
iation curve of moisture content with drying time (Figure 6),
briquette with different moisture contents (1.5%, 3.0%, 4.5%,
6.0%, and 7.5%) can be obtained by drying the prepared bri-

quette for different drying time, which can be used for com-
pressive strength test.

3.2. Stress-Strain Curves of Coal Samples with Different
Moisture Contents under Uniaxial Compression. Figure 7
shows the complete stress-strain process curves of coal sam-
ples with different moisture contents. It can be seen that in
the process of uniaxial compression, coal samples with dif-
ferent moisture contents all go through four stages, includ-
ing pore fracture compaction stage, elastic stage, yield
stage, and postfracture stage. At the initial loading stage of
coal samples with different moisture contents, there is a
compaction stage, pulverized coal particles and tiny pores
in the coal samples gradually close with the increase of load,
and the stress of coal samples increases slowly with the
increase of strain. After the compaction stage, the original
microcracks of the coal samples had basically closed and
began to enter the elastic stage. At this stage, the new cracks
in the coal sample had not yet appeared, the overall structure
was relatively stable, and the relationship between stress and
strain shows a “linear growth.” With the raise of axial stress,
small cracks began to appear inside the coal samples. The
development of cracks destroyed the stable state of the coal
samples, and the coal samples entered the yield stage, in
which the relationship between stress and strain presents a
“nonlinear growth,” and the increased rate of stress slows
down. When the coal samples reach the peak strength, the
internal structural failure occurred. After the coal samples
passed the yield stage, the internal cracks developed rapidly,
and many cracks appeared on its surface. After continuous
loading, the coal samples did not fail and become unstable
immediately, indicating that the loose coal still has a certain
residual bearing strength after the peak strength. The water-
bearing coal samples did not show obvious brittle failure
after the peak strength but show certain ductility and plastic
deformation in the complete stress-strain curve, that is the
post-fracture stage.

By comparing the complete stress-strain curves of coal
samples with different moisture contents, it is found that
with the raise of moisture content, the compaction stage of
coal samples gradually becomes longer and the elastic stage
becomes longer, and the slope of stress-strain curve in the
elastic stage also decreases; that is, the elastic modulus of
coal samples decreases with the increase of moisture content.
With the increase of moisture content, the yield stage of coal
samples is gradually obvious, the peak strength decreases,
and the peak strain increases gradually. Especially when
the moisture content increases from 4.5% to 6.0%, the strain
increases significantly and then decreases slightly (7.5%).
After the peak strength, the deformation and failure charac-
teristics of coal samples with different moisture content were
similar, none of which showed obvious brittle failure, but
obvious plastic failure, and there was a certain residual
deformation. It should be noted that the coal samples with
higher moisture content have strong compressive deforma-
tion resistance during the compression process and can
withstand pressure for a long time to realize the overall
expansion of the coal samples. The postpeak displacement
is also large, which indicates that the maximum axial strain
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of coal samples can increase with the raise of moisture con-
tent. Macroscopically, the plastic deformation of coal wall
can increase with the raise of moisture content.

3.3. Uniaxial Compressive Strength of Coal Samples with
Different Moisture Contents. Uniaxial compressive strength
tests were carried out on 5 groups of coal samples with dif-
ferent moisture contents (1.5%, 3.0%, 4.5%, 6.0%, and
7.5%), with 3 test samples in each group and a total of 15
coal samples. During the uniaxial compression test, the uni-
versal testing machine adopts displacement control, and the
loading rate is 3mm/min. During the loading process, the
failure characteristics of test coal samples are observed and
obtain mechanical parameters (compressive strength, elastic
modulus, and peak strain) of coal samples with different
moisture contents under uniaxial compression load, as
shown in Table 1.

As can be seen from Table 1, with the increase of mois-
ture content, the uniaxial compressive strength of coal sam-
ples shows a slight downward trend, and the peak strain first
increases and then decreases. When the moisture content is
6.0%, the peak strain is the largest. The elastic modulus
decreases gradually with the increase of moisture content,
and the rate of descent is the fastest when the moisture con-
tent is 6.0%, which is about 42.5% less than when the mois-
ture content is 4.5%. When the moisture content is 7.5%,
the rate of descent of elastic modulus becomes slow and
only decreases by 2% compared with 6.0% moisture con-
tent. The elastic modulus refers to secant modulus. The
elastic deformation before samples’ failure increases gradu-
ally due to the binding effect of water on mineral particles,
and the peak stress decreases slowly because the softening
effect of water on samples is little. When the moisture con-
tent is exorbitant, the peak stress decreases further, and the
elastic deformation before failure decreases gradually
because the lubrication of water on mineral particles plays
a dominant role.

Figure 8 shows the relationship between compressive
strength, peak strain, and moisture content of coal samples
with different moisture contents. It can be seen that the
compressive strength of coal samples decreases slowly with
the increase of water content, while the peak strain increases
first and then decreases with the increases of moisture con-
tent. When the moisture content is 1.5%, the compressive
strength of the coal sample is 0.77656MPa, and the peak
strain is 0.00472. When the moisture content is 4.5%, the
compressive strength of the coal sample is 0.74599MPa,
and the peak strain is 0.01212. Compared with the moisture
content of 1.5%, the compressive strength of the coal sample
decreases by 3.93%, and the peak strain increases by
176.19%. The increase of moisture content greatly improves
the plastic deformation of the coal samples. When the mois-
ture content increases to 6.0%, the compressive strength of

Table 1: Mechanical parameters of coal samples with different moisture contents under uniaxial compression.

Moisture
content/%

Coal samples Compressive strength/MPa Average/MPa Elastic modulus/GPa Average/GPa Peak strain Average

1.5

1-1 0.77962

0.77656

0.18690

0.185

0.00469

0.004721-2 0.77465 0.18346 0.00478

1-3 0.77541 0.18464 0.00468

3.0

2-1 0.76758

0.77003

0.13323

0.132

0.00908

0.009072-2 0.77082 0.12809 0.00906

2-3 0.77169 0.13468 0.00907

4.5

3-1 0.74722

0.74599

0.08045

0.08

0.01209

0.012123-2 0.74359 0.07817 0.01214

3-3 0.74716 0.08138 0.01213

6.0

4-1 0.72881

0.72737

0.04609

0.046

0.01966

0.019564-2 0.72347 0.04546 0.01932

4-3 0.72983 0.04645 0.0197

7.5

5-1 0.69487

0.69707
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the coal sample decreases slightly to 0.72737MPa, while the
peak strain increases to 0.01956, which is 60% higher than
when themoisture content is 4.5%, and the peak strain reaches
the maximum at this time. Therefore, considering the com-
pressive strength and peak strain of coal samples, the optimal
range of moisture content of coal seam is 4.5%~6.0%, which
can ensure that the coal wall of Luling Coal III811 workface
has a certain compressive strength, and also provide maxi-
mum plastic deformation without damage.

3.4. Failure Characteristics of Coal Samples with Different
Moisture Contents under Uniaxial Compression. Figure 9
shows the failure forms of coal samples with different mois-
ture contents (1.5%, 3.0%, 4.5%, 6.0%, and 7.5%) under uni-
axial compression. It can be seen that the failure degree of
coal samples increases with the increasing of moisture con-
tent, and its failure form also changes. When the moisture
content is 1.5% and 3.0%, the coal samples are mainly tensile
failure, and there are two obvious tensile failure cracks. With
the increase of water content (4.5%, 6.0%), the coal samples
show x-shaped conjugate inclined plane shear failure, and
the degree of breakage also increases. When the moisture
content increases further (7.5%), the coal samples gradually
become the main shear failure, and the degree of breakage
is further intensified.

4. Conclusions

(1) The mineral composition and microscopic morphol-
ogy of III811 loose thick coal seam in the Luling Coal

Mine were analyzed by X-ray diffraction and scan-
ning electron microscope. There is a large amount
of clay mineral kaolinite (75.2%) in the coal seam
of III811 workface. It has the characteristics of soft
quality, strong water absorption, and easy expansion
of water absorption. It has good plasticity and high
adhesion. In addition, there are more small cracks
in the coal seam and more pulverized coal particles,
and the natural moisture content is low, which pro-
vides the feasibility for III811 loose thick coal seam
workface through water injection to prevent and
control the rib spalling of coal wall

(2) Through uniaxial compressive strength test of coal
samples, the relationship between uniaxial compres-
sive strength, peak strain, and moisture content of
III811 loose thick coal seam in the Luling Coal Mine
was studied. With the raise of moisture content, the
compressive strength of coal samples decreases slowly,
while the peak strain increases first and then decreases.
When the moisture content is 4.5%, the compressive
strength is 0.74599MPa, and the peak strain is
0.01212. When the moisture content increases to
6.0%, the compressive strength decreases slightly to
0.72737MPa, while the peak strain increases to
0.01956. At this time, the peak strain reaches the max-
imum, indicating that increasing the moisture content
can increase the plastic deformation of the coal wall

(3) As the moisture content increases, the degree of coal
samples’ failure intensifies, and its failure form

(a) Moisture content 1.5% (b) Moisture content 3.0% (c) Moisture content 4.5%

(d) Moisture content 6.0% (e) Moisture content 7.5%

Figure 9: Failure characteristics of coal samples with different moisture contents.
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changes accordingly. When the moisture content is
1.5% and 3.0%, the coal samples are mainly tensile
failure. With the increase of water content (4.5%,
6.0%), the coal samples show x-shaped conjugate
inclined plane shear failure, and the degree of break-
age also increases. When the water content is further
increased (7.5%), the coal sample gradually becomes
the main shear failure, and the degree of breakage is
further intensified

(4) Considering the compressive strength, peak strain,
and moisture content of coal samples, the optimal
range of water content of coal seam is determined
to be 4.5%~6.0%, which can guarantee the coal wall
of Luling coal III811 loose thick coal seam workface
with certain compressive strength and large plastic
deformation

Data Availability

Without any supplementary materials for this study, all the
data, table, and picture have been presented in the paper.

Conflicts of Interest

The authors declare that they have no conflicts of interest
regarding the publication of this paper.

Acknowledgments

This study was supported by the National Natural Science
Foundation of China (No. 51974010).

References

[1] W. Jiachen, “Mechanism of the rib spalling and the controlling
in the very soft coal seam,” Journal of China Coal Society,
vol. 32, no. 8, pp. 785–788, 2007.

[2] W. Yongping, L. Ding, and X. Panshi, “Mechanism of disaster
due to rib spalling at fully-mechanized top coal caving face in
soft steeply dip-ping seam,” Journal of China Coal Society,
vol. 41, no. 8, pp. 1878–1884, 2016.

[3] W. Sheng, L. Liping, C. Shuai et al., “Study on an improved
real-time monitoring and fusion prewarning method for water
inrush in tunnels,” Tunnelling and Underground Space Tech-
nology, vol. 112, article 103884, 2021.

[4] X. Yi, T. Teng, D. Faning, M. Zongyuan, W. Songhe, and
X. Haibin, “Productivity analysis of fractured wells in reservoir
of hydrogen and carbon based on dual-porosity medium
model,” International Journal of Hydrogen Energy, vol. 45,
no. 39, pp. 20240–20249, 2020.

[5] T. Yuan Yong, M. X. Shihao, S. Lulu, and B. Qingsheng, “Coal
wall stability of fully mechanized working face with great min-
ing height in “Three soft” coal seam and its control technol-
ogy,” Journal of Mining & Safety Engineering, vol. 29, no. 1,
pp. 21–25, 2012.

[6] Y. A. N. G. Ke, H. E. Xiang, L. I. U. Shuai, and L. U. Wei, “Rib
spalling mechanism and control with fully mechanized long-
wall mining in large inclination “Three-soft” thick coal seam
under closed distance mined gob,” Journal of Mining & Safety
Engineering, vol. 33, no. 4, pp. 611–617, 2016.

[7] H. Xinzhu and X. Guangxiang, “Coal wall spalling mechanism
and control technology of fully mechanized high cutting long-
wall coal mining face,” Coal Science and Technology, vol. 9,
p. 1-3+24, 2008.

[8] X. Yongxiang, W. Guofa, X. Li Mingzhong, Z. C. Yajunl, and
Z. Jinhu, “Mechanism of blabbed spalling failure of the coal
face in fully mechanized caving face with super large cutting
height,” Journal of Mining & Safety Engineering, vol. 38,
no. 1, pp. 19–30, 2021.

[9] Y. Ning, “Mechanism and control technique of the rib spalling
in fully mechanized mining face with great mining height,”
Journal of China Coal Society, vol. 34, no. 1, pp. 50–52, 2009.

[10] Y. Xiwen, Y. Shaohong, and Y. An, “Characters of the rib spal-
ling in fully mechanized caving face with great mining height,”
Journal of Mining & Safety Engineering, vol. 2, pp. 222–225,
2008.

[11] Y. Shengli and K. Dezhong, “Flexible reinforcement mecha-
nism and its application in the control of spalling at large min-
ing height coal face,” Journal of China Coal Society, vol. 40,
no. 6, pp. 1361–1367, 2015.

[12] Y. Jingjing, W. Fei, L. Yucheng, and G. Yabin, “A feasibility
study of coal seam water injection processes: the effects of coal
porosity and mass flow rates of injected water on wetting
radii,” Energy & Fuels, vol. 34, no. 12, pp. 16956–16967, 2020.

[13] C. Cai, Study on Rule and Technological Parameters of Water
Injection to Strengthen Stability of Soft Coal Wall, China Uni-
versity of Mining and Technology, 2014.

[14] W. Jiaqi and L. Song, “Study on condition of coal wall spalling
in large height mining and rising stability by water flooding,”
Coal Technology, vol. 36, no. 12, pp. 60–63, 2017.

[15] Z.-g. YANG, J.-h. TIAN, L.-y. ZHANG, J.-w. QIAO, and O. U.
Ya-wei, “Dust prevention with deep borehole water injection
and spalling prevention with grouting in unstable seam with
soft roof, coal and floor,” Coal Science and Technology,
vol. 40, no. 9, pp. 60–63, 2012.

[16] Y. Qiangling, T. Chuanjin, X. Ze et al., “Mechanisms of failure
in coal samples from underground water reservoir,” Engineer-
ing Geology, vol. 267, article 105494, 2020.

[17] H. Zhang, Z. Wan, D. Ma, B. Zhang, and P. Zhou, “Coupled
effects of moisture content and inherent clay minerals on the
cohesive strength of remodelled coal,” Energies, vol. 10, no. 8,
p. 1234, 2017.

[18] Z. Peng and Z. Bo, “Experimental study on water sensitivity of
shear strength of extremely soft coal seam,” Coal Science and
Technology, vol. 45, no. 5, pp. 103–108, 2017.

[19] Z. Wei, K. Yang, C. Xiaolou, X. He, Z. Xinyuan, and Z. Jiqaing,
“Dynamic tensile properties, deformation, and failure testing
of impact-loaded coal samples with various moisture content,”
Scientific Reports, vol. 11, no. 1, 2021.

[20] K. Wang, Y. F. Jiang, and C. Xu, “Mechanical properties and
statistical damage model of coal with different moisture con-
tents under uniaxial compression,” Chinese Journal of Rock
Mechanics and Engineering, vol. 37, no. 5, pp. 1070–1079,
2018.

8 Geofluids



Research Article
Application and Research of Gangue Partial-Filling Mining
Method in Preventing Water Inrush from Floor

Zhenzhong Pang,1,2 Xinguo Zhang ,3 Juntao Chen,3 and Feifan Li4

1Collage of Geoscience and Surveying Engineering, China University of Mining & Technology, Beijing 100083, China
2National Engineering Research Center of Coal Mine Water Hazard Controlling, Beijing 100083, China
3College of Energy and Mining Engineering, Shandong University of Science and Technology, Qingdao 266590, China
4Inner Mongolia Gucheng Mining Co., Ltd, Zhungeer Banner, 016215, China

Correspondence should be addressed to Xinguo Zhang; pzz17864292900@163.com

Received 14 September 2021; Revised 7 November 2021; Accepted 24 February 2022; Published 21 March 2022

Academic Editor: Jianwei Cheng

Copyright © 2022 Zhenzhong Pang et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Coal gangue produced during coal production not only poses a serious threat to the ground environment but also imposes serious
economic burdens on the mine. The partial-filling mining (PFM) method proposed in this paper can make full use of coal gangue
and is of great significance to the prevention and control of water disasters at the working face. The specific process used to
implement this method is to first divide the working face into several narrow working faces and then fill the filling body into
part of the goaf. The ability of PFM to restrain floor water inrush is analyzed by physical simulation, and the field application
research is carried out at the No. 9211 mining face of Bucun Coal Mine in Shandong, China. The physical simulation results
show that the failure depth of this layer is less than 5m. The field measurements reveal that the maximum compression
deformation of the filling body is 89.1mm, and the maximum floor failure depth of the floor is only 8.6m. Comparative
analysis indicates that the floor failure depth of the No. 9211 working face with the local filling method is 4.6m lower than
that of the No. 9110 working face with the strip mining method. In addition, no water inrush accident occurs at the No. 9211
working face during mining. Therefore, PFM not only controls the floor damage depth effectively but also consumes coal
gangue to protect the mine environment.

1. Introduction

In recent years, coal, as an important energy source, has
made important contributions to China’s economic develop-
ment. However, due to the increasingly complex geological
conditions encountered during coal resource excavation,
there are many “secondary disasters” in mines, such as water
inrush accidents, rock bursts, roof fall accidents, surface
subsidence, and the creation of surface gangue hills [1–4].
These “secondary disasters” have had important impacts
on continued mining development. In mining, mine water
is not only a groundwater resource but also a potential threat
that has become more important due to increases in mining
depths and therefore the hydraulic pressures [5, 6]. More
than 25 billion tons of coal resources are at risk of water
inrush from the floor, especially in deep Permo-

Carboniferous coal seams in the central and eastern parts
of northern China [7–11]. Therefore, determining how to
exploit resources threatened by a floor water inrush is an
important main problem for scientific researchers and is
important to continued mine development. The formation
of water-conducting channels is the main cause of water
inrush accidents under the premise of determining the water
abundance and filling intensity of aquifers. Therefore, it is
necessary to prevent and control the formation of water-
conducting channels.

The formation of water-conducting channels is affected
by many factors. The dynamic failure process and preven-
tion measures have been investigated using the following
approaches. First, several floor rock fracture evolution theo-
ries have been developed based on the theory of elastic-
plastic mechanics. These include the under three-zone
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theory, the strong seepage theory, and the rock-water stress
relationship theory [12–15].

Second, the formation and evolution of water-
conducting channels under the combined action of rock
pressure and confined water have been analyzed via numer-
ical and physical simulations. For example, Cao et al. [16]
established a numerical calculation model of roof collapse
column water inrush using UDEC software and studied the
influence of mining on roof collapse column water inrush.
Lu and Wang [17] analyzed the control effects of propulsion
distance, rock heterogeneity, and water pressure on inrush-
ing water via numerical simulations. Liu et al. [18] proposed
a new formation microscanning imaging method such that
the results could directly reflect subtle changes in wellbore
fractures. They used UDEC software to simulate the process
by which water flow from fractured-zone height evolves.
Zhang and Meng [19] analyzed coal seam floor failure using
a self-developed simulation model of confined aquifer strata.

Third, geographic information systems and microseis-
mic (MS) monitoring techniques have been used to predict
and evaluate the dangerous parts of a water-conducting
channel. For example, Chen et al. [20] used a geographic
information system and an analytic hierarchy to forecast
the areas at risk of a water inrush in the Qidong Coal Mine.
This guided the safe mining of a coal seam. Gu et al. [21]
established an evaluation model based on water blocking
conditions and used two adjacent lower coal mining faces
of the Yanzhou Xinglongzhuang coal mine as an example.
The evaluation showed that the impermeability strength is
a better index for measuring the water resistance capacity
of a floor. Sun et al. [22] studied fault-zone occurrence using
the electric couple method. Naghadehi et al. [23] established
a fuzzy model by combining FAHP with AHP applying the
method to the Jajarm bauxite mine in Iran and ranked the
most suitable mining methods.

Finally, ground drilling, grouting, drainage or decom-
pression, and curtain closure have been used to prevent the
formation of water-conducting channels. Guo et al. [24]
thought that plugging grouting is the most effective water
inrush treatment scheme in the case of water inrush. Liu
et al. [25] used concrete-based curtain grouting closures for
mine flood prevention and control. Li et al. [6] applied rock
beam theory to analyze the mechanism of grouting crack
expansion caused by rock deformation during mining and
proposed a new grouting casing model designed to prevent
water inrush and therefore control floor rock deformation.

Thus, scientific researchers have performed detailed
studies of dynamic damage due to diversion channels and
the measures that might prevent the formation of these
channels. These meaningful results are a useful reference
for understanding water inrush mechanisms and for the
application of appropriate measures to prevent and control
water inrush. However, stress in the rock surrounding a
roadway and the confined water pressure of an aquifer
increase linearly with the mining depth. The water control
measures used in mining a shallow coal seam may be inade-
quate for deep-water control. Moreover, the cost and diffi-
culty of constructing such measures increase with depth,
and the equilibrium between the groundwater and the eco-

system is destroyed [26–30]. Therefore, further in-depth
research into methods of preventing and controlling water
inrush into mines is needed.

In summary, there have been many detailed studies of
dynamic failure among diversion channels and methods of
preventing the formation of such channels. According to the
“under three-zone” theory, controlling the heights of the floor
failure and pressure conduction zones is an important step in
improving the effective thickness of the complete rock strata.
The empirical formula for the floor failure depth developed
by domestic researchers indicates that reducing the inclined
length of a working face can reduce the floor failure depth.
Therefore, a short-wall mining face is important to reduce
the floor damage depth. At the same time, as a green mining
method, filling mining reduces not only the supporting stress
around the excavation face but also the number of gangue
hills, helping to protect the mine environment. Therefore,
partial-filling mining (PFM), which is a combination of
short-wall mining and filling mining, is proposed to prevent
the formation of water diversion channels.

2. Engineering Geological Conditions

2.1. Engineering Geology Overview. The Bucun Coal Mine is
located in Zhangqiu District, Jinan City, Shandong Province,
China (Figure 1). The research object is 9211 working face in
921 mining area of 9-1 coal seam threatened by floor con-
fined water. Seven faults were exposed in the 9211 working
face tunneling process; no fault affects the working face dur-
ing excavation. Thus, the influence of the fault structure on
mining is not considered in this study. The 9211 working
face coal seam thickness is 1.0m–1.8m, the average thick-
ness is 1.5m, the coal seam dip angle is 3°–14°, the average
dip angle is 9.5°, the coal seam burial depth is 506m–
571.7m, and the average burial depth is 538.9m. The direct
bottom of the 9-1 coal seam is fine sandstone, and the basic
bottom is sandy shale. The layout of the working face in the
mining area is shown in Figure 2.

2.2. Hydrological Conditions. The aquifers that affect mining
of the 9211 working face mainly include the upper Carbon-
iferous thin limestone IV(V) aquifer group, the middle Car-
boniferous Benxi Xujiazhuang limestone aquifer group, and
the Ordovician limestone aquifer group. The upper Carbon-
iferous thin limestone IV(V) aquifer group was drained dur-
ing mining. Mining of the No. 9-1 coal seam is affected
mainly by the Xujiazhuang limestone aquifer group in the
Middle Carboniferous Benxi formation and Ordovician
limestone aquifer group in the lower part of the coal seam.
The Xujiazhuang limestone aquifer group is rich in water;
some areas receive a vertical overflow recharge from the
Ordovician limestone aquifer group. The average distance
from the 9-1 coal seam is 58.01m, the unit water inflow is
7.2m3/h–246m3/h, the water level is -128.3m–46.8m, and
the water pressure is 4.11MPa. The Ordovician limestone
aquifer group is located in the basement of the coal measure
strata and is the most important aquifer in this area, which is
88.87m away from the 9-1 coal seam. According to the
Ordovician limestone long observation data, the highest
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water level is 78.34m, the lowest water level is 47.82m, and
the Ordovician limestone water pressure is 4.87MPa. The
histogram is shown in Figure 3.

2.3. Analysis of a Water Inrush Accident. According to the
analysis in Sections 2.1 and 2.2, the No. 9-1 coal seam is
under threat of floor water inrush during mining. To reduce
the floor damage depth at the working face, short-wall strip
mining is adopted for the No. 9110 working face during coal
seam mining. The mining width of the working face strip is
40m. The working face advances along the trend of the coal
seam. In order to determine the depth of floor failure when
strip mining is adopted, the double-end water shutoff device
observation method is used to measure the floor failure
depth. On July 7, mining of the No. 9110 working face began
in the Bucun Coal Mine. Deep observation of floor damage
began on July 10. According to the summary of the mine
pressure laws of other working faces provided by the field
staff, it is believed that the initial pressure appears when
the 9110 working face is pushed to July 27. However, accord-
ing to the mine pressure theory, the initial pressure can
cause flood accidents easily. In order to avoid potential per-
sonal injury from such an accident, observation work ended
on July 27. According to the analysis of drilling leakage data,
the failure depth of the working face floor reaches 13m. It
should be noted that this depth cannot represent the maxi-
mum failure depth of the floor as the working face advances.
The depth continues to change as the working face advances.

On July 31, the basic roof of the No. 9110 working face
breaks and a water inrush accident occurs in the coal seam
floor. The initial and maximum (stable) rates of water inflow
are 150m3/h and 351.6m3/h, respectively. A map of the
water inrush accident at the No. 9110 working face is shown
in Figure 4.

Water prevention and control experts performed a
detailed analysis of the factors that affected the water inrush
accident at the No. 9110 working face. The results are as
follows.

2.3.1. The Working Face Inclined Length. In order to prevent
a water inrush accident from occurring at the working face,
traditional long-wall mining was abandoned when working
face 9110 was mined. The No. 9110 working face was mined
using short-wall strip mining. However, water inrushes still
occurred at the back of the goaf in the course of advancing.
This shows that safe mining of the working face cannot be
ensured when the inclined length of the working face is 40m.

2.3.2. The Damage Depth of the Floor. The No. 9110 working
face water inrush accident occurred during the initial pres-
sure. The main reason for this is that the initial pressure
increases the floor damage depth. The remaining undam-
aged floor thickness cannot resist the effect of the confined
water pressure. Finally, the water inrush accident occurs at
the working faces under the coupled effects of the initial
pressure and the confined water pressure. Therefore, on
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the premise of determining the thickness of floor aquifuge,
reducing the depth of floor failure is required in order to
prevent floor water inrush.

2.3.3. The Geological Structure. The borehole data shows that
the geological structure in the lower part of the No. 9110
working face is well developed. Because faults and fault
zones destroy aquifuge integrity, the water resistance capac-
ity is reduced. At the same time, it is easy to change the
hydraulic conductivity of the original fault via primary and
periodic pressure. Therefore, under the premise of determin-
ing the geological structure of the coal seam floor, reducing
the influences of the initial pressure and periodic pressure
on the fault can help to control floor water inrush.

3. Methodology

3.1. Mining Methods and Filling Materials. According to the
analysis of the water inrush at the No. 9110 working face in

Section 2.3, selection of a reasonable mining method and
working face inclined length is important to controlling the
formation of a water inrush passage. These measures can
reduce the occurrence of mine water inrush accidents. How-
ever, in coal seam mining, different mining methods have
different destruction depths. PFM, which is a combination
of short-wall mining and filling mining, may prevent the for-
mation of a water-conducting channel. In this method, the
pressure from the overlying strata is transferred to the floor.
This prevents the floor from moving to the goaf via a com-
posite support system comprised of the roof plus backfill
plus a stratum. In short-wall mining, the working face is
divided into narrow-strip faces with two safety exits. The
distance between the strip faces must be less than the limit
span of the roof stratum to ensure that the roof undergoes
only bending deformation. In filling mining, the goaf of
the working face is filled to ensure that the roof of the goaf
does not subside.

Using PFM, the working face was first divided into
narrow-strip faces with widths of 15m along the coal seam
strike after the coal mining system of the No. 9211 working
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face was established. The narrow-strip faces were numbered
from 1 to 15. The working face advanced along the coal
seam tendency via blasting. Full negative pressure ventila-
tion was adopted for the coalface. Figure 5 shows the PFM
process, which is as follows:

(1) Face No. 1 was first extracted via blasting. Then, a
preventing-grout wall was built at the upper and
lower outlets of the narrow working face. When the
preventing-grout wall was complete, the slurry was
filled into the goaf via a pipeline from the upper exit
of the strip face. This continued until all of the odd-
numbered narrow-strip faces were excavated and
filled

(2) When the compressive strength of the filling bodies
was large enough, the coal pillars between the filling
bodies were excavated in order

(3) The second cycle of PFM described above could also
occur once the strength of the filling bodies in the
first, third, and fifth zones was self-supporting, thus
saving the process replacement time between the
first and second cycles

The filling material used in the Bucun coal mine was
composed mainly of aggregate, binders, and additives.
The main aggregate was coal gangue. Fly ash and cement
were binders. Lime, gypsum, and foaming agent were
additives [28]. Since it took 40min for the slurry to reach
the far end of the underground filling face from the
ground filling and mixing station, the slurry started to
set after 60min. The slurry reaction accelerated after
another 50–70min. After 8 h, the slurry completed its
change from liquid to solid. Its compressive strength was
then 1.15–2.12MPa.

3.2. Physical Simulations. To avoid the influence of the F1
fault, the final position of the haulage gate was changed to
that shown in Figure 2 when driving the No. 9211 working
face. The fault drop was small, and the fault did not conduct
water. Meanwhile, the four ash aquifers and five ash aquifers
of the roof were drained during excavation. There was no
water inrush accident at any time during the excavation pro-
cess. Therefore, the effect of the fault was not considered in
the physical simulation.

This study considered the effect of using PFM to restrain
floor water inrush at working face 9211 of the Zhangqiu vil-
lage coal mine in Shandong Province via physical simula-
tion. The similarity ratio is the critical experimental
parameter in simulation experiments that involve similar
materials. Choosing a reasonable similarity ratio is an
important step in producing valid experimental results. This
simulation was based on similarity theory and actual geolog-
ical conditions and was determined according to the test sys-
tem. The main similarities were as follows:

(1) Geometric Similarity. Suppose that X ′, Y ′, and Z ′
are the three vertical dimensions of the prototype
along x, y, z directions, respectively, and suppose
X″, Y″, Z″ are the corresponding model sizes
along x, y, z directions, respectively,

Cl =
X ′
X″

= Y ′
Y″

= Z ′
Z″

= 200 ð1Þ

(2) Time Similarity.

Ct =
ffiffiffiffiffi
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(3) Bulk Density Similarity. Let the rock bulk density at
the ith layer in the prototype be γ′, and the rock bulk
density in the corresponding model is γ″. The bulk
density similarity coefficient is as follows:

Cγ =
γ′
γ″

= 1:5 ð3Þ

(4) Strength Similarity and Stress Similarity.

CP = C∗
l Cγ = 300 ð4Þ

(5) The Permeability Coefficient Similarity. Suppose the
permeability coefficient is K and the fluid water used
in the model is consistent with that in the prototype;
therefore, Cλ = 1, and the permeability coefficient
similarity ratio is

Ck =
ffiffiffiffiffi

C1
p
Cλ

= 10
ffiffiffi

2
p

ð5Þ

The coal floor water inrush simulation system is com-
posed mainly of a test bench, servo loading system, water
pressure control system, and computer acquisition system.
The test system is shown in Figure 6. The maximum hori-
zontal load of the servo loading system is 300 kN, the maxi-
mum vertical load is 600 kN, the minimum loading rate is
0.01 kN/s, and the maximum loading rate is 100 kN/s.
Hydraulic loading is performed mainly by a hydraulic con-
trol system. The designed maximum confined water pres-
sure loading value of the system is 1.5MPa, and the
designed maximum flow rate is 0.015m3/s. The water pres-
sure control system is connected to the test bench water tank
via a high-pressure hose. The plunger pump is connected to
the water injection head via a high-pressure hose to inject
the water from the water tank into the experimental cabin.
At the same time, the EDC control system allows the model
to achieve multistage, constant water flow control. After the
model is prepared, water pressure is applied to it via the
water pressure control system until the aquifer is saturated.
The water pressure is adjusted automatically via the EDC
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Table 1: Physical and mechanical parameters of the strata used in the model.

Rock stratum
Thickness

(cm)
Sand
(kg)

Calcium
carbonate

(kg)

Gypsum
(kg)

Vaseline
(kg)

Paraffin
(kg)

Water
(kg)

Hydraulic
oil (kg)

Actual
strength
(MPa)

Simulation
strength
(MPa)

Main roof

Limestone 0.45 20.79 2.376 0.594 0 0 2.376 0 62.7 0.209

Sandy
shale

3.5 13.376 1.0032 0.6688 0 0 1.5048 0 42.9 0.143

Limestone 0.8 17.325 1.98 1.495 0 0 1.98 0 62.7 0.209

Fine
sandstone

2.5 12.474 0.891 0.891 0 0 1.4256 0 74.9 0.249

Sandy
shale

3.35 8.448 0.6336 0.4224 0 0 0.9504 0 42.9 0.143

Immediate
roof

Limestone 0.85 14.08 1.056 0.4224 0 0 1.584 0 62.7 0.209

No. 9 coal seam 0.90 13.86 0.99 0.99 0 0 1.584 0 12.8 0.043

Water-
resisting
layer

Fine
sandstone

4.3 8.1463 0.8689 0 0.3259 0.1629 0 0.9504 74.9 0.249

Sandy
shale

6.2 12.219 1.3034 0 0.4888 0.2444 0 1.4256 42.9 0.143

No. 10-1
coal seam

0.6 13.86 0.99 0.99 0 0 1.584 0 12.8 0.043

Clay shale 1.1 13.577 1.4482 0 0.5431 0.2715 0 1.584 32.7 0.109

Sandy
shale

2 10.862 1.1586 0 0.4345 0.2172 0 1.2762 42.9 0.143

Fine
sandstone

2.06 11.541 1.231 0 0.4616 0.2308 0 1.3464 74.9 0.249

Clay shale 2.5 10.862 1.1586 0 0.4345 0.2172 0 1.6272 32.7 0.109

Sandy
shale

8.55 12.898 1.3758 0 0.5159 0.2580 0 1.5048 42.9 0.143

Clay shale 3.15 10.183 1.0862 0 0.4073 0.2037 0 1.188 32.7 0.109

Aquifer
Sandstone 3.2 23.936 1.7952 1.0692 0 0 2.5344 0 69.8 0.233

Limestone 4.1 28.413 1.7758 1.7758 0 0 3.2472 0 62.7 0.209
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control system to ensure that the confined water pressure
remains stable during mining.

Based on previous studies, the physical simulation used
sand, gypsum, calcium carbonate, and water to simulate
the macromotion failures of the overlying strata and the
mining floor. The physical and mechanical strata parame-
ters used in the model were determined via similarity
theory (Table 1). Figure 7 shows the physical model con-
struction process.

To monitor changes in the stress of the coal seam floor
and the water pressure in the aquifer during PFM in real
time, stress sensors were placed in the coal seam and in
the floor, and water pressure sensors were placed above the
aquifer. The arrangement of sensors used in the physical
model is shown in Figure 8.

3.3. Test of Specimen Parameters. According to the similarity
theory of fluid-solid coupling physical simulation, similar
materials in solid-liquid coupling must meet similarity
standards for solid deformation and permeability. Four
different test schemes were designed in order to verify
whether the standard sample of sandy shale prepared from
sand, calcium carbonate, paraffin wax, Vaseline, and hydrau-
lic oil could satisfy both the solid deformation and perme-
ability requirements. The material was tested in the dry
state and after soaking for 1 d, 2 d, and 3d. Figure 9 shows
the manufacturing processes used with various raw materials
and standard samples.

3.3.1. Uniaxial Compressive Strength Test. Figure 10 shows
the stress-strain curve of the specimen. The entire stress-

Aggregate Weighing
Fabrication of similar 

material for bottom plate
Fabrication of roof 

similar materials

Scale model MuscoviteLaying model Sensors

Figure 7: The construction process of the physical model.
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Figure 8: Front view of the monitoring point layout.
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strain curve is similar to that of rock. However, the strength
of the standard specimen decreases with the immersion
time. The compressive strength of the hydrophilic specimen
can exceed 75% of the specimen strength.

3.3.2. Permeability Coefficient Determination. The perme-
ability coefficient K is one of the indexes that reflects the per-
meability of the coupling material. In this experiment, the
permeability coefficient K of the coupling material is mea-
sured via the variable-head method. Diagrams of the test prin-
ciple and test device are shown in Figure 11 [31]. The test
instructions are as follows: first, put the saturated sample into
a closed steel container for compaction; second, record the
water head difference in the U-shaped pipe at the beginning
of the test as Δh1; third, record the water head difference in
the U-shaped pipe after time t asΔh2; fourth, calculate the per-
meability coefficient of the test piece according to Darcy’s law.
The formula for the permeability coefficient is

K = aL
At

ln Δh1
Δh2

, ð6Þ

where K is the permeability coefficient, a is the cross-sectional
area of the glass pipe, A is the cross-sectional area of the sam-
ple, L is the length of the sample, Δh1 is the water head differ-
ence of the U-shaped pipe at time t1, andΔh2 is the water head
difference of the U-shaped pipe at time t2.

Coupling material permeability measurements per-
formed using various proportions indicate that the perme-
ability coefficient range is 4:55 × 10−4 to 1:48 × 10−7. The
permeability coefficient values of some materials are shown
in Table 2.

3.4. Field Measurements. Field monitoring is an important
way to verify the results of physical simulations and analyses.
To verify the preventive effect of PFM with respect to floor
water inrush accidents, stress and roof subsidence gauges
were arranged in the filling area, transportation chute, and
track chute of a narrow-strip working face. There were three
pairs of measuring points in the filling area of the narrow-
strip face. Roof subsidence gauges were placed along the
transport and track chutes. The stress and roof subsidence
gauges in the filling area of the narrow-strip working face
were 25m, 50m, and 75m from the No. 9211 haulage gate.
The roof subsidence gauges in the transport and track
grooves were 105m away from the cutting hole of the work-
ing face. The sensor layout is shown in Figure 12.

The failure depth of the floor after coal seam mining was
verified via the observation method using a double-end
water shutoff device. The system has two pathways in the
structure: the gas filling pathway and the water injection
pathway. The inflatable pathway is composed of a high-
pressure gas cylinder inflatable console and an in-hole
blocking capsule; the water injection pathway is composed
of high-pressure water, a water injection console, a water
inlet push rod, and an in-hole water injection probe tube.
First, gas is applied to the capsule at a certain pressure
through the inflatable path so that the capsule expands and
seals the two ends of the section where the hole is located.
Then, constant-pressure water is injected into the blocked
section of the capsule via the water injection path. The water

Sand Calcium 
carbonate 

Paraffin VaselineHydraulic oil

Production

Formwork
removal

Specimen Hydrophilic test
Uniaxial 

compression test
Failure mode

Figure 9: Raw materials and the production process.
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pressure is controlled by the water injection console, and the
water injection flow rate is monitored. The capsule of the
blocker is depressurized after each hole section measure-
ment. After contraction and depressurization, the procedure
moves to the next measurement section and water injection
observation continues until the leakage from each section of
the entire borehole is measured, and the bottom plate frac-
ture damage range is determined based on the change in
leakage amount. A schematic diagram of water injection in
the damaged floor area is shown in Figure 13 [32].

The water injection holes constructed before and after
mining in the No. 9211 working face include one premining
hole (hole No. 3) and two postmining holes (holes No. 1 and
No. 2). Construction of and observations via the premining
hole were performed without affecting mining. The drilling
holes were protected when drilling the two postmining holes.
Finally, the water lost into the pre- and postmining holes
was measured using a double-end water shutoff device to
determine the floor failure depth. Figure 14 shows the drilling
elevation plan.

4. Results and Discussion

4.1. Physical Simulations. After the model was built, the ver-
tical stress, horizontal stress, and confined water pressure
were considered based on similarity theory. The model is
maintained at room temperature for 4–5 days before excava-
tion. To reduce the boundary effect, coal pillars 5 cm wide

are retained on both sides of the model. The coal seam in
the model is mined using PFM. The mining face and the pil-
lar widths are both 7.5 cm. The working face is mined from
the left end to the right end of the model. There are six
periods of mining, each lasting 40min. The goaf is filled
10min after completion of each excavation. The pillars
between fillings are extracted in turn from the left end of
the model after mining of the working face is completed.
In the physical simulation, mining of the coal seam uses
manual drilling and the backfill body is foam. Figure 15(a)
shows the initial physical model. Figures 15(b) and 15(c)
show the first and second cycles of PFM, respectively.

In order to analyze the stress and water pressure varia-
tion laws relevant to simulated mining, data from stress
monitoring points S1-3, S2-5, S3-5, and S4-5 and the data
from pore water pressure monitoring points P1-4 and P1-8
are selected for analysis.

4.1.1. Evolution of the Stress Field during Mining. Data from
stress sensor S1-3 are shown in Figure 16(a) for the first
cycle of mining. The stress changes three times. The first
change occurs during continuous excavation of the working
face. The stress measured by the sensor at the lower 1.5 cm
of the working face changes abruptly, increasing from
0MPa to 0.031MPa. This occurs mainly because the floor
rock stratum in this area begins to move towards the goaf
due to vertical stress and mine pressure after excavation of
the working face. The rock stratum is in tension.

The second step change occurs during the filling step,
after excavation of the working face has been completed.
The stress in the rock floor gradually decreases to that of
the rock floor mass without excavation. This change indi-
cates that the weight of the roof rock stratum of the coal
seam is beginning to transfer to the floor rock stratum
through the filling body. This restrains the upward move-
ment of the rock stratum.

The third step change occurs during compaction of the
filler. The stress changes from 0MPa to -0.01MPa, indicat-
ing that the filling body in the goaf is in contact with the roof

h1

h2

L

t=t2

t=t1

Measuring
pipe

Switch

Specimens
Q

Specimen
ruler

Measuring

U-shaped 
pipe

Figure 11: The permeability coefficients of some specimens.

Table 2: The permeability coefficients of some specimens.

Specimen number K (cm/s) Specimen number K (cm/s)

1-3 5:86 × 10−5 5-3 7:31 × 10−6

2-3 4:75 × 10−4 6-3 5:07 × 10−5

3-3 6:02 × 10−5 7-3 4:55 × 10−4

4-3 4:56 × 10−6 8-3 1:48 × 10−7
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and that the floor rock stratum is in compression again. This
reduces the floor rock stratum failure depth.

In Figure 16(b), during the second mining cycle, the
stress measured by the floor sensor 1.5 cm away from the
coal seam indicates compression. The stress is higher than
that at the end of the first excavation. This indicates that
the floor rock layer is affected by excavation again.

The stress measured by sensor S2-5, which is 2.5 cm away
from the coal seam, is always compressive during the first
excavation period (Figure 17). The stress decreases during
the second excavation. This occurs primarily because unload-
ing occurs in the floor strata when the coal pillars are
extracted. However, stress sensors S3-5 and S4-5 are always
under pressure during the two rounds of excavation. Based
on a similar material ratio of the laying model of 1 : 200, the
floor failure depth would be less than 5m during mining.

4.2. Evolution of the Pore Water Pressure during Mining.
Data from water pressure sensor P1-4 (Figure 18) show that
the initial water pressure increases from 0MPa to -0.04MPa
during the two excavations. It then fluctuates between -0.03
and -0.04MPa. This occurs mainly because the primary fis-
sures in the rock strata open to form a water conduction
channel under a sustained high confined water pressure.
This produces a water flow that is measured by the water
pressure sensor. Therefore, a water-conducting channel
forms 1.5 cm above the aquifer due to the action of the con-
fined water pressure.

Data from water pressure sensor P1-8 are shown in
Figure 19. The sensor, which is 3.0 cm from the aquifer, is
affected by the water pressure throughout PFM. The data
from P1-8 show that under the action of high confined water
and mine pressures, rock fractures develop to a height of
3.0 cm above the aquifer. This occurs mainly because the
water pressure, as measured by the sensor, fluctuates contin-
uously upwards and then falls to 0MPa. This shows that the
rock stratum is not completely broken.

The variation in the stress measured by water pres-
sure sensors P1-4 and P1-8 shows that throughout min-
ing of the No. 9211 working face, the height of the
hydraulic conductivity lifting zone under long-term con-
fined water pressure and mine pressure loads is less than
3.0 cm.

Layered demolition was used to measure the develop-
ment and expansion of cracks in the upper aquifer of the
floor during excavation. When the first, second, and third
layers above the aquifer were dismantled, the fractures
shown in Figures 20(a) and 20(b) appeared. This indicates
that floor rock fractures expand during coal seam mining
due to pressure from the mine and the confined water.
The similarity ratio indicates that the height of the con-
fined water conduction lifting zone would increase by less
than 6m.
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4.3. Field Application

4.3.1. Compression Deformation of Filling Body in Mining.
According to data from subsidence gauges CS-1, CS-2, and
CS-3, compression of the filling body in the No. 9211 work-
ing face can be divided into two stages. The first stage is
compressive deformation of the filling body (Figure 21).
Compression of the high-water backfill in the No. 9211
working face is linear with time. The compressive deforma-
tion measured by CS-2, in the middle of the goaf, is the larg-
est at 89.1mm for the filling body. This occurs mainly
because the early strength of the high-water backfill is rela-
tively low and the support for the overlying strata is weak.
This leads to subsidence of the rock strata and backfill com-
pression. Therefore, the backfill compression is linear with
time. The filling body is stable during the second stage. This
is mainly because the strength of the filling body, which has
high water content, increases. This increases support of the
overlying strata and decreases the extent of strata settlement.
Thus, compression of the filling body becomes stable.

The CS-5 and CS-4 subsidence gauges are in the track and
transport chutes, respectively. Data from these sensors indi-
cates that variation in compression can be divided into two
stages (Figure 21). In the first stage, the compression increases,
mainly because the roof stratum along the trough sinks is under
mine pressure after the excavation of the coal body at the work-
ing face. The second stage is stable. The compression measured
by CS-5 is larger than that measured by CS-4. This is mostly
because CS-5 is on one side of a coal pillar.

4.3.2. Stress Evolution within the Filling Body during Mining.
As shown in Figure 22, data from the CY-1, CY-2, and CY-3

pressure sensors in the goaf show that the pattern of stress in
the filling body can be divided into two stages. Loading of
the filling body increases during stage 1 but is stable during
stage 2. The stress measured by sensor CY-2 is larger than
that measured by the CY-1 and CY-2 sensors. This indicates
that the filling body experiences a larger force in the middle
of the goaf.

The depth of the No. 9211 working face is 430.26m–
484.96m. Without considering the tectonic stress, the origi-
nal rock stress is 4.61MPa–5.20MPa. The pressure on the
filling body is 0.51MPa in the middle of the working face
and 0.32MPa in the upper face. Therefore, the stress in a
high-water filling body is less than the original rock stress
of the working face. This indicates that movement of the
rock strata above the working face is limited at this time.
Therefore, PFM can inhibit the occurrence of strata break-
age, thereby reducing the effect of the overlying strata pres-
sure on the floor.

4.3.3. Floor Failure Depth during Mining. Using the drilling
construction layout shown in Figure 14, floor damage depth
observation was performed at the No. 9211 working face.
The observation period was from July 15, 2013, to July 22,
2013. Water injection leakage results measured at various
drilling depths during drilling are shown in Figure 23.

In Figure 14, the strata that the premining hole (S-3)
passes through are mainly sandy shale and fine sandstone
from the floor rock of the 9-1 coal seam. According to the
water injection leakage diagram, the extent of leakage from
the premining hole (S-3) decreases gradually from 11m to
18m. Leakage is maximized at a depth of 11m, where the
maximum leakage is 2.6 L/min and the corresponding rock
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layer position of the fine floor sandstone is 5.16m. The dril-
ling depth ranges from 19m to 31m, and the corresponding
rock layer is sandy shale. Due to the relatively complete rock
stratum, the extent of leakage from the drilling section is sta-
ble within a relatively small range. The maximum leakage is
1.3 L/min. Across the borehole, the average leakage from the
premining hole (S-3) is 1.39 L/min.

It can be seen from Figure 23 that drilling leakage from
the postmining hole (S-1) between 8m and 13m is relatively
stable at about 17.3 L/min. The maximum leakage of 18.0 L/
min occurs at 13m. The corresponding rock stratum at the
maximum leakage location is 5.90m of fine floor sandstone.
From 14m to 17m, the corresponding strata are fine sand-
stone and sandy shale. The drilling leakage decreases from

18L/min to 6.2 L/min, and the floor failure depth is 7.72m.
From 18m to 30m, the corresponding stratum is sandy
shale, and the leakage is always less than 2L/min. The aver-
age leakage across the entire borehole is 6.82 L/min.

The maximum leakage at S-2 between 8m and 11m is
18.3 L/min and occurs at 11m. The corresponding rock stra-
tum of the maximum leakage location is 5.33m of fine floor
sandstone. Between depths of 11m and 17m, leakage
decreases from 18.3 L/min to 6.1 L/min. At depths of 17m
to 30m, leakage is stable below 2L/min. The average leakage
across the entire borehole is 5.82 L/min.

According to the statistical analysis of water leakage at
the three boreholes, the maximum and average leakage at
the premining hole (S-3) are smaller than those at the

Stage 1

Stage 2

Stage 3

0.055

0.050

0.045

0.040

0.035

0.030

0.025

St
re

ss
 v

al
ue

 (M
Pa

)

0.020

0.015

0.010

0.005

0.000

–0.005
5 7 9 11 13 15

Advance distance (cm)
17 19 21 23 25

(a) The first cycle

5 7 9 11 13 15
Advance distance (cm)

17 19 21

St
re

ss
 v

al
ue

 (M
Pa

)

–0.005

–0.010

–0.015

–0.020

–0.025

–0.030

–0.035

(b) The second cycle
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postmining holes (S-1 and S-2). In addition, analysis of the
location of maximum leakage at the postmining holes (S-1
and S-2) and the drilling leakage attenuation process indi-
cates that the fine floor sandstone is damaged and the sandy
shale is nearly complete in the process of using PFM in 9211
working face.

4.4. Comparative Analyses. Analysis of the PFM mining pro-
cess via the similar material simulation experimental
method indicates that the overlying rock does not exhibit
bubbling down during mining. The overlying rock layer
develops microfractures and delamination from the top plate

upward, and the fracture stops developing when it reaches
approximately 6 times the mining height above the top plate.
The overlying rock layer shows the overall bending and sink-
ing phenomenon, and the open fissures formed by mining
gradually close with bending and sinking of the rock layer.
Therefore, the PFM process avoids formation of a large fis-
sure channel in the roof plate that can cause roof aquifer
water to gush into the mining area. At the same time, the
laminar demolding method adopted at the end of the simu-
lated excavation reveals that the coupled support system
comprised of a top plate, filling body, and bottom plate
formed by the PFM mining system transfers the pressure
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of the overlying rock layer to the bottom plate via the filling
body. This prevents the bottom plate rock layer from mov-
ing to the mining void area. The damage depth of the bot-
tom plate is less than 5m. Thus, the damage depth of the
bottom plate rock layer is reduced, and the effective water
barrier thickness of the bottom plate is increased.

In order to provide more accurate feedback on the effec-
tiveness of the PFM method in preventing and controlling
sudden bottom slab water, stress and top slab sinkage mon-
itors were arranged in the filling area, transport chute, and
track chute of the working face when the method was

applied to working face 9211. The actual deformation of
the top and bottom plates in the middle and end of the
working face is approximately 80.8mm and 57.4mm,
respectively. Based on the attenuation coefficient of the over-
lying rock layer, the actual surface deformation is expected
to be approximately 56.6mm and the surface building may
be controlled within the Class I damage deformation. At
the same time, it is known from the double-end plugger field
measurement that the bottom slab damage depth range
occurs within the siltstone. The lowest point of the bottom
slab fracture development starts 8.95m from the coal seam
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floor. However, according to the empirical formula (7) for
the bottom slab damage zone used by the researchers, the
bottom slab damage depth is 20.30m when working face
9211 is mined via the conventional collapse method. There-
fore, using this PFM method reduces the bottom slab dam-
age depth by 11.35m compared to the traditional collapse
method. The hydrogeological conditions suggest that the
effective water barrier thickness of the bottom slab of work-
ing face 9211 after completion of PFM mining is 50.85.
According to formula (8), which uses the sudden water coef-
ficient method, the sudden water coefficient is 0.08MPa/m,
which is less than 0.1MPa/m and therefore safe. The effec-
tive water barrier thickness is 50.85:

h = 0:0085H + 0:1664α + 0:1079L + 4:3597, ð7Þ

where H is the coal seam burial depth, which is taken to be
420m in this paper; α is the coal seam dip angle, which is
taken to be 9.5°; and L is the working face slope length,
which is taken to be 100m:

T = P
M

, ð8Þ

where P is the bottom plate water barrier water pressure
limit, which is taken to be 4.11MPa, and M is the bottom
plate water barrier effective thickness, which is taken to be
50.85m.

In summary, the PFM method can not only effectively
control the depth of bottom damage but also consume coal
gangue to protect the mine environment and can be
promoted and applied under similar conditions.
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Figure 20: Crack growth and expansion.
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5. Conclusions

Using the hydrogeological conditions of the No. 9211 working
face of the Bucun Coal Mine, this paper presented PFM as a
method of preventing water from inrushing from the floor.
The feasibility of PFM was verified via indoor physical simula-
tion tests and field application. Unlike the traditional water

control method, this PFM method considers the relationship
between the ground pressure and floor rock mass failure. In
addition, coal gangue serves as the main aggregate and fly ash
as the main cementing agent; they not only play the role of fill-
ing materials but also eliminate the negative impacts of fly ash
and coal gangue on the environment. Therefore, this method
can be used to prevent and control mine water disasters.
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When gob-side entry retaining is adopted in the mining face with large cutting height, due to large stope space, strong dynamic
pressure, and other reasons, the filling body is usually broken and unstable due to improper width of filling body, and the stability
of surrounding rock of a roadway is poor. Taking the actual project of Shaqu mine as the background, we analyze the stability
factors of gob-side entry retaining with large mining height, and considering the lateral pressure and overlying load on the
filling body, the mechanical model of a gob-side retaining roadway is established, the calculation method of the reserved width
of the filling body is simplified, and the reasonable width of the filling body is obtained quantitatively. Through the monitoring
results of numerical simulation and field test, the rationality of the calculation results of the reserved width of filling body is
verified. The results show that if the width of the filling body is too small, it will not be able to bear the load of the overlying
strata, resulting in the fragmentation of the filling body. The larger the width of the filling body, the greater the cutting
resistance provided, which can reduce timely the stress on the roadway and above the filling body, and the more stable the
retaining roadway is, but when the width increases to a certain value, the displacement of the surrounding rock of the roadway
has changed little. When the width of the filling body is 4m, the stability of gob-side entry retaining can be guaranteed.

1. Introduction

In recent years, in order to reduce the waste of resource, coal
pillar-free mining technology is more and more popular in
China, which is not only good for improving production rate
of mining area, relieving the tension of replacement, resolv-
ing the problem of gas accumulation and so on but has also
active effect on the prevention of coal spontaneous combus-
tion, impact pressure [1, 2]. Gob-side entry retaining is gen-
erally used to mine coal pillar-free mining method; its main
idea is to maintain a section of the roadway for using in the
next section; according to the different roadway protection
ways, roadway retention can be divided into the filling body
of gob-side entry retaining and gob-side entry retaining by
cutting roof; the two ways under different geological types
have own advantages, usually according to different engi-
neering backgrounds to choose the suitable way [3, 4]. Due

to the characteristics of large stope space and strong
dynamic pressure, many difficult support problems often
appear when filling body of gob-side entry retaining in min-
ing face with large cutting height [5–7]. In the case of unrea-
sonable parameter setting of filling body in the early stage,
the roof of the roadway is often prone to large-scale, and
the number of renovations is more, which seriously hinders
the working of coal mining face [8, 9]. The determination of
filling body strength, width, and other factors has always
been an important condition to be determined at the begin-
ning of the project. Reasonable filling body retention can not
only achieve higher economic benefits but also bring more
stable bearing effect to the load-bearing system of filling
body along the roadway, and it is also more favorable to
the control of surrounding rock of the roadway [2, 10].

Based on this, many scholars carry out relevant research
on gob-side entry retaining in mining face with large cutting
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height. It is generally believed that reasonable length width
ratio of filling body can greatly increase the yield area and
reduce the damage degree of the roadway. Different widths
of filling body bear different compressive stress, and the
compressive stress will tend to be stable when the width
reaches a certain value [11–13]. Pu et al. [14] also studied
the width of filling body in gob-side entry retaining in min-
ing face with large cutting height and obtained the setting
method of filling body width. The field test also fully verified
the correctness of theoretical analysis and numerical simula-
tion. This article was previously published as a preprint.
Appropriate strength of filling body can not only relieve roof
pressure and strong impact load but also increase support
resistance and prevent filling from being crushed [15–18].
Zhang et al. [19] through uniaxial compression test and
AE test compared the postpeak performance of high water
content material samples and concrete samples, and the
results showed that the internal damage of high water con-
tent material samples was very slow in the postpeak stage,
and the damage was much smaller than that of concrete
samples.

The above provides a lot of reference for setting the
parameters of filling body in the initial stage of gob-side
entry retaining. In terms of initial entry retention, many
scholars have focused on the width and strength of the filling
body to ensure the stability of gob-side entry retaining.
When the strength material selection of the filling body
has been determined, the width setting of filling has become
a research hotspot. But according to the current research
and practice, most scholars only qualitatively analyzed the
relationship between the width of the filling body and the
support resistance, indicating that the larger the width of
the filling body is, the higher the support resistance can be
provided, and the stress distribution around the roadway
and the mechanical behavior of rock materials are summa-
rized [20–23]. However, there is little research on the stress
change of the filling body and the deformation law of the
surrounding rock of the roadway. And the preliminary cal-
culation of the width of the filling body should be set,
through the tedious calculation formula which can only
deduce a large range. Therefore, according to the engineer-
ing background of Shaqu mine, we established the mechan-
ical model of gob-side entry retaining, quantitatively
determined the minimum width of filling body, and numer-
ically simulated the evolution law of displacement and stress
distribution of the filling body with different widths by
FLAC3D. Finally, the gob-side entry retaining project in
Shaqu coal mine is verified in order to provide reference
for similar projects.

2. Working Face Profile

Shaqu mine is located in Lvliang City, Shanxi Province,
China. Its main type of coal is coking coal, which is mined
by a close coal seam group, as shown in Figure 1. The gas
content of coal seam in Shaqu mine is high, the gas emission
is large during coal mining, and the gas overrun phenome-
non of coal mining face is frequent, which seriously
threatens the safety production of mine. In order to imple-

ment Y-type ventilation roadway retention technology along
a gob, reduce gas accumulation phenomenon at working
face, and realize greater utilization of resources, it is decided
to adopt the technology along gob roadway retention tech-
nology at 24207 working face to create good conditions for
safe and efficient mining at working face. The test roadway
is 24207 working face belt roadway. The average dip angle
of the working face is 5°. The combined mining of 3 + 4#
coal seam is between 3.85m and 4.36m with an average
thickness of 4.17m. The length of the belt roadway is
1692m, the length of the track roadway is 1688m, the length
of the working face is 220m, and the mineable length is
1548m, as shown in Figure 2. The floor elevation of the
working face is between 360m and 450m, and the overlying
surface of the working face is a loess covered area with the
ground elevation between 866m and 1001m. The pseudor-
oof of the working face is not developed, and there is 0.2m
mudstone locally. The immediate roof of the 3 + 4# coal is
gray medium fine sandstone with a thickness of about 5m;
the main roof is coarse sandstone with a thickness of about
5.5m and the black mudstone with a thickness of about
9m. The immediate bottom of the 3#+4# coal seam is gray
medium sandstone with lumpy pyrite, the main bottom is
about 2.5m sandy mudstone, and then, the immediate roof
of the 5# coal seam is 0.6m carbonaceous mudstone.

3. Analysis of Bearing Stability of Roadside
Filling Body with Mining Face with Large
Cutting Height

3.1. Analysis of Influence Factors of Stability. There are many
factors affecting the stability of surrounding rock of the fill-
ing body of gob-side entry retaining. Gu et al. [24] and Wu
et al. [25] conducted an experimental study on the roof of
gob-side entry retaining and believed that the weak stability
of surrounding rock supporting structure and the low lateral

Test Site

Lvliang City

Figure 1: Geographical situation.
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cooperative bearing capacity of the roof were the subjective
reasons for the deformation and failure of surrounding rock
of gob-side entry retaining. In order to evaluate the adapt-
ability of gob-side entry retaining, Yang et al. [26] analyzed
the weight of each influencing factor under different condi-
tions from geological factors such as coal seam dip angle,
mining height, overburden thickness, immediate roof thick-
ness, immediate roof lithology, and roof integrity and
showed that mining height had a great influence on the sta-
bility of gob-side entry retaining. The overburden stratum at
the mining height is a broken decision with activity space;
the caving height and height are greater with the increase
of mining height, which is a broken fissure zone and the sup-
port system on the force source of basic load from the frac-
tured zone rock, so the requirements under the conditions of
different mining heights are a broken lane beside the support
system of the support resistance which is different also, with
the increase of mining height which is broken, filling the
pressure also increased significantly, when mining height is
broken over after more than a certain value, the support
resistance will increase significantly, and roof activity has
more influence on the stability of surrounding rock. So for
mining face with large cutting height, necessary for the car-
rying capacity of the filling body and roadway on the auxil-
iary support, higher requirements are put forward.

The main influencing factors of gob-side entry retaining
are the geometric characteristics or geological conditions of
the working face, which cannot be changed by humans. In
terms of retention and performance of the filling body, rea-
sonable support resistance can adapt to the severe deforma-
tion of gob-side entry retaining, and it also requires fast
resistance increase speed and low filling cost. However,
when the strength of the filling body material is low and
the stiffness is small, the bearing capacity of the filling body
is limited, and the load of the overburden is mainly borne by
coal; then, the filling body has little influence on the lateral
fracture law of the basic roof. When the filling materials on
the strength and stiffness are bigger and have a certain
width, overburden load is shared by the mass media and
the roadway beside filling body and roof coal and the pack
on the structure of the two supporting functions; key block

B in the coal side fracture location will change with the
change of the support resistance; when the immediate roof
can be large enough to be transferred to the main roof, the
support resistance on the key block B may even occur at
the gob-side secondary fracture [27, 28]. In the case of differ-
ent support resistances, the fracture positions of the main
roof are mainly divided into the following three categories
[29], as shown in Figure 3. Among them, according to differ-
ent parameters of the filling body, the formation of the bear-
ing structure within the support resistance is different; when
the filling body of support resistance and the real bearing
capacity of coal are reasonable, the solid coal with filling
physical carrying overburden load and lateral cut overbur-
den on the filling body, at this time of roadway stability, is
best, as shown in Figure 3(c). The fracture position of the
basic roof is not only related to lithology, coal seam dip
angle, and other geological factors; on the other hand, a
major factor determining the fracture position of the basic
roof is the parameter setting of the filling body. Therefore,
the setting of filling body width and strength plays a crucial
role in the stability of gob-side entry retaining [30, 31].

3.2. The Determine of Reasonable Width of Filling Body.
After screening the filling materials of the roadway, it was
decided to adopt CHCT paste concrete filling material for
retaining the roadway and then add 30mm gravel. This
method can increase the compressive strength of the filling
material by about 30% and reduce the cost by about 15%.
Therefore, after determining the filling material, the final
parameter that determines the performance of the filling
body is the width of the filling body. As shown in Figure 4,
the mechanical model of load-bearing structure of gob-side
entry retaining is established. The filling body beside the
gob is mainly subjected to overburden load; friction force
between the surrounding rock and lateral pressure is pro-
vided by gangue caving in the gob [32].

3.2.1. Lateral Stress Analysis of Filling Body. Assume the gob
caving coal gangue on the pack on forceFand caving waste
rock and filling body above the force for uniform loadQ;ꞵis
the bending angle of roof; the friction angle between the

Haulage

24207 working face

Filling bodyTailgate

Stopping line

Figure 2: Working face layout.
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filling body and top coal gangue isδ. Under the condition of
mining face with large cutting height, the mining space is
large, the dynamic pressure is obvious, the immediate roof
is easy to break, and the caving gangue at the bottom of
the gob is easy to be compacted. Therefore, the gangue filling
body can be approximately regarded as coarse-grain soil for
calculation, and F can be regarded as the pressure on the
surface of the filling body under the uniform distribution
load of gangue. According to the geomechanical conditions,
the force F exerted on the filling body at this time is equiv-
alent to the active earth pressure. The Coulomb earth pres-
sure theory is used to calculate [33], and then,

F = 1
2 γh1

2Ka + h1KaQ sec β, ð1Þ

where γ is the average bulk density of filling gangue, h1 is the
height of filling body after compaction, Ka is the Coulomb
active earth pressure coefficient, and its value is

Ka =
cos2φ

cos δ 1 + sin φ + δð Þ sin φð Þ/cos δ½ �1/2
n o2 , ð2Þ

h1 = h − Δh, ð3Þ
Δh = x0 + d + lð Þ tan β, ð4Þ

where h is the filling height of the filling body and φ is the
internal friction angle of the caved gangue. Δhis for com-
pression deformation of gob side after filling
compression;dandlare roadway width and filling body
width, respectively; x0 is the distance between the bending
base point of roof rock beam and the side of gob roadway;
and its value is [34]

x0 =
λh

2 tan φ0
ln kγH + c0/tan φ0ð Þ

c0/tan φ0ð Þ + p0/λð Þ
� �

, ð5Þ

where λ is the lateral pressure coefficient and 0.36 is taken
according to Poisson’s ratio; φ0 and c0 are the internal fric-
tion angle and cohesion of the interface between coal seam
and roof and floor, respectively, taking 28° and 2MPa; k is
the stress concentration factor, which is 1.6; H is the buried
depth of roadway, taking 529m; p0 is the coal support
strength, and 2MPa is taken.

For the filling body, if it is to be stable, its friction force f
should meet the following requirements:

f ≥ Fh1 cos δ: ð6Þ

The filling body is subjected to friction along the normal
direction of the wall. In the case that the buried depth of the
working face is large and the stress is large, the gravity action
of the filling body can be ignored. Therefore, the friction
force of the filling body can be approximated as

f = μ 2Ql + Fh1 sin δð Þ, ð7Þ

where μ is the friction coefficient between the filling body
and the roof and floor.

Equations (1), (2), (6), (4), (5), and (7) are formulated
together, and the function of filling body width under lateral

Main Roof
A B

C

Coal Gob

Immediate Roof

(a) The main roof fracture is above the solid coal body

Main Roof A B
C

Immediate Roof

Coal Gob

(b) The main roof fracture is above the roadway

Main Roof
A

B C

Coal Gob

Immediate Roof

(c) The main roof fracture is located outside the filling body

Figure 3: Main top lateral fracture structure.
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Figure 4: Mechanical model of bearing structure of gob-side entry
retaining.
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pressure should meet the following requirements:

l ≥
Fh1 cos δ − μ sin δð Þ

2μQ : ð8Þ

The angle of β is related to the filling rate of the filling area.
According to the field experience, the angle of β is set as 8°.
According to the field investigation of Shaqu mine, relevant
parameters can be obtained as follows: h = 4:2m, δ = 30°, φ =
45°, Q = 3MPa, μ = 0:5, and d = 4m. The minimum width of
filling can be obtained as 2.2m when applied into equation (8).

3.2.2. Analysis of Overburden Load on Filling Body. When
the overlying strata are bent and deformed, the load on the
filling body is regarded as the weight of the roof strata of
the filling body, the roadway, and the weak and broken part
of the coal wall, which can be equivalent to the weight of n
= 4~8 times of the mining height [35]. Therefore, for the
filling body with strength q, there is a certain value

q ≥
N l + d + x0ð Þγ0h

l
: ð9Þ

The results are as follows:

l ≥
N d + x0ð Þγ0h
Nγ0h − q

, ð10Þ

where γ0 is the volumetric force of the immediate roof and q
is the initial strength of the gob-side entry retaining filling
body. According to the site conditions, q takes 2MPa, N
takes 4, and substituting formula (10) to get the minimum
width of the filling body is 3.9m.

To sum up, in addition to geological factors, the setting
of filling body width and strength plays an important role
in the stability of gob-side entry retaining. Whether the fill-
ing body can remain stable mainly depends on the friction
force of filling body in the horizontal direction and the grav-
ity load of overlying strata. Through comprehensive consid-
eration of calculation, the minimum width of the filling body
should be 3.9m.

6#coal

24207 Working face

coal2#

coal5#
fillingbody
finesandstone

mudstone
Overlyingstrata
sandymudstone
Siltstone

100 m
120 m

89 m

Mediumfinesandstone
limestoneL5

coal3+4#1
coal3+4#2

Carbonaceoussandstone

Gob-side entry retention
filling body

Figure 5: Numerical simulation model diagram.

Table 1: Mechanical parameters of rock mass.

Rock name
Density
(kg·m-3)

Bulk modulus
(Gpa)

Shear modulus
(Gpa)

Cohesion
(Mpa)

Tensile strength
(Mpa)

Internal friction angle
(°)

Mudstone 2 350 2.10 1.95 1.5 1.400 32

Fine-grained
sandstone

2 600 1.89 1.20 8.3 1.252 35

Coal 2# 1 400 0.72 0.58 1.3 0.325 30

Sandy mudstone 2 600 1.34 1.00 8.2 1.025 36

Coal 3 + 4# 1 400 1.44 1.38 1.3 0.200 30

Siltstone 2 800 4.90 4.67 1.2 1.000 36

Coal 5# 1 400 1.44 1.38 1.3 0.200 30

Limestone L5 2 730 1.21 1.20 6.3 1.119 40

Coal 6# 1 400 1.44 1.38 1.3 0.200 30

Medium sandstone 2 600 2.67 1.12 8.0 3.170 35

Carbonaceous
sandstone

2 520 1.86 1.15 1.4 1.790 33

Filling body 2 950 2.60 1.70 3.0 1.650 34

Overlying strata 2 500 2.28 1.80 6.0 1.550 33
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4. Parameter Determination of Roadway Side
Filling Body

According to the mechanical model of the bearing structure
of gob-side entry retaining, it can be considered that the fill-
ing body has the same strength per unit length, and the

pouring material of the filling body has been determined.
Therefore, the final parameter determining the performance
of the filling body is the width of the filling body. According
to the actual situation of the 24207 working face, FLAC3D is
used to simulate the vertical stress, horizontal displacement,
and plastic zone distribution when the filling body width is
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Figure 6: Vertical stress distribution of different filling body widths.
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1m, 2m, 4m, 6m, 8m, and 10m, respectively. The calcula-
tion model as shown in Figure 5 is established, filling body is
set in the model in advance, and roadway is excavated first,
followed by the working face. The length, width, and height
of the model are 120m, 100m, and 89m, respectively. A
total of 18 coal beds have been established. The coal seam
is near horizontal, and the thickness of the coal seam is
4m. The bottom boundary of the model is fixed; that is,
the displacement of the bottom boundary in X, Y , and Z
directions is zero. The top of the model is a free boundary,
and the equivalent load is applied to the upper strata. The
self-weight load is set in the z-axis direction, and its value
is 8.2MPa. The Molar-Coulomb criterion is used for calcula-
tion. By sampling the coal and rock mass of the roof and
floor of the 24207 working face on site and testing the
mechanical parameters of coal and rock mass in the labora-
tory, the mechanical parameters of coal and rock mass are
obtained, as shown in Table 1.

4.1. Vertical Stress Analysis of Different Filling Body Widths.
Figure 6 shows the vertical stress distribution diagram of the
filling body with different widths. As can be seen from the
figure, with the increase of the width of the filling body,
the vertical stress of the filling body increases gradually,
and the stress of the roof above and the floor below the fill-
ing body also increases gradually. When the filling body
width is 6~10m, the vertical stress of the filling body
decreases with the increase of the filling body width, and
the stress concentration area gradually changes from the
symmetrical type when the filling body width is 1~4m to
the eccentric load type; that is, the stress concentration area
changes from the middle part of the filling body when the
filling body width is 1~4m to the side of the filling body near
the gob. This is because when the width of the filling body is
too small, the resistance of the cutting top is too small to be a
bearing body. The main roof breaks at the solid coal body
side. Most of the force of the main roof when the main roof

is rotated and sunk needs to be borne by the filling body.
However, the overbroken filling body cannot play the bear-
ing capacity, which leads to the sharp asymmetric subsi-
dence of the roof and filling body of the roadway. When
the filling body is 1m, the filling body is the smallest, the
overall maximum stress is only 18Mpa, and the stress of
roadway roof and floor is 4MPa. At this time, it is very likely
that the roadway roof has subsided violently and the filling
body is seriously damaged. When the width of the filling
body reaches a certain value, it can provide enough roof cut-
ting resistance. At this time, the stress of the roof and floor of
the roadway increases, and the filling body can cut off the
roof of the gob side in time, so that the stress of the filling
body decreases with the increase of the width, and the stress
of the roof and floor of the roadway is normal.

4.2. Vertical Displacement Analysis of Different Filling Body
Widths. Figure 7 shows the vertical displacement distribu-
tion diagram of the filling body with different widths behind
the working face. As can be seen from the figure, roof subsi-
dence decreases gradually with the increase of filling body
width. When the width of filling body is 1m, the maximum
roof subsidence is 0.61m, the serious roof subsidence has
occurred, and the asymmetric distribution of roadway defor-
mation is obvious. The side subsidence of the filling body is
far greater than that of the solid coal body, and the side sub-
sidence of the gob is also significantly greater than that of the
roadway. Because the width of the filling body is too small to
form an effective bearing body, the filling body is seriously
damaged, and the roof and filling body sink sharply, which
is consistent with the stress analysis, and the roof is basically
broken on the side of the solid coal body. When the width of
the filling body is 2m, the roof subsidence of the roadway is
still very large, the reason is the same as that when the width
of the filling body is 1m, and the roadway and the filling
body also have asymmetric deformation. When the width
of the filling body is 4m, the roof subsidence decreases obvi-
ously compared with that of 1m and 2m. At this time, the
subsidence of the roadway and the filling body appears to
have obvious symmetrical distribution. The subsidence in
the middle of the roadway is the largest, and the two sides
are slightly smaller, and the maximum subsidence is
0.38m. The subsidence in the middle of the filling body is
the smallest, and the two sides are slightly larger, and the
maximum subsidence of the filling body is 0.27m. In the
controllable range, it shows that the filling body provides
the appropriate cutting resistance at this time, which can
cut off the roof on the side of the filling body in time, which
is conducive to the stability of the roadway and the filling
body. When the width of the filling body is 6-10m, the roof
subsidence law is consistent with that of 4m, but it is not
obvious that the subsidence of the roadway and the roof
above the filling body is reduced.

4.3. Distribution of Plastic Zone of Filling Body with Different
Widths. As shown in Figure 8, the distribution of plastic
zone of the filling body with different widths is shown. It
can be seen from the figure that when the filling body width
is 1m or 2m, the filling body has been completely damaged,
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Figure 7: Vertical displacement distribution of the filling body with
different widths behind the working face.
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and the surrounding rock deformation of the roadway is
serious. When the width of the filling body is 4m, there is
a small amount of plastic damage on both sides of the filling
body, and most of the middle area is elastic area, which
accounts for more than 80% of the whole filling body. When
the width of the filling body is 4~6m, it can be seen that with
the increase of the width of the filling body, the plastic area
of the filling body is less, which fully proves that the increase
of the width of the filling body is conducive to the stability of
the roadside bearing structure.

Therefore, through the analysis of the distribution of
vertical stress, vertical displacement, and plastic zone in the
working face, it can be concluded that if the width of the fill-
ing body is too small, the vertical stress of the filling body
will be too small, and the vertical displacement of the road-
way roof will be too large. This is because the filling body
beside the roadway has been too broken to bear the load,
which makes the roadway roof and filling body have serious

asymmetric deformation. The larger the width of the filling
body, the greater the cutting resistance, the more timely
the roof of the gob side of the filling body can be cut off to
reduce the stress on the roadway and above the filling body,
and the more stable the retained roadway is. However, when
the width of the filling body reaches a certain value, with the
increase of the width of the filling body, the roof subsidence
of the roadway has little change. Based on the above analysis
and considering the economic cost, when the filling body
width is 4m, the roadway deformation is within the control-
lable range, and the plastic failure range of the filling body is
less, which has little difference with the theoretical calcula-
tion, and the economic cost of this scheme is lower, so the
filling body width is selected as 4m.

5. Field Measurement

Monitoring the support effect of the filling body beside the
roadway is an important means to check the success of road-
way retaining. According to the above analysis, the survey
station layout of the 24207 working face in Shaqu mine is
carried out. The measuring station is arranged in the range
of 0~260m behind the working face. The observation work
and mining are carried out simultaneously. When the filling
length of the retained roadway reaches 220m, it is installed
uniformly and observed in time. As shown in Figure 9, from
the working face to 215m, the distance between 15m and
30m is not equal. A surface displacement measuring station
is arranged, with 10 groups arranged, as shown in the figure;
1-10 # each surface displacement measuring station is
arranged with a comprehensive station, as shown in
Figures 1, 3, 5, and 7. The comprehensive measuring station
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Figure 8: Distribution of plastic zone of different width filling bodies.
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Figure 9: Layout of measuring station for 24207 gob-side entry
retaining.
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includes one surface displacement measuring station, one
roof off layer measuring station, and one filling body defor-
mation station.

The displacement of the roof and two sides of the gob-
side entry retaining of 4m filling body at the 24207 working
face were monitored, and the rationality of the filling body
was verified by analyzing the monitoring data. The monitor-
ing results are shown in Figures 10 and 11.

As shown in Figure 10, 24207 gob-side entry retaining
two side deformation curves from the figure can be seen;
with the farther away from the working face, the greater
the deformation of roadway side. As shown in Figures 10,
24207 gob-side entry retaining two side deformation curves

from the figure can be seen; with the farther away from the
working face, the greater the deformation of roadway side.
The deformation rate of the two sides is the fastest at about
30~60m behind the working face and gradually decreases
and tends to be stable after about 200m behind the working
face. The final deformation of the solid coal body side is
365mm, the final deformation on the filling body side is
300m, and the total deformation of the two sides is
665mm. The deformation of the side of the solid coal body
accounts for 55% of the total deformation of the two sides,
which indicates that the filling body beside the roadway
keeps good integrity, and the deformation is mainly affected
by the revolving subsidence of the roof.

As shown in Figure 11, 24207 gob-side entry retains the
roof and floor deformation curve. It can be seen from the fig-
ure that the deformation of the roof and floor is slightly
lower than that of the two sides. With the increase of the dis-
tance from the working face, the deformation of the roof and
floor is greater and then tends to be stable. The final subsi-
dence of the roof is 251mm, the final heave of the floor is
346mm, and the final approach of the roof and floor is
597mm. The deformation degree of the floor is greater than
that of the roof, accounting for 58% of the total amount of
the approach, which is in line with the deformation law of
the surrounding rock of gob-side entry retaining. Moreover,
the roof of the roadway has no severe subsidence and obvi-
ous cracking, and the floor has no excessive floor heave,
indicating that the effect of roadway retaining is good.

As shown in Figure 12, the relationship between the
deformation of the filling body and the distance from the
working face in gob-side entry retaining is shown. In the fig-
ure, the left ordinate represents the cumulative deformation
of the filling body (mm), and the right ordinate represents
the deformation velocity of the filling body (mm/d). It can
be seen from the figure that the filling body has a large defor-
mation in a short time after filling solidification, and the
cumulative deformation has reached 32mm at 35m behind
the working face, and the cumulative deformation after that
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is only 7mm. The deformation rate of the filling body has
two large changes in the whole process. It shows that the fill-
ing body has two large deformations in a short time after fill-
ing and solidification. The filling body is greatly affected by
the previous two periodic weighting of the working face,
and then, the deformation of the wall is not obvious with
the stability of the overlying strata.

In summary, it can be seen that the total deformation of
the two sides of the roadway and the roof and floor of the
roadway tended to be stable after 665mm and 597mm,
respectively, and the deformation of the solid coal side
accounted for 55% of the total deformation of the two sides,
indicating that the filling body at the side of the roadway
maintained a good integrity, and its deformation was mainly
affected by the rotation and subsidence of the roof. The roof
of the roadway did not appear to have sharp subsidence and
obvious cracking, and the floor did not appear to have large
floor heave. The effect of roadway retention was good.

6. Conclusion

(1) This paper analyzes the stability factors of gob-side
entry retaining in mining face with large cutting
height and obtains the setting of filling body width
and strength, which plays an important role in the
stability of gob-side entry retaining. Based on the lat-
eral pressure and overlying load on the filling body,
the mechanical model of the bearing structure of
gob-side entry retaining is established. The mini-
mum width of the filling body is 2.2m in the lateral
direction and 3.9m in the vertical direction. Finally,
the minimum width of the filling body is determined
to be 3.9m by theoretical calculation

(2) By using FLAC3D numerical simulation software, the
variation law of stress, displacement, and plastic
zone of surrounding rock roadway with the width
of filling body is obtained. When the width of the fill-
ing body is too small, the filling body has been over
broken and cannot bear the bearing effect, resulting
in serious asymmetric deformation of the roadway
roof and the filling body, and the vertical displace-
ment of the roadway roof is too large. The larger
the width of the filling body is, the greater the cutting
resistance is provided, the more timely the roof on
the goaf side of the filling body can be cut off, the less
the stress on the roadway and above the filling body,
and the more stable the retained roadway is. Finally,
when the filling body width is 4m, it can ensure the
stability of surrounding rock and reduce the eco-
nomic cost, which has little difference with the theo-
retical calculation

(3) Through the observation of deformation of roof, two
sides, and filling body of 24207 gob-side entry retain-
ing, it is found that the total deformation of two sides
and roof and floor tends to be stable after 665mm
and 597mm, respectively, and the deformation of
solid coal body side accounts for 55% of the total

deformation of two sides, which indicates that the
filling body beside the roadway maintains good
integrity, the roadway roof does not appear to have
severe subsidence and obvious cracking, and the
floor does not appear to have excessive floor heave.
The effect of retaining roadway is good, which shows
that 4m filling body can meet the needs of practical
engineering and verifies the correctness of theoreti-
cal analysis and numerical simulation
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During the extraction of coal seam, the evolution pattern of the rock is an important element for controlling the rock seam and
preventing water damage to mine. In order to obtain the deformation and damage of weakly cemented coal seam footings under
dynamic pressure, the stability of the footings was studied using a combination of various methods, including rock mechanics
testing, field testing, and numerical simulations. By sticking distributed optical fiber on the surface of rock samples, the degree
and location of rupture on the surface of rock samples could be obtained using the strain response correlation for optical fiber.
Two monitoring holes were arranged in the bottom plate of coal seam at 12307 working face of a mine in Ordos Basin, China.
Moreover, a distributed optical fiber sensor was implanted in the hole. The results show that the failure depth was 16.5m. On
the other hand, the numerical simulation results show that the failure depth of the bottom plate was 16.0m, which agreed well
with the measured value. The distribution characteristics of the maximum principal stress of the bottom slab during the
advancement of working face were obtained using three-dimensional (3D) numerical model. Based on the distributed optical
fiber strain tests in the two boreholes in the same vertical profile and combined with the natural proximal interpolation
method, the interhole strain increment distribution profile was obtained. The research results provide a reference for the safe
mining of coal resources and the prevention and control of water damage in the mine floor.

1. Introduction

The stress concentration caused by coal seam mining can
lead to the redistribution of regional rock stress, which in
turn leads to changes in the stress state of the coal seam floor
rock, deformation, damage, and movement [1]. In the hun-
dreds of meters deep quarry space, the rock material has
the characteristics of nonhomogeneity, irregularity, and
anisotropy. Coupled with the complex geological conditions
and hydrogeological conditions, the deformation and break-
age of surrounding rock under dynamic pressure may result
in the development of hydraulic fissures and the destabiliza-
tion of the bottom water barrier to induce sudden water,
which poses a great threat to safe and efficient mining of coal
mines [2]. The distribution of stress-strain field and the

deformation characteristics of the bottom slab rock are one
of the primary conditions for studying the depth and extent
of damage of the bottom slab. Therefore, monitoring the
variations in the geophysical field of coal seam bottom slab
and mastering the damage characteristics of bottom slab
during coal mining are important elements of mine contain-
ment and water damage prevention [3].

At present, many scholars have conducted a lot of
research on the evolution of mining damage in coal seam
floor. Theoretical studies by Meng et al. [4] obtained the
mechanical analytical correlation of any point of the bottom
plate by establishing the mechanical model of the bottom
plate. Wang et al. [5] considered the stress characteristics
of the strike and tendency of the working face and estab-
lished a spatial semi-infinite body model. They also deduced
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the iterative correlation for calculating the vertical stress of
the bottom plate. Lu et al. [6] established the mechanical
model under the joint action of mining and confined aquifer
and obtained the distribution of vertical stress, horizontal
stress, and shear stress along the strike of stope floor. Con-
sidering the influence of mining pressure and nonuniform
hydraulic pressure, Liang et al. [7] proposed two-
dimensional hydromechanical calculation model and key
layer stability analysis model. By solving for the analytical
solution, the methods could help in studying the failure
depth and failure characteristics of coal seam mining floor.
However, the stope environment is complex, under which,
it is difficult to comprehensively consider all the factors.
The analytical solution is helpful in studying the damage
depth and damage characteristics of the coal seam mining
floor. However, the complex environment of the mining site
makes it difficult to consider all variables in a comprehensive
fashion. Liu et al. [8] conducted numerical simulations on
the failure characteristics of the floor of 3306 working face
to determine the sensitivity of each major factor that con-
tributes to the failure depth of the floor. Kmab et al. [9] used
RFPA (rock failure process analysis) that considers the het-
erogeneity of the coal rock to simulate the progressive failure
process of coal seam floor during mining. Zhang et al. [10]
implanted distributed optical fiber sensors in the material
model to detect the characteristics of the strain response
during mining. Du et al. [11] implanted distributed optical
fiber and FBG in the roof of the model and analyzed the
deformation and failure of overburden according to the
parameter response characteristics. Based upon customized
confined water simulation equipment, Jiang et al. [12] con-
ducted similar simulation tests on the fracture and instability
characteristics of the roof and floor of the mining face above
the aquifer and obtained the variation patterns of the stress
of the roof and floor during the mining process. Compared
with the field test, the similar model has the features of easy
operation, short time consumption, and outstanding effect.
Most of the existing similar models are mainly the two-
dimensional models, whereas only a handful of three-
dimensional models are developed due to the limitations of
test equipment and sites. Field tests of the deformation dam-
age of the quarry rock include seismic wave lamination
method [13], microseismic monitoring method [14], high-
density electrical method [15], and borehole television [16].
Field testing is the most direct testing method to capture
the deformation of a rock and the damage under complex
geological environment and variables.

In recent years, fiber optic sensing technology has found
its way into geological hazard monitoring due to its high
accuracy, insulation, and anti-interference features. The
technology has been used to monitor the development of
the fracture of surrounding rock and accurately reflect its
deformation characteristics according to the correspondence
between the fiber optic strain and the rock collapse move-
ment [17, 18]. The related research only applies the distrib-
uted optical fiber sensing technology to the stope rock
stratum test, which cannot be used to comprehensively study
the response characteristics of strain to rock stratum defor-
mation and fracture process. Based on distributed fiber, the

rock mechanic test is used to compare the deformation
and failure stages of rock samples with the fiber strain data.
The results provide basis for the analysis and interpretation
of field test data. Meanwhile, two one-dimensional borehole
datasets in the same plane are combined, and the natural
adjacent point interpolation method is used to obtain the
two-dimensional strain profile between the layers, which
provides a new method for optical fiber data processing.
This paper takes the coal seam mining floor in 12307 work-
ing face of a coal mine in Ordos Basin (Figure 1) as the
research object. Two floor drilling holes are arranged, and
distributed optical fiber sensors are implanted in the holes.
The disturbance characteristics of coal seam floor rock mass
at different depths during the mining process are monitored
by drilling distributed optical fiber sensors. Based on distrib-
uted optical fiber rock mechanics test, the measured data are
analyzed to obtain the mining failure depth of the floor.
Meanwhile, the finite difference software, FLAC3D [8], is
used to build a three-dimensional (3D) numerical model,
whereas further analysis is carried out according to the
regional distribution of plastic zone of coal floor.

2. Experiments

The rock uniaxial loading test was performed using the MTS
816 instrument [19]. Figure 2(a) shows the schematic of the
testing system and includes loading device, optical fiber, dis-
tributed fiber demodulator, jumper, and lighting device. The
rock sample was made up of sandstone and obtained from
the field monitoring hole with the dimensions of 50mm ×
100mm (diameter × height) (Figure 2(b)). The loading rate
was 0.005mm/s for strain dynamic testing of uniaxially
loaded rock samples. Under indoor conditions, the variation
in room temperature was very small, and the effect of tem-
perature on the distributed fiber was negligible.

Figure 3(a) shows the axial strain record of MTS 816.
During the first 214 s of loading, the rock sample underwent
original pore compression and linear elasticity. When it was
loaded to 214 s and the axial pressure became 141.9 kN, local
cracks appeared on the surface of the rock sample. The first
inflection point appeared in the time axial force curve. Dur-
ing the continuous pressurization of MTS 816, the local frac-
tures were closed. Meanwhile, the rock sample continued to
bear, and the bearing pressure continued to increase. When
the pressure increased to 279 s and the axial pressure became
134.4 kN, the local cracks of the rock sample were pene-
trated. The fracture was formed, and the bearing capacity
disappeared. The second inflection point appeared in the
time axial force curve. The results presented in Table 1 show
the whole process. Figure 3(b) shows the cloud diagram of
distributed optical fiber test results. It can be seen that,
before the formation of local fractures, the microstrain
increment of rock sample became positive, and the optical
fiber accumulated large tensile strain. After the local cracks
were generated, the energy at the fracture position was
released, and the strain value decreased. Based upon the pre-
vious high increment in strain, it suddenly dropped and
even appeared to have negative value. After continuous pres-
surization, the fracture was closed, and the rock continued to
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bear until it was completely destroyed. At this time, the
energy accumulated by the rock sample was completely
released. Combined with the optical fiber strain increment
nephogram, the strain increment had a second obvious
change, indicating the characteristics of rock fracture.

The strain burst observed by distributed optical fiber
corresponded clearly to the spatial spread of cracks on the
specimen surface, which could reasonably circle the location
of the area where rock damage occurred and sensitively cap-
ture the information of rock rupture precursors.

3. Numerical Simulation

3.1. Engineering Geology Overview. Figure 4 shows the
spread of the mining area. Mining is mainly conducted in
3-1 coal seam, which belongs to the upper 3 coal group of
the Jurassic Middle and Lower Eolian section. The geological
conditions of the coal seam in this working face are relatively
simple. The thickness of the coal seam in the working face

varies greatly, and the average thickness of the coal seam
mined in the retrieval range is about 2.2m. It is a near-
horizontal coal seam, and the dip angle of the stratum is
0~ 2°. The coal seam is black, with black-brown stripes and
dull luster, dominated by dark coal and silk charcoal, and
contains a small amount of bright coal with exogenous fis-
sure development. The direct bottom of its bottom plate is
sandy mudstone with more developed fissures, and the old
bottom is siltstone. The substrate as a whole consists of
weakly cemented rock layer. No large fractures and folding
structures are found in the area. However, vertical microfis-
sures are developed, which make the back mining face prone
to sudden water threat.

3.2. Numerical Model. According to the stratigraphic divi-
sion of the study area and the comprehensive bar chart of
the borehole (Figure 4), the mechanical parameters of the
bottom slab rock were obtained using indoor rock mechan-
ics tests (Table 2). The numerical calculation model was
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Figure 3: Pressure time-axial stress curve of MTS 816 (a) and strain evolution nephogram of axially pressurized distributed optical fibers
(b).

Table 1: Loading process of the rock samples.

Loading time (s) Axial pressure (kN) Degree of rock sample damage

0~ 214 141.9 Initial pore compression and linear elasticity stages

214~279 98.8~ 134.4 Local fissures

>279 <134.4 Completely destroyed
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established, as shown in (Figure 5). Surrounding pressure
was applied to the model, and all calculations were com-
pleted using the generalized Mohr-Coulomb damage crite-
rion [20]. Mohr-Coulomb theory is more in line with the
fracture mechanism of mine surrounding rock and can accu-
rately reflect the mining failure depth of coal seam floor.

As shown in Figure 5, the model was 300m long in the x
-direction, 360m wide in the y-direction, 80m high in the z
-direction, and 2.2m thick in coal seam. The 3D model was
divided into 206719 units and 194400 nodes. The mechani-
cal boundary conditions of the model are as follows: the fully
constrained boundary conditions are adopted at the bottom.
The free boundary is adopted at the top of the model, and
the surface force is applied to replace the rock stratum that
cannot be simulated by the model. Free boundary condition
is adopted for coal seam roof. The front, rear, left, and right
boundaries of the model are fixed in X and Y directions.

3.3. Simulation Results and Analysis. By simulating the pro-
cess of advancing the working face along the strike, the cloud
diagram of the maximum principal stress distribution and
the variation trend of the range of plastic zone affected by
disturbance at different depths of the coal seam floor are
studied. The variation patterns of deformation and damage
to the bottom slab during mining are summarized. The sim-
ulation process and the corresponding results are shown in
Figure 6.

As can be seen from Figure 6, with the advance of the
working face, the maximum principal stress of the floor
strata of coal seam was affected by abutment pressure, and
the value of the maximum principal stress changed accord-
ingly. The 0~ 10m in front of the work was significantly

affected by the advance bearing pressure, and the surround-
ing rock appeared to undergo stress concentration, which is
similar to the conclusion on the stress distribution in the
front of the work obtained by Liang [21]. During the mining
process, the maximum principal stress in the stress concen-
tration area reached -22.1MPa. The area below the goaf was
a pressure relief area, and with the advancing of the working
face, the pressure relief area gradually increased, and the
rock stratum produced large deformation after unloading.
There was a large range of tensile stress area in the floor of
goaf, and the integrity of the rock stratum in the floor of goaf
was damaged, which resulted in a continuous increase in the
tensile stress area. The floor rock stratum in goaf changed
from initial shear failure to tensile bending failure. With fur-
ther intensification of stress concentration, the tension bend-
ing failure occurred in the floor strata of goaf. The
distribution of maximum principal stress reflected the fail-
ure pattern of floor rock stratum to a certain extent [22].

Figure 7 shows the distribution of bottom plate’s failure
plastic areas with different excavation distances. It can be
seen that, under the action of advance support pressure,
the floor rock stratum mainly underwent compression shear
plastic failure, and tension failure occurred in the front of
the work. With the mining of the working face, the rock
mass of the floor of the goaf underwent tensile failure under
the action of unloading, forming a certain range of active
plastic area. The mining fissures increased with the continu-
ous advancement of the working face, and the failure range
of the rock mass increased. There were positive and negative
shear stress variation zones in the rock mass under the floor
near the elastic-plastic junction at both the ends of the work-
ing face. The existence of the shear stress variation zones
could promote crack propagation and form compression
shear or tension shear failure. This is similar to the conclu-
sion of floor damage obtained by Li [23]. The collapse of
the upper strata of the coal seam and recompaction of the
goaf weakened the unloading effect of the floor rock mass,
so that the development of the floor fault zone slowed down
until it completely stopped. At the end of the excavation, the
results of plastic zone show that the maximum failure depth
of the bottom plate was 16.0m, while its failure boundary
was shear failure mode.

4. Technology Principle

4.1. BOTDR Principles. Fiber optic sensing technology is a
direct, continuous, real-time monitoring of the physical
parameters at the location of the fiber and makes use of geo-
metrically one-dimensional characteristics of the fiber and
the Brillouin scattered optical power frequency shift with
the measured temperature or strain parameters as a function
of the fiber position length. The effect of strain and temper-
ature on the Brillouin frequency shift can be expressed using
Equation (1) [24].

VB ε, Tð Þ = VB 0ð Þ + dVB εð Þ
dε

ε + dVB Tð Þ
dT

T , ð1Þ

where VBðε, TÞ represents the Brillouin frequency shift value
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under temperature and pressure, VBðεÞ/dε represents the
Brillouin frequency shift-strain coefficient, dVBðTÞ/dT rep-
resents the Brillouin frequency shift-strain coefficient, T is
the temperature (°C), and ε is the fiber axial micro strain
(με). When the change in test temperature was less than
5°C, the Brillouin frequency shift due to the temperature
change could be ignored; however, the Brillouin frequency
shift of the fiber axial strain was considered. By measuring
the Brillouin frequency shift of the stretched fiber
(Figure 8), the strain of the fiber can be obtained by the lin-
ear relationship between the amount of change in the fre-
quency shift and the strain of the fiber. Moreover, L
represents the distance from the location where scattering
occurred to the incident end of the pulsed light. The value
of L can be calculated by Equation (2) using optical time
domain analysis.

L = ct
2n , ð2Þ

where c denotes the speed of light in vacuum, n is the refrac-
tive index of the fiber, and t is the time interval between the
emitted pulsed light and the received scattered light.

4.2. Fiber Optic Strain Test Base Rock Deformation Principle.
The distributed monitoring of mining bottom deformation
is to implant fiber optic cables in the coal seam and bottom
rock. When any deformation occurs in the coal seam, the

sensing optical fiber responds to the strain parameters of
the bottom rock seam under different mining conditions at
the working face. Based upon the results obtained using
Equations (1) and (2), the strain value of each point along
the sensing optical fiber is obtained. Furthermore, the
stress-strain distribution information in the coal seam floor
is continuously monitored to realize the dynamic monitor-
ing of the deformation and damage of the floor rock with
the progress in the mining process. Additionally, the
stress-strain distribution helps in obtaining the state of the
development of fracture of the floor or the failure depth of
the rock, which provides a basis for mastering the evolution-
ary pattern of the actual working face floor damage. The out-
standing advantage of this monitoring method is that it
makes up for the shortage of point monitoring and can
obtain continuous distribution information of the measure-
ment in space and time, thus realizing the purposes of
real-time, long-distance, and distributed monitoring.

5. Field Testing

5.1. Test Program. The optical fiber testing system was con-
structed with the help of rock borehole at the bottom of the
coal seam. As shown in (Figure 9), the measurement bore-
holes were arranged at the working face’s backwind chute
towards the bottom of the roadway. The optical fiber sensors
were arranged through the boreholes and drill boreholes
downhole. The monitoring hole 1# was at an angle of 13.0°

Table 2: Mechanical parameters of rock mass in the model.

Lithology
Modulus of elasticity

E (GPa)
Modulus of shear G

(GPa)
Cohesion C

(MPa)
Angle of internal
friction ψ (°)

Tensile strength Rm
(MPa)

Density Y
(kg/m3)

Coal 7.6 0.6 2.7 31.4 0.35 1460

Siltstone 15.6 2.5 3.1 35.2 1.45 2650

Fine
sandstone

15.2 1.52 3.2 36.0 1.65 2675

Medium
sandstone

13.7 4.3 3.0 35.4 1.6 2697

Coarse
sandstone

12.7 5.8 2.8 34.9 1.55 2705

Sandy
mudstone

10.2 2.56 2.9 37.5 1.3 2659

Sandy mudstone

Z

YX

Sandy mudstone
Sandy mudstone

Sandy mudstone

Sandy mudstone

Siltstone

Siltstone

Siltstone

3-1 coal
3-2 coal

Coarse sandstone
Fine sandstone

Fine sandstone

Fine sandstone

Figure 5: Three-dimensional numerical model.
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to the working face, with a depth of 78.0m and a vertical
depth of 17.5m. The monitoring hole 2# was at an angle of
30.0° to the working face and had the depth and vertical
depth of 68.0m and 34.0m, respectively. The stress charac-
teristics of the coal seam before and after the mining process
were studied, and the data were processed, imaged, and
interpreted.

5.2. Analysis of the Results. The on-site data was collated
and counted. The collected data from the distance of
97.6m from the monitoring hole at the retreating footage

of the back mining face was taken as the initial value. Fur-
thermore, the variations in the increment in the strain of
the optical fiber in holes 1# and 2# were plotted, as shown
in Figure 10.

Drill hole 1# was relatively shallow and had a large
horizontal length. It was affected by mining before drill
hole 2#. There was an overriding effect of dynamic pres-
sure on the rock formation, and the nonlinear response
characteristics of rock deformation in the bottom slab
were generally inversely related to the depth of the floor
[25]. At the distance of 80m from the orifice, a slight
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strain change in the rock layer began to appear. At the
distance of 50m from the hole, the variation in the strain
of the rock layer intensified and the local compressive
stress of the rock layer increased significantly. Meanwhile,
the rock layer started to produce microfractures. When the

recovery face was located above the drill hole, the coal
mining face showed an increase in the compressive strain,
and the rock beneath the mining void showed an increase
in the compressive strain. As shown in Figure 10(b), the
optical fiber data fluctuated significantly at the hole depth
of 33m, which was analyzed as a rock breaking feature.
During the whole process of recovery, when the recovery
workface was 33.4m away from the hole and was located
at the vertical depth of -8.4m in monitoring hole 1#, the
maximum value of the pressure-strain increment of mon-
itoring hole 1# was -1098με. The tensile strain increased
with the maximum value of 893με, which is when the
retrieval face was directly above the hole and was located
at the vertical depth of -7.2m in the 1# monitoring hole.
Themaximum value of the increase in pressure-strain inmon-
itoring hole 2# was -2055με. At this time, the retrieval face was
48.0m away from the hole opening and was located at the ver-
tical depth of -16.5m in monitoring hole 2#. The maximum
value of the increase in the tensile strain was 669με. Mean-
while, the retrieval face was directly above the hole opening
and located at the vertical depth of -15.2m in monitoring hole
2#. Table 3 lists the maximum values of the distribution of the
fiber strain.
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shear-n shear-p
shear-n shear-p tension-p
shear-p
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Figure 7: Distribution of plastic zone along the strike in the middle floor of the working face.
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In order to further analyze the relationship between
stress and deformation damage of the bottom slab rock,
the relationship between the advancing distance of the work-
ing face and the maximum change in strain under different
measurement points is shown in Figure 11.

Figure 11 shows the vertical depths of the monitoring
points 1~ 5 in borehole 1#, which are at the distances of
10.7m, 13.7m, 16.2m, 17.1m, and 17.4m, respectively.
The monitoring point 1 was located in the middle of the fine
sandstone, whereas the support pressure reached its maxi-
mum value when the working face was close to the hole
opening (at the distance of 33.4m). After that, the pressure
strain value decreased due to the unloading of the mining
area. The monitoring point 2 was further away from the hole

than the monitoring point 1, and the peak bearing pressure
was reached at 63.9m near the hole, after which the tensile
strain increased under the unloading effect of the mining
area. The monitoring points 3~ 5 were less affected by the
process of mining because of their relatively large burial
depth, and the reason that their strain changes were rela-
tively small. This indicates that the rock formation where
monitoring points 3~ 5 were located was relatively stable.
Figure 12 takes the vertical depths of monitoring points
6~ 10 in hole 2# as 10.5m, 16.5m, 18m, 22.5m, and
31.5m, respectively. Except for monitoring points 7 and
10, the peak bearing pressure of monitoring points 6, 8,
and 9 were 12.6m, 23.0m, and 48.0m in front of the hole,
respectively, which is consistent with the results reported
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Figure 10: Optical fiber strain increment curve of hole 1# (a) and optical fiber strain increment curve of hole 2# (b).

Table 3: Distributed fiber strain maximum distribution.

Borehole
Extreme value of strain increment

(με)
Floor vertical depth

(m)
Layer

Distance between working face and orifice
(m)

1#
-1098 -8.4

Fine
sandstone

33.4

893 με -7.2
Fine

sandstone
0

2#
-2055 με -16.5 Siltstone 48.0

669 με -15.2 Siltstone 0
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in some previous works [26, 27]. Under the effect of
dynamic pressure, with the movement of “shell stress,” the
peak value of bearing pressure in front of the working face
moved forward. This resulted in the peak value of the com-
pressive stress in the borehole near the working face in the
monitoring hole and the peak value of stress in the bore-
hole far away from the monitoring point of the working
face. The monitoring point 10 was located in the upper
part of the fine sandstone formation with a vertical depth
of 31.5m, which remained almost unaffected by mining
due to the deeper formation. The increase in peak strain
at monitoring point 7 increased steeply from -641με to

-2055με at 56.0m before the hole opening, and the strain
recovery under the subsequent unloading of the mining
area was also very small, which is in line with the typical
characteristics of rock damage that states that the strain
changes drastically and in the shape of a “cliff.” The strain
cannot be recovered after unloading. It can be adjudged
that the rocks in this formation had broken and lost their
bearing capacity [28, 29].

Based upon a comprehensive analysis, the maximum
failure depth of the bottom slab of working face 12307 was
16.5m. The distributed optical fiber was sensitive to the
change of disturbance displacement, had the accuracy of
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Figure 11: Strain cloud map of hole 1# (a) and strain curve of measuring point in hole 1# (b).
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capturing strain data in the borehole, could restore the actual
variation pattern of the increase in strain in the monitoring
area, and had the capability of realizing the strain change sit-
uation of the rock formation in space.

The maximum depth of floor failure is 16.0m in numer-
ical simulation and 16.5m in field monitoring, which are
similar. According to the research results, key attention
should be paid within 16.5m of the coal seam floor of the
working face. Strengthening the floor treatment within this
depth range, increasing the number of monitoring bore-
holes, and reasonable grouting are effective means to main-
tain the safety of the floor.

6. Discussion

Natural neighbor interpolation (NNI) is one of the most
common and effective methods in function approximation
theory [30]. NNI is based on computational geometry that
is used as the theoretical basis and fully reflects the geomet-
ric properties of Voronoi cells and Delaunay triangles and
accurately expresses the discrete data [31] between local cor-
relation between the discrete data. Let there be M natural
neighbors of point x, which are p1, p2, ..., pM . The interpola-
tion correlation given by Equation (3) can be constructed.
The interpolation results of the point are calculated
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Figure 13: Continued.
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according to the rate of contribution of each natural neigh-
bor to point x to be interpolated. It is widely used in 3D geo-
logical models containing complex geological phenomena
(such as folds, fluids, and force extrusion zones) constructed
using boreholes as data sources.

f xð Þ = 〠
M

i=1
wif pið Þ, ð3Þ

where f ðxÞ is the interpolation result at point x to be inter-
polated, f ðpiÞ is the value at the natural neighbor pi, and
wi represents the weight coefficient occupied by the natural
neighbor pi.

Figure 13 shows the strain data of monitoring holes 1#
and 2# into a map using the natural neighbor interpolation
method and reflects the distribution of inter-hole strain
increment profiles. Initially, the strain in the hole increased
slightly. When the mining workface was approaching, the
recovery surface was directly above the hole. The compres-
sive stress was concentrated in the bottom plate in front of
the workface, whereas the tensile strain increased in the bot-
tom plate below the extraction area. When the mining face
was 23.0m from the hole, the increment in the compressive
strain increased significantly, and the rock layer below the
working face received extrusion and was influenced by the
disturbance. With the emergence of the mining hollow area,
the support pressure moved forward. Meanwhile, the rock
body in the data characteristics showed the transformation
of tensile strain, while the compression and release of rock
body under the action of force will result in the development
of rock fissures, indicating that the formation of rock struc-
ture’s deformation and damage. Meanwhile, the upper part
of the coal seam collapsed and recompacted the mining hol-
low area. Furthermore, the unloading effect of the bottom
rock body weakened. Therefore, the development of the bot-
tom fracture zone slowed down until it stopped. The charac-

teristics of the two-dimensional joint drilling profile could be
a good analysis of the evolution of the bottom-slab rock
damage. In the later work, the exploration and application
of 3D compositions and new algorithms will be one of the
few future research directions.

7. Conclusions

(1) The distributed optical fiber test system was con-
structed on the rock sample surface based on MTS
816. The cumulative pressurization was 268 s under
the displacement control of 5 × 10−3 mm. The dis-
tributed strain response results of the whole process
of pressurization were obtained. The high-precision
strain test of distributed optical fiber sensitively cap-
tured the whole process starting from the generation
of local fracture to the penetration of the local frac-
ture of the rock. The obtained results provide refer-
ence for the analysis of field data

(2) By arranging two monitoring holes with different dip
angles at the bottom plate of 12307 to monitor the
evolution of the deformation field of the bottom
plate under the influence of dynamic pressure, the
failure depth of the bottom plate was 16.5m, which
was located near the partition interface of siltstone
and fine sandstone. The result was close to the
numerical simulation result of 16.0m, whereas both
the techniques adjudged that the failure depth of
the coal seam mining floor was 16.5m. This way,
the two verify each other

(3) The three-dimensional numerical model calculated
the distribution of the maximum principal stress of
the bottom plate and the distribution of the plastic
zone of the bottom plate under different excavation
distances. The maximum principal stress of the
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Figure 13: Working face is 86.7m away from the orifice (a). Working face is 48.0m away from the orifice (b). Working face is 23.0m away
from the orifice (c). Working face is 12.6m away from the orifice (d).
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bottom plate reflected the depth and range of the
bottom plate failure. The working face was subjected
to stress concentration, and the stress in the goaf was
unloaded within a certain range and transmitted to
the depth of the bottom plate

(4) Two-dimensional nephogram of strain increment
between the monitoring holes 1# and 2# was
obtained using natural neighbor interpolation
method. The algorithm has advantages in describing
the irregular strain change in the floor rock layer,
intuitively reflects the distribution characteristics of
floor deformation and failure, and provides a novel
idea for borehole optical fiber data analysis

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

We gratefully acknowledge the financial support by the
National Natural Science Foundation of China (Grant No.
41877268 and Grant No. 42074148), the Graduate Innova-
tion Fund Project of the Anhui University of Science and
Technology (Grant No. 2020CX2003), and Student Entre-
preneurship Fund Support Project of Anhui University of
Science and Technology in 2021. We are also grateful to
Tian Yutong for her assistance in field testing and data
processing.

References

[1] H.-p. Xie, F. Gao, and Y. Ju, “Research and development of
rock mechanics in deep ground engineering,” Chinese Journal
of Rock Mechanics and Engineering, vol. 34, no. 11, pp. 2161–
2178, 2015.

[2] L. Yuan, “Research progress of mining response and disaster
prevention and control in deep coal mines,” Journal of China
Coal Society, vol. 46, no. 3, pp. 716–725, 2021.

[3] Y. Jiang, D. Zhang, K. Wang, and X. Zhang, “Mining-induced
damage characteristics of floors during fully mechanized cav-
ing mining: a case study,” Advances in Materials Science and
Engineering, vol. 2018, Article ID 1513451, 2018.

[4] X.-r. Meng, C.-h. Xu, Z.-n. Gao, and X.-q. Wang, “Stress distri-
bution and damage mechanism of mining floor,” Journal of
China Coal Society, vol. 35, no. 11, pp. 1832–1836, 2010.

[5] L.-g. Wang, M. Han, Z.-s. Wang, and S.-b. Ou, “Stress distribu-
tion and damage law of mining floor,” Journal of Mining &
Safety Engineering, vol. 30, no. 3, pp. 317–322, 2013.

[6] Z.-g. Lu, W.-j. Ju, X.-w. Yin, Z.-y. Sun, F.-d. Zhang, and C.-
j. Han, “Mechanism of hard-roof rock burst control by the
deep-hole blasting: numerical study based on particle flow,”
Shock and Vibration, vol. 2021, no. 8, p. 14, 2021.

[7] Z.-z. Liang, W.-c. Song, and W.-t. Liu, “Theoretical models for
simulating the failure range and stability of inclined floor

strata induced by mining and hydraulic pressure,” Interna-
tional Journal of Rock Mechanics and Mining Sciences,
vol. 132, article 104382, 2020.

[8] W. T. Liu, D. R. Mu, L. Yang, L. Y. Li, and C. H. Shi, “Calcula-
tion method and main factor sensitivity analysis of inclined
coal floor damage depth,” Journal of China Coal Society,
vol. 42, no. 4, pp. 849–859, 2017.

[9] C. Kmab, B. Xysa, and B. Cata, “Floor water inrush analysis
based on mechanical failure characters and microseismic
monitoring,” Tunnelling and Underground Space Technology,
vol. 108, article 103698, 2020.

[10] D. Zhang, J. Wang, P. Zhang, and B. Shi, “Internal strain mon-
itoring for coal mining similarity model based on distributed
fiber optical sensing,” Measurement, vol. 97, pp. 234–241,
2017.

[11] W.-g. Du, J. Chai, D. Zhang, and W. Lei, “Application of opti-
cal fiber sensing technology in similar model test of shallow-
buried and thick coal seam mining,” Measurement, vol. 181,
article 109559, 2021.

[12] Z. Li, Z. Changzhi, H. Xie, and F. Yang, “Similar simulation
test for breakage law of working face floor in coal mining above
aquifer,” Chinese Journal of Rock Mechanics and Engineering,
vol. 30, no. 8, pp. 1571–1578, 2011.

[13] Z.-l. Mu, G.-j. Liu, J. Yang et al., “Theoretical and numerical
investigations of floor dynamic rupture: a case study in Zhao-
lou Coal Mine, China,” Safety Science, vol. 114, pp. 1–11, 2019.

[14] W.-l. Zhang, T.-h. Huo, C. Li, C.-w. Wang, X.-c. Qu, and C.-
w. Xin, “Characteristics of valuable microseismic events in
heading face of an underground coal mine using microseismic
system,” Shock and Vibration, vol. 2021, no. 1, p. 10, 2011.

[15] R.-x. Wu, Z.-a. Hu, and X.-w. Hu, “Principle of using borehole
electrode current method to monitor the overburden stratum
failure after coal seam mining and its application,” Journal of
Applied Geophysics, vol. 179, article 104111, 2020.

[16] J.-g. Chen, Z.-q. Xiong, H. Li et al., “Failure characteristics of
floor under predssure inclined and extra thick coal seam in
full-mechanized top coal caving faces,” Chinese Journal of Rock
Mechanics and Engineering, vol. 35, no. S1, pp. 3018–3023,
2016.

[17] Y. Ou, P. Zhang, M. Fu et al., “Geoelectric field response char-
acteristics analysis of floor roadway surrounding rock fracture
caused due to coal seam mining,” Scientific Reports, vol. 11,
no. 1, pp. 1–15, 2021.

[18] W.-l. Zhou, P.-s. Zhang, R.-x. Wu, and X.-y. Hu, “Dynamic
monitoring the deformation and failure of extra-thick coal
seam floor in deep mining,” Journal of Applied Geophysics,
vol. 163, pp. 132–138, 2019.

[19] P.-s. Zhang, C. Liu, Y.-c. Ou, B.-y. Sun, S.-a. Xu, and S.-l. Li,
“Comprehensive testing research on floor damage characteris-
tics of mining extra-thick seam in Jungar coalfield,” Coal Geol-
ogy & Exploration, vol. 49, no. 1, pp. 263–269, 2021.

[20] G.-j. Zhang and Y. Zhang, “Partition failure characteristics of
rock material loading and unloading based on Mohr-
Coulomb criterion,” Journal of China coal society, vol. 44,
no. 4, pp. 1049–1058, 2019.

[21] Z.-z. Liang andW.-c. Song, “Theoretical and Numerical Inves-
tigations of the Failure Characteristics of a Faulted Coal Mine
Floor Above a Confined Aquifer,” Mine Water and the Envi-
ronment, vol. 40, pp. 456–465, 2021.

[22] G. X. Xie, J. Z. Li, L. Wang, and Y. Z. Tang, “Mechanical char-
acteristics and time and space evolvement of stress shell in

15Geofluids



stope floor stratum,” Journal of China Coal Society, vol. 43,
no. 1, pp. 52–61, 2018.

[23] A. Li, Q. Ma, Y. Lian, L. Ma, Q. Mu, and J. Chen, “Numerical
simulation and experimental study on floor failure mechanism
of typical working face in thick coal seam in Chenghe mining
area of Weibei, China,” Environmental Earth Sciences, vol. 79,
no. 5, pp. 1–22, 2020.

[24] P. Lu, N. Lalam, M. Badar et al., “Distributed optical fiber sens-
ing: Review and perspective,” Applied Physics Reviews, vol. 6,
35 pages, 2019.

[25] H.-f. Duan, “Analysis on failure features and failure depth of
coal seam floor during mining process,” Coal Science and
Technology, vol. 42, no. 5, pp. 17–20, 2014.

[26] J. Chai, Y.-l. Liu, Q. Yuan et al., “Theory-technology and appli-
cation of optical fiber sensing ondeformation and failure of
mine surrounding rock,” Coal Science and Technology,
vol. 49, no. 1, pp. 208–217, 2021.

[27] P.-s. Zhang, J.-w. Wu, and S.-d. Liu, “Study on dynamic obser-
vation of coal seam floor’s failure law,” Chinese Journal of Rock
Mechanics and Engineering, vol. 2006, no. S1, pp. 3009–3013,
2006.

[28] L.-f. Zhang, D.-x. Yang, Z.-h. Chen, and A. Liu, “Deformation
and failure characteristics of sandstone under uniaxial com-
pression using distributed fiber optic strain sensing,” Journal
of Rock Mechanics and Geotechnical Engineering, vol. 12,
no. 5, pp. 1046–1055, 2020.

[29] Y.-k. Sun, Q. Li, D.-x. Yang, C.-k. Fan, and A. Sun, “Investiga-
tion of the dynamic strain responses of sandstone using multi-
channel fiber-optic sensor arrays,” Engineering Geology,
vol. 213, pp. 1–10, 2016.

[30] Y.-j. Guo, M. Pan, and F. Yan, “Application of natural neigh-
bor interpolation method in three-dimensional geological
modeling,” Journal of PLA University of Science and Technol-
ogy, vol. 10, no. 6, pp. 650–655, 2009.

[31] W. Zhang, Q.-y. Qin, and X.-x. Jiang, “Natural neighbor inter-
polation and its application to 2D grid of irregular data,” Com-
puting Techniques for Geophysical and Geochemical
Exploration, vol. 33, no. 3, p. 294, 2011.

16 Geofluids



Research Article
Structural Characteristics of Regenerated Roof and Distribution
Law of Overburden Porosity in Downward Mining of a Bifurcated
Coal Seam

Ru Hu ,1,2 Jiwen Wu ,2 Xiaorong Zhai ,2 Wenbao Shi,3 and Kai Huang 2

1State Key Laboratory of Mining Response and Disaster Prevention and Control in Deep Coal Mines, Anhui University of Science
and Technology, Huainan 232001, China
2School of Earth and Environment, Anhui University of Science and Technology, Huainan 232001, China
3School of Mining Engineering, Anhui University of Science and Technology, Huainan 232001, China

Correspondence should be addressed to Xiaorong Zhai; 616170984@qq.com

Received 15 October 2021; Revised 10 November 2021; Accepted 25 February 2022; Published 19 March 2022

Academic Editor: Yong-Zheng Wu

Copyright © 2022 Ru Hu et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

During downward mining of a bifurcated coal seam, the roof of the lower coal seam is relatively broken and difficult to control due
to the mining influence of the upper coal seam. Roof accidents occur frequently during mining of the lower coal seam, reducing
mining efficiency. How to ensure safe and efficient mining of the lower coal seam is a significant issue. In this paper, overlying
strata migration and fracture characteristics of the lower coal seam, the structure and stability of the regenerated roof, and
porosity and permeability characteristics of the overlying strata under the mining influence of the upper coal seam are studied
by using similar simulation tests. Results show that the overburden structure of the lower coal seam is altered due to the
mining influence of the upper coal seam, and the regenerated roof of the lower coal seam is divided into three structural types
from top to bottom, namely: intact rock mass+block fracture rock mass+loose rock mass (type I structure); intact rock
mass+block fracture rock mass+loose rock mass+cataclastic rock mass (type II structure); and intact rock mass+block fracture
rock mass+loose rock mass+cataclastic rock mass+slab-rent rock mass (type III structure). The stability of each type of rock
mass structure is evaluated, and the stability of three types of rock mass structures is III> II> I. The overburden porosity and
slurry permeability coefficient are relatively large at the cutting hole and stopping line. The porosity of the caving zone within
70m of the cut hole and stopping line is greater than 5%, and the permeability coefficient is greater than 0.1m/s. Based on
differences in the surrounding rock porosity and permeability characteristics, the grouting difficulty of overburden is divided
into three types of areas: extremely easy grouting areas, easy grouting areas, and difficult grouting areas. The results of this
paper can provide reference for the stability evaluation of the regenerated roof and the selection of grouting treatment
parameters for the broken roof under similar conditions.

1. Introduction

In China, there are many reserves and wide distribution of
coal resources under the condition of close storage [1, 2].
In recent years, with the depletion of easily mined coal
resources, more and more close-distance coal seams with
complex conditions are being mined. Bifurcated coal seams
are one type of close-distance coal seam. Due to differences
in interlayer thickness, the selection of mining technology
for use in bifurcated coal seam stopes can be problematic,

especially during layered mining of a coal seam in a bifur-
cated area, in which the roof of the lower coal seam is broken
and difficult to control due to the mining influence of the
upper coal seam, which seriously affects the safety and pro-
duction efficiency of the working face [3–5]. Therefore,
ensuring the safe mining of the lower coal seam is the pri-
mary concern when mining bifurcated coal seams.

Numerous scholars have conducted systematic research
on the deformation and failure of rock surrounding a short-
range coal seam stope [6–9], the distribution of stope spatial
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abutment pressure [10–15], roadway layout and support
[16–20], and the stability of surrounding rock support
[21–23], which has improved short-range coal seam mining
theory and significantly improved the recovery rate of coal
resources. However, there are few relevant studies on the stope
of bifurcated coal seams as well as a lack of systematic research
on the structural changes of the regenerated roof of the lower
coal seam due to the mining influence. Mastering the struc-
tural characteristics of the regenerated roof is critical for effec-
tive treatment of the regenerated roof. At present, multiple
effective and scientific technical treatment methods have been
proposed for the broken roof, among which grouting rein-
forcement technology is primarily used for the treatment of
broken rock mass [24–29]. Whether underground or surface
grouting, for the whole grouting target area, the selection of
grouting parameters is commonly based on production expe-
rience, without considering difference in the porosity and per-
meability of grouting target area caused by different
overburden structures after mining. Such a lack of consider-
ation may lead to grouting omission or material waste. Exist-
ing theoretical studies show that there are significant
differences in porosity and permeability at different positions
within overburden. Numerous scholars have conducted
research regarding the porosity and permeability evolution
of overburden. Adhikary and Guo et al. used a numerical sim-
ulation to calculate formation permeability due to the mining
influence, producing results that are highly consistent with
field test data [30]. Zhang et al. studied the compaction char-
acteristics of the goaf caving zone, revealed the primary factors
affecting the compaction process of the caving zone, and accu-
rately calculated the compaction degree of the goaf using var-
ious methods [31]. Poulsen et al. proposed a numerical model
to express the overburden fracture process induced by mining
and estimated the permeability of overburden using the
Kozeny-Carman permeability-porosity equation [32]. Ma
et al. systematically studied the mechanical behavior and fail-
ure mechanism of rock mass in deep rock engineering and
analyzed the hydraulic properties and deformation behavior
of filling materials in filling mining through laboratory tests
[33–36]. Existing research primarily focuses on water seepage
within the overburden, goaf ventilation design, gas discharge,
and natural ignition of the goaf [37–39]. Unfortunately, there
are few studies on using differences in overburden porosity
and permeability characteristics to guide the grouting of the
broken roof. For coal seam stopes, current research methods
primarily include similarity simulation [40, 41], numerical
simulation [42, 43], field test [44–47], engineering analogy
[48], theoretical analysis [49–51], and empirical formula cal-
culation [52–54]. In terms of accuracy, field test results are
more accurate, but field test implementation is difficult and
costly. In contrast, simulations are easy to operate, low-cost,
and accurate enough to meet production needs, making simu-
lations more common than field studies. Most similar simula-
tion tests are carried out around a single coal seam and close-
distance coal seam stope. Few relevant studies on the mining
conditions of bifurcated coal seams exist.

Based on the above analysis, this paper examines the
bifurcated close coal seams in the Xutuan mining area of
Anhui Province, specifically analyzing the regenerated roof

of the lower coal seam. Through similar simulation experi-
ments, this paper studies the deformation and fracturing of
the surrounding rock during mining of the upper coal seam,
divides the structural types of the regenerated roof, and ana-
lyzes the stability of different structural types of the regener-
ated roof during mining of the lower coal seam. According
to differences in overburden porosity and permeability, the
difficulty of grouting in the treatment area of the regenerated
roof is determined, in order to provide a basis for the selec-
tion of grouting parameters for the broken roof in the lower
coal seam.

2. Geological Overview of the Study Area

The no. 7 coal seam in the Xutuan mining area is the pri-
mary coal seam of the mine. The study area for this paper
is located at the 72210 working face and the upper 71212
working face in the eighth mining area of the mine. The
no. 7-1 and no. 7-2 coal seams are bifurcated and merged.
The distance between the two coal seams is 0.7m~9.0m,
with an average of 5.8m. The spatial positions of no. 7-1
and no. 7-2 coal seams are shown in Figure 1.

The elevation of the 71212 working face is -500.0m~-
571.2m, the strike length of the working face is 1366m,
and the inclined width is 168m. The elevation of the 71212
working face is -500.0m~-571.2m, the strike length of the
working face is 1366m, the inclined width is 168m, and
the average thickness of the coal seam is 2m. Strike long-
arm mining is used to excavate coal seams. The elevation
of the 72210 working face is -486.0m~-593.5m, the strike
length of the working face is 2023m, the inclined width is
184m, and the average thickness of the coal seam is 3m.
The burial depth of the no. 7-1 coal seam in the study area
is 550m, and the thickness of the coal seam is 2m. The
dip angle of the no.7-2 coal seam along the strike profile is
subhorizontal, and the dip angle of the no. 7-2 coal seam is
5°. For the in situ stress field in the study area, the maximum
principal stress σ1, minimum principal stress σ3, and inter-
mediate principal stress σ2 are 13.51MPa, 7.52MPa, and
8.93MPa, respectively. The included angle between the max-
imum principal stress direction and the vertical direction is
about 23°, the direction of the minimum principal stress is
consistent with the rock stratum trend, the direction of the
middle principal stress is perpendicular to σ1, and the max-
imum principal stress is about equal to the self-weight stress
of the overburden. The plane layout of the working face is
shown in Figure 2.

3. Simulation of Similar Materials in a
Bifurcated Coal Seam Stope

The geological environment of the working face is complex,
field tests are difficult to conduct, and the transportation of
equipment and materials is difficult. According to similarity
theory, the similarity transformation of the geological envi-
ronment of the working face and the indoor similarity sim-
ulation test can not only achieve the research purpose but
also are low-cost, which has become an important research
means [55, 56].
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3.1. Selection of Similar Simulation Test Parameters. Accord-
ing to the similarity principle, the selection of the similarity
constant of the model is shown in Table 1(Table 1 is repro-
duced from Hu et al.) [40]. Combined with mechanical test
results of the roof and floor rock mass of the working face,
the material ratio orthogonal test can be carried out to deter-
mine the mechanical strength and ratio number of the
model material. The detailed parameters and ratios are
shown in Table 2.

The size of the similar model is 300 cm × 30 cm × 150 cm
(length × width × height). In the process of model laying, the
stress sensor (BW micro pressure box) is embedded and
connected to the static resistance strain gauge (YJZA-32),
the micro strain of overburden in the process of coal seam
mining is obtained, and then the stress is further calculated
through the formula, so as to achieve the purpose of stress
monitoring. The conversion formula of stress and strain is
as follows:

P = με × K: ð1Þ

In formula (1), P is the pressure value (unit: KPa), με is
the strain, and K is the calibration coefficient (measured
before delivery). The model and survey line layout are
shown in Figure 3.

GetData Graph Digitizer software is used to postprocess
the photos and extract the coordinate values of overburden
displacement measuring points. Firstly, import the picture
into the software, select O and A points that are not affected
by mining horizontally as the x-axis control points, and O
and A points are at the same horizontal line. Two points O
and B in the vertical direction are selected as the y-axis con-
trol points, and the two points O and B are in the same ver-
tical line. The three basic control points remain unchanged
in each photo, and a two-dimensional plane coordinate sys-
tem is established (Figure 4(a)). Secondly, the initial coordi-
nate values of each displacement measuring point of
overburden are obtained in the constructed two-
dimensional coordinate system (Figure 4(b)). Finally, the
coordinate values of overburden displacement measuring
points during coal seam excavation are extracted and com-
pared with the initial coordinate values to obtain the
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Figure 1: Schematic diagram of the no. 7-1 and no. 7-2 coal seams.
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subsidence value of overburden (Figure 4(c)). During coal
seam excavation, the displacement and stress of surrounding
rock are monitored.

3.2. Analysis on Deformation and Failure Characteristics of
Rock Mass in Upper Coal Seam Mining. When the working
face advances to 90m, the development heights of the caving
zone and the fracture zone are 4.5m and 19.3m, respec-
tively. The fracture angles of the overlying rock at the cut
and the end of the working face are 54° and 49°, respectively.
The surrounding rock of the stope forms an asymmetric
trapezoidal failure mode along the fracture line. The over-
burden structure evolves from the original layered structure
to the granular structure of the caving zone and fractured
structure of the fracture zone (Figure 5(a)). When the work-
ing face advances to 165m, affected by tectonic fissures in
front of the working face, the overlying strata of the no.7–1
coal seam collapse along the tectonic fissure. A large crack
appears at 19.5m of the roof, and the crack width is about
1m. Due to the rapid subsidence of the collapsed rock mass,
the integrity is high, and the height of the caving zone is sta-
ble at 7.5m. The maximum height of the fracture zone is
30.7m. Thus far, the height of the two zones is stable
(Figure 5(b)). When the working face advances to 220m,
mining of the 7-1 coal seam is completed, and the overbur-
den fracture shape of the stope reaches a stable state. Due to
the influence of tectonic fissures, compared with the degree
of overburden fracture in front of tectonic fissure, after the
coal seam pushes through tectonic fissure, and the overbur-
den migration and fracture, the structure is obviously loose,
the damage is more intense, and the pores are obviously
large. The height of the collapse zone is 8m, and the devel-
opment height of the fracture zone is about 37m
(Figure 5(c)).

3.3. Stress Evolution Law of Roof and Floor Rock Mass. As
the working face advances, the monitoring data at each mea-
suring point on roof stress measuring line (monitoring line
B) are recorded (Figure 6).

Monitoring line B is located 8m from the roof of the no.
7-1 coal seam. Measuring point B5 shows the change in roof
stress during advancement of the working face. During the
advancing process, a stress concentration appeared in front
of the coal wall, and the abutment pressure increased signif-
icantly. The influence range of the advance stress was 40m–
50m, and the peak position of the abutment pressure was
approximately 10m away from the coal wall of the working
face. When the working face passes through the measuring

point, the roof is in a state of pressure relief, and the stress
value decreases rapidly. As the overburden rock breaks and
falls, it is gradually compacted, and the stress on rock mass
in the upper part of the goaf is gradually restored. The stress
recovery distance of the stress measuring point near the
middle of the working face is 70m~90m as the working face
advances (Figure 6). The stress value is stable 80m away
from the measuring point and is always slightly less than
the original rock stress. The average breaking distance of
the rock stratum is approximately 20m. As stress increases,
the fractured rock mass is gradually compacted, and the
crack is closed (Figure 7).

The external reflection of overburden stress recovery is
the compaction and closure of pores and fractures. When
the working face advances to 90m, transverse cracks appear
behind the B4 measuring point. The stress value decreases
rapidly to 0.0037MPa after the working face passes the B4
measuring point (Figure 7). When advancing to 130m, the
stress value at B4 recovers to 0.0565MPa, and the crack
opening decreases significantly. When advancing to 170m,
the stress value of the measuring point is restored to
0.0641MPa, which is close to the original rock stress value
of 0.0822MPa. With continuous advancement of the work-
ing face, the fracture opening closes and is stable. The roof
stress recovery distance is 80m, which is important for judg-
ing the compaction degree of the goaf rock mass and the
boundary of stress zoning.

The C stress monitoring line is located at 28m from the
roof of the no. 7-1 coal seam. During the advancing process
of the working face, the stress variation characteristics are
consistent with those of survey line B (Figure 8). Next, take
measuring point C3 as an example to illustrate the stress var-
iation characteristics of rock mass in the fracture zone. Based
on the stress recovery process of the C3 measuring point, the
stress transmission is lagging; that is, after the fracture and
migration of the overburden, the stress will not respond
immediately but requires a certain transmission time. As
the working face advances, the influence range of the
advance abutment pressure in front of the working face is
40m~50m, and the peak position of abutment pressure is
approximately 10m from the coal wall of the working face.
After the working face passes the stress measuring point
70m~90m, the stress is restored to the original rock stress.

The similar simulation test has difficulty observing the
development of micro fractures in the model; therefore, the
stress of the floor is primarily monitored during mining of
the no. 7-1 coal seam. The failure depth of the No. 7-1 coal
seam floor can be indirectly determined by analyzing the
influence depth and transmission law of the floor stress.
The monitoring data of A stress monitoring line are shown
in Figure 9.

The A1~A5 sensor distance from the 7-1 coal seam is
1.75m~8.75m, and the A5 sensor distance from the no. 7-
1 coal seam is 8.75m. The stress change caused by 7-1 coal
mining has obvious regularity in the transmission of the
floor (Figure 9). With increasing burial depth, the variation
trend line of peak stress peak at the A1~A10 stress sensors
gradually becomes flat. When the distance between the stress
sensor and the coal seam is greater than 8.75m, the stress is

Table 1: List of similar constants of the model.

Similarity constant Model Original rock

Similarity geometric ratio 1 100

Similarity bulk density ratio 0.608 1

Similarity elastic modulus ratio 0.00608 1

Similarity strength ratio 0.00608 1

Similarity Poisson ratio 1 1

Similarity time ratio 1 10
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not affected by the abutment pressure in front of the work-
ing face, and the variation range is small. The stress peak
monitored by the A5 stress sensor is less than that of A4
measuring point, and its stress peak is at the inflection point
of the stress peak trend line. Therefore, the range of the
strong failure zone in the floor formed by the stress change
caused by mining is 5.00m~8.75m. The strata in this range
are severely damaged due to the strong rock pressure, form-
ing fractures. The crack development depth is 6m
(Figure 10). The development height of “two zones” of over-
burden and the failure depth of the floor are measured in the
study area, which verifies the reliability of similar simulation
results [40].

During mining, the floor of the working face is affected
by the advance abutment pressure and is in a supercharging
state. When the goaf is formed, the floor rock mass
undergoes a high degree of pressure relief. With periodic
collapse and gradual compaction of overburden, the floor
stress begins to increase gradually until it becomes stable;
however, the restored stress value is always slightly less than
the initial stress, and the stress recovery distance is
70m~90m.

3.4. Structural Type Division and Stability Analysis of the
Regenerated Roof. The rock mass in the caving zone is loose
and is classified as either granular rock mass or block

Table 2: Material parameters and mixing ratios.

Original rock Model

Lithology Stratum thickness (m)
Compressive

strength (MPa)
Compressive

strength (MPa)
Material ratio Weight of material (kg)

Sand : lime : gypsum Sand Lime Gypsum Water

Mudstone 2.0 20.40 0.124 12 : 3 : 7 27.9 0.7 1.6 3.0

Siltstone 4.0 43.44 0.264 10 : 7 : 3 55.0 3.8 1.6 6.0

Mudstone 1.0 18.50 0.112 12 : 3 : 7 14.0 0.3 0.8 1.5

Fine sandstone 2.0 52.80 0.460 8 : 7 : 3 26.9 2.4 1.0 3.0

Mudstone 2.0 18.40 0.112 12 : 3 : 7 27.9 0.7 1.6 3.0

Siltstone 2.0 41.70 0.264 10 : 7 : 3 27.5 1.9 0.8 3.0

Mudstone 3.0 17.30 0.112 12 : 3 : 7 41.9 1.0 2.4 4.5

Fine sandstone 4.0 71.80 0.460 8 : 7 : 3 53.8 4.7 2.0 6.0

Siltstone 2.0 35.70 0.264 10 : 7 : 3 27.5 1.9 0.8 3.0

Mudstone 9.0 20.50 0.112 12 : 3 : 7 125.6 3.1 7.3 13.6

Fine sandstone 4.0 65.00 0.460 8 : 7 : 3 53.8 4.7 2.0 6.0

Mudstone 5.0 19.20 0.112 12 : 3 : 7 69.8 1.7 4.1 7.6

5-1 coal 2.0 6.50 0.038 13 : 4 : 6 28.1 0.9 1.3 3.0

Mudstone 6.0 17.50 0.112 12 : 3 : 7 83.7 2.1 4.9 9.1

5-2 coal 1.0 7.30 0.038 13 : 4 : 6 14.0 0.4 0.6 1.5

Mudstone 9.0 18.30 0.112 12 : 3 : 7 125.6 3.1 7.3 13.6

Siltstone 3.0 29.50 0.264 10 : 7 : 3 41.2 2.9 1.2 4.5

Fine sandstone 1.0 55.80 0.460 8 : 7 : 3 13.4 1.2 0.5 1.5

Mudstone 3.0 19.40 0.112 12 : 3 : 7 41.9 1.0 2.4 4.5

Fine sandstone 16.0 76.50 0.460 8 : 7 : 3 215.0 18.8 8.1 24.2

Siltstone 11.0 45.90 0.264 10 : 7 : 3 151.2 10.6 4.5 16.6

Mudstone 6.0 15.50 0.112 12 : 3 : 7 83.7 2.1 4.9 9.1

Fine sandstone 5.0 60.30 0.460 8 : 7 : 3 67.2 5.9 2.5 7.6

Mudstone 5.0 16.80 0.112 12 : 3 : 7 69.8 1.7 4.1 7.6

7-1 coal 2.0 8.20 0.038 13 : 4 : 6 28.1 0.9 1.3 3.0

Mudstone 0~ 23 18.40 0.112 12 : 3 : 7 137.6 3.4 8.0 14.9

7-2 coal 3.0 7.50 0.038 13 : 4 : 6 42.2 1.3 1.9 4.5

Mudstone 3.0 23.36 0.142 12 : 3 : 7 38.9 1.0 2.3 4.2

Fine sandstone 11.0 75.60 0.460 8 : 7 : 3 148.4 13.0 5.6 16.7

Mudstone 2.0 45.07 0.274 10 : 7 : 3 26.7 1.9 0.8 2.9

8-2 coal 3.0 8.60 0.407 8 : 7 : 3 35.3 3.1 1.3 4.0

Mudstone 4.0 28.50 0.192 12 : 3 : 7 41.1 1.1 2.6 4.5

Siltstone 2.0 39.70 0.274 10 : 7 : 3 17.2 1.2 0.5 1.9

Fine sandstone 4.0 66.80 0.407 8 : 7 : 3 27.5 2.4 1.0 3.1

Mudstone 4.0 31.57 0.192 12 : 3 : 7 20.0 0.5 1.2 2.2
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fracture rock mass, which contains well-developed fractures.
According to the stress transfer law of the floor, the floor
is affected by mining forming a strong failure zone, and
the rock mass in the strong failure zone is cut by mining
fissures producing a cataclastic rock mass. The average
depth of the strong failure zone of the floor is 6m, and
the rock mass in the lower part of the strong failure zone
is less affected by mining (rock pressure disturbance zone),
which can be considered staying in the original rock state
and being a slab-rent rock mass. Based on the previous
experience of mining bifurcated coal seams in the Xutuan
coal mine as well as the results of similar simulation tests,
when the coal seam spacing is less than 1m, after mining the
no. 7-1 coal seam, the top-down rock mass structure combi-
nation type of the no. 7-2 coal seam roof can be divided into
intact rock mass+block fracture rock mass+loose rock mass
(type I structure). When the coal seam spacing is between
1m and 6m, the rock mass structure combination type of
the no. 7-2 coal seam roof can be divided into intact rock
mass+block fracture rock mass+loose rock mass+cataclas-
tic rock mass (type II structure). When the coal seam
spacing is greater than 6m, the rock mass structure com-
bination type of the no. 7-2 coal seam roof can be divided
into intact rock mass+block fracture rock mass+loose rock
mass+cataclastic rock mass+slab-rent rock mass (type III
structure) (Figure 11).

According to the above research results, the average fail-
ure depth of the strong failure zone of the floor of the no. 7-1
coal seam is 6m. The stability of three regenerated roof
structures is analyzed during mining of the no. 7-2 coal
seam. The fracture form of roof rock mass when the no. 7-
2 coal seam advances to 10m, 50m, and 70m is shown in
Figure 12.

When the working face advances to 10m, the roof of
coal seam 7-2 is directly covered with the caving zone of coal
seam 7-1 (Figure 12(a)). During mining of the 7-2 coal seam,
the loose rock mass in the caving zone of the no. 7-1 coal
seam directly falls. Under the condition of this type of roof

structure, the roof of the working face is relatively broken
and difficult to control. Also, the roof leaks during mining,
which poses a great threat to the safety of the working face.
When the working face advances to 50m, due to the gradual
increase in interlayer distance, the interlayer strata of the no.
7-1 and 7-2 coal seams form a small-scale masonry beam
structure, which plays a supporting role in the upper loose
caving zone. As the mined area increases, the small-scale
masonry beam structure rapidly becomes unstable, and the
loose rock mass in the upper caving zone rapidly collapses
(Figure 12(b)). When the working face advances to 70m,
the distance between the coal seams further increases, close
to the depth (6m) of the strong failure zone of the no. 7-1
coal seam floor, and the length of cantilever beam formed
at the end of the working face gradually increases, which
plays a significant supporting role for the upper rock stratum
and prevents the downward movement of loose rock mass in
the upper caving zone (Figure 12(c)). When the working
face advances to 90m, 165m, and 220m, the failure mode
of surrounding rock is shown in Figure 13.

When the 7–2 coal seam advances to 90m, the thickness
of the interlayer rock at this position exceeded 6m
(Figure 13(a)). The cantilever beam structure formed at
70m is broken and hinged with the collapsed rock mass
behind it, forming a new masonry beam structure. With
increasing thickness of the masonry beam structure, the
breaking length of the rock mass increases significantly,
and the stability of the masonry beam structure is enhanced.
When the working face is advanced to 165m, the length of
the masonry beam continues to increase, and with increas-
ing interlayer rock thickness, the thickness of masonry beam
as well as the ultimate breaking distance of rock stratum at
the end of the working face also increases, which will better
support the upper rock mass before failure, which is condu-
cive to successfully managing the working face roof
(Figure 13(b)). When the working face advances to 220m,
with increasing interlayer distance, and when the interlayer
thickness exceeds 6m, the breaking length of cantilever rock
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Figure 3: Schematic diagram of the monitoring line layout in the model.
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at the end of the working face gradually increases
(Figure 13(c)). After breaking, they hinge with each other
to form a masonry beam structure, so that mining of the
no. 7-2 coal seam is not affected by mining of the no. 7-1
coal seam. In summary, when the coal seam spacing is less
than 6m, the rock mass structure of type I and type II roofs
is relatively unstable, the interlayer structure is relatively
loose, and the roof is broken, making it difficult to manage.
When the interlayer distance is greater than 6m, a stable
masonry beam structure is formed between the layers, which
can support the caving zone of the no. 7-1 coal seam. The
stability of the three types of regenerated roof structure is
III> II> I.

4. Study on Evolution Characteristics of
Porosity and Permeability of Roof
Overburden in the No. 7-2 Coal Seam

4.1. Distribution Characteristics of Porosity and Permeability
Coefficient of Overburden. Through the analysis of the struc-
tural stability of various types of the regenerated roof, the
rock mass structure of type I and II roofs is determined to
be relatively unstable, and the interlayer structure is rela-
tively loose, requiring that the broken rock mass be rein-
forced. The previous experience of mining the no. 7-2 coal
seam in the Xutuan coal mine shows that when the coal
seam spacing is less than 6m and only support measures
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Figure 4: Schematic diagram of measuring point displacement data extraction.
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are taken to strengthen the roof, the broken roof cannot be
effectively controlled and the support effect is poor. Under
this research background, the Xutuan coal mine attempted
to reinforce broken roof by ground grouting. For the ground
grouting engineering, the distribution characteristics of
porosity and permeability of overburden are the key factors
in the design of grouting parameters. The determination of
grouting hole position, grouting pressure, single-hole grout-
ing volume, and slurry diffusion radius is all affected by the
porosity of overburden.

The volume changes and expansion coefficient of an
actively mined rock mass can be determined using the ratio
of volume before and after crushing [57, 58]:

Kp =
Vh
Vq

: ð2Þ

In formula (2), Vq and Vh are the volume of the rock
mass before and after mining.

According to the definition of porosity, the porosity n of
broken rock mass due to the mining influence is the ratio of
pore volume to total volume of the broken rock mass:

n =
Vh − Vq

Vh
= 1 − 1

Kp
: ð3Þ

Summarizing the previous research results [59, 60], in
the similar simulation experiment, with increasing vertical
distance from the working face and considering the cumula-
tive effect of the rock mass expansion coefficient, the average
rock mass expansion coefficient in different height ranges
can be calculated using the following formula:

Kp =
Vh
Vq

= M + h − Δh
h

: ð4Þ

In formula (4), Kp is the expansion coefficient of the rock
mass. M is the thickness of the coal seam (unit: m). h is the
distance between the roof measuring point and top interface
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Tectonic fissure

(c) The working face advanced to 220m

Figure 5: Deformation characteristics of overburden during no. 7-1 coal seam mining.
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of the coal seam (unit: m). Δh is the subsidence of the mea-
suring point (unit: m). The expression of porosity n is

n =
Vh −Vq

Vh
= 1 − 1

Kp
= 1 − M + h − Δh

h
: ð5Þ

Displacement measuring point data are used in equation
(5) to calculate the porosity at different positions in overbur-
den. According to the coordinate values of the measuring
points in the model, import origin software to draw the
plane porosity cloud map of the model. The distribution

characteristics of overburden porosity of the no. 7-1 coal
seam when the working face advances to 50m, 110m, and
220m are shown in Figure 14.

When the working face advances to 50m, the overburden
directly collapses and fills the goaf (Figure 14(a)). The maxi-
mum porosity of the loose caving zone is 39.5% at the end of
the working face and within 3m of the roof. The sandstone
layer at 8m from the roof has not been broken, the rock defor-
mation is weak, and the change in porosity is small. When the
working face advances to 110m, the support of the cantilever
beam structure at the end of the working face hinders down-
ward movement of the upper rock mass. There is a large space
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at the lower part of the cantilever beam, resulting in relatively
large porosity of the overburden (Figure 14(b)). Within 8m of
the roof, the maximum porosity is 16.4%, and as the disturbed
range of the overburden expands upward, the failure area of
overburden increases, and the overburden porosity changes.
In the horizontal direction, the maximum porosity of the rock
mass in the collapse zone within 40m of the cut hole is 34.3%,
and the minimum porosity is 13.5%. Near the middle of the

working face, the rock mass is gradually compacted due to
stress recovery, and the porosity is 10%~12%. Vertically, the
rock mass above the cut hole is broken upward along the frac-
ture line. Within the separation area near the cut hole, the
porosity of the rock mass is 12.0%~34.3%. The area above
33m from the roof of the working face is relatively less affected
by mining, and the porosity of the rock mass is not signifi-
cantly affected. When the working face is mined to 220m,
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the maximum porosity of the surrounding rock near the cut-
ting hole of the working face is 32.1%, and the maximum
porosity of the surrounding rock near the stopping line of
the working face is 32.6% (Figure 14(c)). The porosity gradu-
ally decreases away from both ends of the goaf to the middle.
The middle compaction area ranges from 110m to 190m, at
which point the porosity of the compaction area tends to be
stable and less than 5%. The porosity of rock mass is greater
than 5% within 70m from the cut hole and stopping line. A
strong disturbance zone is present within 33m of the roof,
and the porosity changes with movement and fracturing of
the overburden. After stress recovery, the rock mass is gradu-
ally compacted.When the working face advances to 220m, the
compaction degree of overburden in the middle of goaf is sig-
nificantly greater than that when the working face advances to
110m. The porosity of overburden at the cut is affected by the
separation space and masonry beam structure, and its influ-
ence range is 40m~50m in the transverse direction of the roof
and 0m~12m in the longitudinal direction. The distribution
characteristics of the porosity of the surrounding rock at the
stopping line are similar to those at the cut hole.

The classic permeability porosity relationship Kozeny-
Carman (KC) equation connects permeability K with poros-
ity n. This equation is also widely used as the starting point
of many permeability models [61–64]:

K = n3

1 − nð Þ2cS2 : ð6Þ

In formula (6), c is a constant, and the value is 5. S is the
specific surface area. On this basis, the KC equation is fur-
ther modified, and the permeability coefficient expression
is [65, 66]

k = n3ρg

1 − nð Þ2cS2μ = n3d2ρg

36c 1 − nð Þ2μ : ð7Þ

The equation is commonly used to calculate the perme-
ability coefficient of fluid in stope surrounding rock. In for-
mula (7), k is the permeability coefficient (unit: m/s). n is the
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III III
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III III
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Figure 13: Schematic diagram of overburden fracture formation during advancement of the no. 7-2 coal seam to 90m~220m.
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porosity. d is the average diameter of the fractured rock
mass, which is 0.5m. ρ is the slurry density, with a value
of 1309 kg/m3. μ is the dynamic viscosity coefficient of
slurry, which is 9 × 10−3 kg/ðm ∗ sÞ; g is the gravitational
acceleration, taking 9.8m/s2.

The plane distribution law of permeability coefficient of
slurry in overburden once mining of the 7-1 coal seam is
completed is shown in Figure 15.

4.2. Division of Grouting Difficulty Degree in the
Reconstruction Area of Broken Rock Mass with the
Regenerated Roof. Based on the porosity difference in two rock

mass zones, the surrounding rock at the cut of the caving zone
and the stopping line is the primary space for slurry seepage
and storage. According to the transverse distribution law of
rock porosity and permeability coefficient in the goaf caving
zone and the compaction characteristics of caving rock mass
in goaf, the difficulty degree of overburden grouting is divided
into different regions. The vertical plane of overburden is
divided into an extremely easy grouting area, easy grouting
area, and difficult grouting area (Figure 15) (Table 3).

(1) In the extremely easy grouting area, the caving rock
mass in the goaf does not bear the abutment pressure
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Figure 14: Distribution of overburden porosity during no. 7-1 coal seam mining.
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and forms a natural accumulation state. The porosity
of the caving rock mass is n ≥ 20%, and the perme-
ability coefficient is k ≥ 30m/s. The slurry is flowing
easily with this area, and grouting can be completed
at low pressure. However, the area and seepage space
are small, which are generally distributed on both
sides of the coal wall of the roadway as well as within
a certain range of the open cut and stopping line

(2) In the easy grouting area, the caving rock mass is
under stress due to the action of the masonry beam
structure of the overlying strata, and the caving rock
mass is gradually compacted with increasing roof
subsidence. The porosity range of the collapsed rock
mass is 5% ≤ n ≤ 20%, and the permeability coeffi-
cient is 0:1 ≤ k ≤ 30m/s

(3) In the difficult grouting area, the abutment pressure
values in each area are relatively similar, and the cav-
ing rock mass is fully compacted and is stable. The
porosity of the caving rock mass is n < 5%, and the
permeability coefficient is k < 0:1m/s. The rock mass
in this area requires grouting under high grouting
pressure and is generally located in the central com-
paction area of the goaf

5. Conclusion

This paper reveals the structural characteristics of the regen-
erated roof of the lower coal seam after the mining of the
upper coal seam in the bifurcated coal seam through the
similar simulation test, divides the roof structure into types,
and analyzes the stability of the roof of different structural
types. Mining practice and similar simulation test results

show that when the spacing of bifurcated coal seams is less
than 6m, the roof of the lower coal seam is relatively broken
after mining of the upper coal seam, and a variety of support
measures are taken, which is still difficult to control in the
mining process of the lower coal seam. Under this back-
ground, the author studies the porosity and permeability
characteristics of overburden under the mining influence
of the upper coal seam and obtains the distribution law of
porosity and permeability of overburden. The research
results can provide reference for the parameter design of
the ground grouting engineering of the regenerated roof.
The main conclusions are as follows:

(1) After mining of the upper coal seam, the surround-
ing rock structure changes. Affected by interlayer
distance, structural types of the regenerated roof of
the lower coal seam can be primarily divided into
three types from top to bottom, namely: intact rock
mass+block fracture rock mass+loose rock mass
(type I structure); intact rock mass+block fracture
rock mass+loose rock mass+cataclastic rock mass
(type II structure); and intact rock mass+block frac-
ture rock mass+loose rock mass+cataclastic rock
mass+slab-rent rock mass (type III structure)

(2) Through mining of the lower coal seam, the stability
of three kinds of recycled roof structures is evaluated.
Based on overburden migration and fracturing dur-
ing mining of the lower coal seam, the stability of
the three kinds of recycled roof structures is
obtained: III> II> I

(3) Differences in porosity and permeability characteris-
tics of overburden after mining of the upper coal
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Figure 15: Regional division of grouting difficulty in overburden.

Table 3: Classification of grouting difficulty in overburden due to the mining influence.

Types
Distance from the coal wall

(m)
Characteristics of caving rock

mass
n (%)

Permeability coefficient (m/
s)

Extremely easy grouting
area

0m~25m Rocks accumulate naturally ≥20 ≥30

Easy grouting area 25m~70m Rocks affected by load 5 ≤ n < 20 0:1 ≤ k < 30
Difficult grouting area >70m The rock was compacted n < 5 <0.1
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seam are analyzed. The porosity of the goaf and over-
burden at the cut hole and stopping line is significantly
larger than that in the middle compaction area.
Within 70m of the coal wall, the rock mass porosity
is greater than 5%, and the permeability coefficient of
slurry in this range is greater than 0.1m/s

(4) Based on porosity and permeability differences in the
overburden, the difficulty degree of overburden
grouting is divided into three areas: extremely easy
grouting area, easy grouting area, and difficult grout-
ing area
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In this paper, the relationship between acoustic emission (AE) parameters and coal-rock fracture is investigated by using the
discrete element particle flow simulation software PFC. PFC is used to simulate the coal-rock uniaxial compression test for
extracting the time series of AE event number, calculate the maximum Lyapunov exponent of the time series, and analyze the
chaotic characteristics of AE event number. Combined with the relationship between the maximum point of the Lyapunov
exponent and the peak point of the stress-strain curve, the coal-rock fracture precursor model was developed. The results
indicate that during the uniaxial compression of coal-rock, the number of AE events first increases and then decreases, while
the maximum point appears after the peak point of the stress-strain curve. The lower the coal-rock homogeneity, the earlier is
the initial occurrence time of AE events. The AE event number has chaotic characteristics. In most cases, the chaotic
characteristics of the number of AE events are the most evident before the specimen is completely destroyed. When the
maximum Lyapunov exponent of AE event number time series mutates, it indicates that the specimen is about to be destroyed
entirely, which can be used as a precursor criterion for coal-rock fracture.

1. Introduction

When rocks are deformed or damaged under external forces,
strain energy is released as elastic waves, which is termed
acoustic emission (AE). AE has been widely used in rock sta-
bility monitoring and predicting mines, slopes, and tunnels
since it was discovered in the 1930s.

AE signals can not only reflect the failure process of the
rock but also indicate the characteristic information of the
internal structure of the rock. Over the years, many
researchers have studied the relationship between AE signal
parameters and rock fracture, further explaining the mecha-
nism of rock fracture and putting forward reasonable pre-
cursor criteria for rock fracture. Shkuratnik et al. [1]
studied the AE characteristics of coal-rock fracture under
different loading methods. Liu et al. [2] developed a coal-

rock damage model based on the AE characteristics of
coal-rock under uniaxial compression to reveal the damage
evolution of coal-rock under load. Cao et al. [3–5] conducted
uniaxial compression tests on rock specimens, using ringing
count, main frequency and entropy values of AE signals, and
AE energy rate as main characteristic parameters to predict
rock fracture. Wang et al. [6] examined the rock critical frac-
ture criterion and precursor characteristics based on the uni-
axial compression AE test of granite. The results obtained
were used for monitoring and preventing the occurrence of
coal-rock composite dynamic disasters. Li et al. [7, 8] used
AE technology in No. 10 Coal Mine of Ping Coal Mine for
monitoring and early warning of coal-rock dynamic disaster
and proposed AE identification and early warning criteria
for coal-rock gas dynamic disaster based on the ringing
count and energy value.
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In terms of numerical simulation, Tang [9] indepen-
dently developed RFPA software based on the finite element
method (FEM) and conducted a preliminary study on the
numerical simulation of AE models. Subsequently, many
researchers [10–12] used RFPA to conduct numerical simu-
lations and explore the relationship between AE parameters
and rock fracture.

Chaos system is sensitive to initial conditions. In recent
years, many researchers have applied chaos theory to the
study of coal-rock gas dynamic disasters [13–16], laying
the foundational basis for the study of chaos theory in the
early warning and prevention of coal-rock gas dynamic
disasters.

In this paper, based on the discrete element method
(DEM), the numerical simulation method to obtain the AE
parameter is used. Based on AE parameter data, the nonlin-
ear chaos theory is introduced for in-depth investigation of
the chaotic characteristics of AE parameters and analyzed
them. The relationship between the chaotic characteristics
of AE parameters and coal-rock fracture was explored to
put forward a new precursor criterion of rock fracture,
which effectively avoids the error caused by data
contingency.

2. PFC Simulation of Coal-Rock Uniaxial
Compression Test

PFC is a particle flow numerical simulation software for
material damage evolution, fracture mechanism, and
deformation process from the mesolevel based on the
DEM theory. It is used for simulating the uniaxial com-
pression of coal-rock. It can reproduce the mechanical
behavior obtained from field experiments and observe
the changes in the whole process from a microscopic view.
The generation and development of microcracks in coal-
rock will produce an AE phenomenon. In the PFC simu-
lation, each link bond fracture releases strain energy, and
an AE signal is generated with each release of strain
energy [17]. Therefore, the number of broken particle
links is regarded as the number of AE events of coal-
rock in this paper. As the elastic modulus of the parallel
bond model gradually decreases in the cyclic loading and
unloading simulation process, it can simulate the coal-
rock damage in the loading process. Therefore, the parallel
bond model is selected to simulate coal-rock and calibrate
the mesoparameters in this paper [18]. The mesomechani-
cal parameters of the specimen are given in Table 1.

In order to study the AE characteristics during uniaxial
compression of coal-rock, the standard specimen with the
same size as the laboratory test (50mm diameter and
100mm length) was adopted in the simulation, while the
displacement loading method with the loading rate of
0.03m/s was adopted.

3. Uniaxial Compression Test Results and
Analysis of Coal-Rock

3.1. Numerical Simulation Characteristics. Figure 1 shows
the stress-strain-AE event number variation curve of coal-

rock. As can be seen from Figure 1, the curve can be
divided into three parts. The first part is the elastic stage
of the stress-strain curve. In this stage, there are no AE
events at the beginning, but sporadic AE events occur as
the loading progresses. The second part is the plastic stage
of the stress-strain curve in which the number of AE
events increases significantly, and the frequency of AE
events accelerates. In the third part, at the postpeak stage
of the stress-strain curve, the number of AE events
increases sharply to the peak and then decreases sharply
until the loading stops.

In Figure 1, the AE event distribution at six points, i.e., a,
b, c, d, e, and f, is shown in Figure 2.

In Figure 2, the red parts are the broken particle link
keys, namely, the AE events. As can be seen from
Figures 2(a) and 2(b), the distribution of AE events in
the elastic stage of the stress-strain curve of coal-rock
is uniform, random or disordered, and without apparent
stress concentration phenomenon. As the loading pro-
ceeds, the distribution of AE events appears disordered.
However, the events are orderly and begin to show a
trend of stress concentration. As shown in Figure 2(c),
the AE events may exhibit stress concentration phenom-
ena at 1, 2, 3, and 4, generating large through cracks.
After the coal-rock is destroyed, the stress concentration
becomes gradually noticeable, particularly in zone 1 and
zone 2 in Figures 2(d) and 2(e); the stress concentration
phenomenon is the most obvious, followed by zone 3,
while in zone 4, it is the weakest. When loading is car-
ried out to point F in Figure 1, as shown in Figure 2(f),
only large through cracks in zones 1, 2, and 3 are
generated.

3.2. Numerical Calculation Method of Maximum Lyapunov
Exponent Based on Small Data Volume Method. The exis-
tence of chaos can be determined by the positive and nega-
tive properties of the Lyapunov exponent [19]. It is
sufficient to look at the largest Lyapunov exponent λ1 for
the chaotic judgment of multidimensional dynamical sys-
tems. If λ1 > 0, it means there is chaos. The larger the λ1
value, the more obvious are the chaotic characteristics of
the data. If λ1 = 0, there is a limit cycle. If λ1 < 0, there is a
fixed point.

In this paper, the maximum Lyapunov exponent of cha-
otic time series is calculated using the small data volume
method. Specific calculation steps are as follows:

(1) FFT transformation on the time series fxðtiÞ, i = 1,
2,⋯,Ng is performed, and the average period P is
calculated

(2) The C-C method is used to calculate the embedding
dimension m and time delay τ

(3) Phase space fYi, i = 1, 2,⋯,Mgis reconstructed based
on time delay τ and embedding dimension m

(4) The nearest neighbor point Y j∧ of each point Y j in
the phase space is found, and the short separation
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(6) The average yi of all ln djðiÞ for each ln djðiÞ is deter-
mined:

yi =
1
qΔt

〠
q

i=1
lndj ið Þ, ð3Þ

where q is the number of nonzero djðiÞ; 1/τ ⋅ djðiÞ⟶ i
point curve is drawn, and the regression line is made by
the least-squares method; the slope of the line is the maxi-
mum Lyapunov exponent λ1

3.3. Analysis of AE Characteristics Based on Maximum
Lyapunov Exponent. During coal-rock uniaxial compression,
the distribution of AE events is random. However, although
the macrocracks formed in the end are different due to dif-

ferent microscopic parameters, the crack morphology pre-
sents a certain regularity, and the distribution process of
AE events seems random and irregular. However, in fact, it
is orderly, indicating the existence of chaos phenomenon
in the process.

In this study, the recorded AE data is divided into groups
of every 300 data points. The maximum Lyapunov exponent
of each group of data is obtained by using the small-data vol-
ume method. The stress-strain-number of AE events-
maximum Lyapunov exponent change relation is shown in
Figure 3.

It can be seen from Figure 3 that the maximum Lyapu-
nov exponent is greater than zero, indicating that the num-
ber of AE events during the coal-rock uniaxial
compression has chaotic characteristics. In the elastic stage
of the stress-strain curve, when the AE events start occur-
ring, the maximum Lyapunov exponent of each data set can-
not be calculated due to the weak continuity of AE events,
i.e., there are no chaotic characteristics at this time. With
the loading process, the frequency and continuity of AE
events increase, and the maximum Lyapunov exponent of
some time series can be calculated. The initial value of the
maximum Lyapunov exponent fluctuates around zero, and
chaos exists, but its characteristics are not prominent. Before
the stress-strain curve reaches the peak point, the maximum
Lyapunov exponent suddenly increases to the maximum
value. At this time, the chaotic characteristics of AE events
are the most apparent. In the postpeak stage of the stress-
strain curve, the value of the maximum Lyapunov exponent
is always smaller than the peak of the maximum Lyapunov
exponent before the peak of stress-strain curve and gradually
returns to zero, even though the number of AE events
increases sharply and reaches the maximum value.

4. Simulation Validation and Analysis

AE is a kind of stress wave phenomenon produced during
the deformation or damage of coal-rock under external
force. The AE signal can not only reflect the internal struc-
ture of the specimens but also further extract the precursor
information of the complete damage of the specimen, pre-
dict the occurrence of the specimen damage in advance,
and then predict the occurrence of the coal-rock power
disaster in advance.

If the maximum point of the maximum Lyapunov expo-
nent of the time series of AE events shown in Figure 3 always
appears in the stress-strain curve before peak point, then the
maximum Lyapunov exponent of maximum points can be
applied to warning specimens destroyed. In order to explore
this idea, a simulation study on ten groups of coal-rock stan-
dard specimens is carried out in this paper. The mechanical

Table 1: Mesomechanical parameters of coal-rock specimens.

Minimum particle
size (mm)

Grain diameter
ratio

Contact modulus E
(GPa)

Normal strength of bond
σ (MPa)

Tangential strength of bond
σ (MPa)

Coefficient of
friction

0.3 1.6 0.7 1.105 3 0.8
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Figure 1: Stress-strain-AE event number variation curve of coal
rock.
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parameters of coal-rock standard specimens are enlisted in
Table 2.

Table 3 is the summary table of the maximum Lyapunov
exponent. The initial value of the maximum Lyapunov expo-
nent is the first maximum Lyapunov exponent, and the sub-
maximum value of the maximum Lyapunov exponent is the
submaximum value before the occurrence of the maximum
value of the maximum Lyapunov exponent. It is not the sub-
maximum of all the maximum Lyapunov exponents.

It can be seen from Figures 4–13 that during coal-rock
uniaxial compression, the variation pattern of AE events of
all specimens is consistent with the scenarios shown in
Figure 1, which generally shows a trend of first rising
and then declining. In the initial stage of loading, no AE
event occurred. As the loading progressed, sporadic AE
events started appearing. When the stress-strain curve
transitions into the plastic stage, the number of AE events
increases significantly, and frequency is accelerated. When
the specimen is near failure, the number of AE events
increases sharply, and the maximum value appears after
the peak point of the stress-strain curve. Subsequently,
the number of AE events decreases sharply until the end
of loading.

The homogeneity of coal-rock also influences the occur-
rence time of AE events. The lower the homogeneity of coal-
rock, the smaller is the strain corresponding to the initial
occurrence of AE events, i.e., the earlier is the initial occur-
rence time of AE events.

The maximum value of the maximum Lyapunov expo-
nent in the time series of the number of AE events of speci-
mens 1, 2, 3, 5, 7, 8, 9, and 10 appears before the peak of the
stress-strain curve, i.e., before the specimen is completely
destroyed, the chaotic characteristics of AE event number
are the most obvious, which is consistent with the results
shown in Figure 3. From Table 3, it can be seen that the
maximum value of the largest Lyapunov exponent has a dif-
ference in magnitude compared with other values. Among
these, there is an order of magnitude difference between
specimen 2 and specimen 8, and two orders of magnitude
difference between other specimens. However, the
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Figure 3: Coal-rock stress-strain-number of AE events-maximum Lyapunov exponential variation diagram.

Table 2: Summary of mechanical parameters of coal-rock standard
specimens.

Specimen number Peak stress (MPa) Peak strain

1 4.983107832 0.001380257

2 4.25060345 0.001200344

3 2.543909411 0.000707774

4 6.694057265 0.001823883

5 2.976446791 0.00086566

6 8.223110102 0.002464985

7 3.151081825 0.000962933

8 8.619113876 0.002626044

9 3.169886512 0.001005317

10 3.169886512 0.001005317

Table 3: Summary table of maximum Lyapunov exponent.

Specimen
serial
number

Maximum
initial

Lyapunov
exponent

Maximum
Lyapunov
exponent

submaximum

Maximum
Lyapunov
exponent
maximum

1 5:76 × 10−5 1:70 × 10−3

2 1:16 × 10−4 7:27 × 10−4 6:20 × 10−3

3 −3:75 × 10−5 9:34 × 10−4 1:70 × 10−3

4 1:34 × 10−4 3:53 × 10−4

5 3:06 × 10−5 3:70 × 10−3

6 1:46 × 10−4 5:82 × 10−4 1:30 × 10−3

7 3:06 × 10−5 5:98 × 10−4 1:70 × 10−3

8 1:43 × 10−4 2:53 × 10−3 4:28 × 10−3

9 3:06 × 10−5 7:66 × 10−4 1:70 × 10−3

10 3:06 × 10−5 7:66 × 10−4 1:70 × 10−3
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Figure 9: Stress-strain-number of AE events-maximum Lyapunov exponential variation diagram of specimen 6.
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Figure 10: Stress-strain-number of AE events-maximum Lyapunov exponential variation diagram of specimen 7.
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Figure 11: Stress-strain-number of AE events-maximum Lyapunov exponential variation diagram of specimen 8.
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Figure 12: Stress-strain-number of AE events-maximum Lyapunov exponential variation diagram of specimen 9.
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maximum value of the maximum Lyapunov exponent
remains in the order of 10−3.

In the AE event number time series of specimen 6, the
maximum Lyapunov exponent and the peak value of the
stress-strain curve appeared almost simultaneously, incon-
sistent with the results shown in Figure 3. However, it can
be seen from Figure 9 that before the maximum point of
the maximum Lyapunov exponent appears, there is a sub-
maximum point whose value is greater than 5 × 10−4.

The maximum Lyapunov exponent of the AE event
number time series of specimen 4 appears almost simulta-
neously with the peak point of the stress-strain curve. How-
ever, it could be found that it is located behind the peak of
the stress-strain curve, which is inconsistent with the situa-
tion shown in Figure 3.

The results of ten sets of simulation tests showed that
before the specimens are destroyed, the maximum Lyapu-
nov exponent in the AE event number time series of nine
sets of simulation tests suddenly changed to the maximum
(the maximum is 10−3) or the submaximum (the submax-
imum is greater than 5 × 10−4). This shows that the sud-
den change of the maximum Lyapunov exponent in AE
event number time series can be used as a precursor to
rock fracture.

5. Conclusions

In this paper, the relationship between acoustic emission
(AE) parameters and coal-rock fracture is investigated by
using the discrete element particle flow simulation software
PFC. PFC is used to simulate the coal-rock uniaxial com-
pression test for extracting the time series of AE event num-
ber, calculate the maximum Lyapunov exponent of the time
series, and analyze the chaotic characteristics of AE event
number. The following conclusions are drawn by analyzing
the stress-strain-AE events-maximum Lyapunov exponent
relationship curves of different coal-rocks in uniaxial
compression:

(1) During coal-rock uniaxial compression, the variation
of AE events generally shows a rising trend, which
declines afterward. Before the specimen is near fail-
ure, the number of AE events increases sharply,
and the corresponding frequency accelerates. The
maximum number of AE events occurs after the
peak point of the stress-strain curve

(2) The lower the homogeneity of coal-rock specimen, the
smaller is the strain corresponding to the initial occur-
rence of AE events, i.e., the earlier the AE events occur

(3) The maximum Lyapunov exponent of the AE event
number time series is high than zero, indicating that
the AE event number has chaotic characteristics dur-
ing coal-rock uniaxial compression

(4) The chaotic characteristics of the number of AE
events are most prominent before the specimen is
completely destroyed

(5) From the fact that the maximum Lyapunov expo-
nent of the time series of AE events suddenly
changes to the maximum (the maximum is of the
order 10-3) or the submaximum (the submaximum
is greater than 5 × 10−4) before the specimen is
completely destroyed, it is feasible to use the maxi-
mum point of the maximum Lyapunov exponent of
AE event number time series as the precursor crite-
rion of rock fracture

(6) The maximum Lyapunov exponent of the AE event
number time series appears before the maximum
AE event number. Compared with the AE identifica-
tion and warning criterion based on the AE parame-
ters, the precursor criterion based on the chaotic
characteristics of the number of AE events can effec-
tively avoid the errors caused by parameter contin-
gency. It can also early forewarn the occurrence of
coal-rock damage and improve the accuracy of
coal-rock gas dynamic disaster warnings
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With the increase in the depth of large-scale open-pit mining, many mines have to face problems such as what is the effect of
open-pit blasting on the rock slope and how to ensure the stability of a high-steep slope. The east slope of the Beizhan iron
mine in Hejing County, Xinjiang, belongs to the typical open-pit high and steep slope of mined hanging-wall ore. To study the
effect of open-pit blasting vibrations on hanging-wall slope stability, the intelligent blasting vibration detector was used to
monitor the open-pit blasting wave of the Beizhan iron mine and the corresponding numerical model was established. We
fitted the transmission law of slope blasting vibration by Sodev’s regression formula and calculated stress, strain, and vibration
velocity of the whole slope by numerical simulation. The result showed that the fitting functional relationship was correct and
could be the basic rule of predicting the maximum charge amount per delay interval and minimum safe distance for this area.
The estimated open-pit blasting charge weight was reasonable and blasting vibrations would have little effect on the hanging-
wall slope. The research method and conclusions in this article have numerous reference values for studying the hanging-wall
slope’s kinetic stability.

1. Introduction

With the quickened pace of large-scale open-pit mining and
open-pit mining depth increasing, more and more high-
steep slopes are formed. Most mine slopes face problems
such as the impact of open-pit blasting on hanging-wall ores
and how to ensure the stability of high-steep slopes [1–3].
The hanging-wall ore is part of the ore body extending out-
side the open-pit boundary [4]. Large-scale blasting during
open-pit mining caused great stress disturbance to the sur-
rounding rock mass and stress concentration formed at the
bottom of a pit and the foot of a slope. When the hanging-
wall ore is mined, a more complex secondary stress field will
be formed, causing further deformation and destruction of
the surrounding rock of the slope and even engineering
disasters such as landslides.

Given the influence of open-pit blasting on high and
steep slopes, the commonly used research methods are blast-

ing vibration tests and numerical simulation. The effect of
controlled blasting on the stability of mine slopes was stud-
ied by Singh et al. [5] through presplit blasting tests. Hu et al.
[6] analyzed the correlation between blasting damage depth
and peak particle velocity and proposed a new damage-
vibration coupling control method for high rock slopes.
Yin et al. [7] and others monitored blasting vibration signals
using different rock blasting scenes and studied the attenua-
tion characteristic of blasting vibration waves transmitted in
the joint rock slope. Rajmeny and Shrimali [8] monitored
the sliding of the hanging wall caused by multiple blasting
and fitted predictive equations for blast vibration at the
Rampura Agucha Mine. Tao et al. [9] used remote monitor-
ing and early warning system to continuously monitor a
slope. The monitoring results showed that the open-pit min-
ing technology of a “mechanical gun” instead of “blasting”
had effectively reduced the impact of mining disturbance
on the stability of the western slope. Bao and others [10]
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monitored an open-pit mine using a blasting vibration
instrument and they found that the main influencing factors
for slope stability were vibration velocity and duration. Xie
et al. [11] monitored an open-pit mine slope using a blasting
vibration system, and they found that changing the blasting
order and direction could reduce blasting vibrations. Ma
et al. [12] proved that presplitting blasting played a major
role in absorbing blasting shock waves based on the blasting
vibration testing of an open-pit mine slope. The numerical
simulation analysis method is a common tool to solve min-
ing rock mechanics problems. Hu et al. [13] proposed the
relationship between peak vibration velocity and soil proper-
ties based on the improved Sodev equation. The classical
Sodev empirical formula was improved by Ma et al. [14] to
predict the vibration velocity of pipe explosions. A linear
fitting model based on Sodev’s empirical formula was devel-

oped, and blast vibration data from lighthouses near the
blast area were monitored by Gu et al. [15]. Researchers used
numerical simulation programs such as the finite element
method (FEM) [16–22], discrete element method (DEM)
[23–27], and finite difference method (FDM) [28–32] to
study the dynamic response characteristics of blasting vibra-
tion to high and steep slopes. These response characteristics
mainly included vibration velocity, displacement, amplifica-
tion factor, frequency, stress, and strain of slope after
blasting. Hu et al. used LS-DYNA software to study the effect
of smooth blasting and presplitting blasting on rock high-
slope damage and analyzed the spatial distribution of
blasting damage [16, 33, 34]. Jiang et al. [35] used blasting
excavation of Beijing Metro Line 16 as an example to mon-
itor blasting vibration in the field. A three-dimensional
numerical model was established to analyze the response
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Figure 1: The morphological characteristics of the eastern slope with hanging-wall orebody.
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Figure 2: Schematic diagram of the relative positions of the vibration detector installation (a) and the field-installed vibration detector (b).
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characteristics of buried gas pipelines under the action of
blasting vibration. Mohammadi Azizabadi et al. [36] simu-
lated blast seismograms by monitoring single-hole blast
vibrations. Then, the particle velocity time histories of blast
vibrations in the mine wall were predicted using the univer-
sal distinct element code (UDEC). Chen et al. used the
tensile-compression damage model to analyze the whole
blasting process of the bedding rock slope for numerical
simulation. In summary, there were many studies on the
influence of open-pit blasting on a rock slope, while there
were relatively few studies of the influence of the slope of
the mined hanging-wall ore.

The hanging-wall ore mining and open-pit mining are
carried out simultaneously in Beizhan’s open-pit mine slope
of Hejing County, Xinjiang. The mining adit of the hanging-
wall mine and platform formed by open-pit mining were
combined. The height of the benches was 12m, and the
height of parallel benches was 24m/36m. The stripping ele-
vation was 3464m~3596m, and the lowest mining elevation
was 3390m. The open-pit benches above 3476m have been
steep. The top-down mining sequence was adopted
hanging-wall mining. According to the mining stripping
plan, the open-pit production can be continued for about 4
years. With the exploitation of hanging-wall mines and
open-pit mines, the mines inside the slope are gradually
mined out and the slope gradually becomes higher and
steeper. It is necessary to study the influence of open-pit
blasting vibration on the slope of the hanging-wall mine.

In this paper, vibration monitoring of Beizhan’s open-pit
mine slope was carried out by using NUBOX-6016 intelli-
gent vibration monitors. According to the measured blasting
vibration wave data, the propagation law of blasting seismic
waves on high and steep slopes was studied. Then, the
numerical model of the eastern slope of the Beizhan iron
mine was established and the measured velocity time-
history load at the bottom of the slope was input. Finally,
the dynamic response characteristics such as stress, strain,
and vibration velocity of high and steep slopes under
open-pit blasting vibration were analyzed.

2. Methods

2.1. Geological Overview. The Beizhan iron mine is located in
the northwest of Hejing County and the straight-line dis-
tance is about 130 km. It is 82 km from Baluntai town, Hej-
ing County, and is under Bayingolin Mongol Autonomous
Prefecture, Hejing County’s jurisdiction. The mining area
is located on the south slope of Yilianhabierga Mountain
and west Tianshan Mountain which is a medium-high
mountain area. The run of the mountain is nearly an east-
west direction and the overall terrain is high in the southern
part and low in the north part. The altitude is 3160–4575m,
relative altitude is 700–1000m, general terrain slope is 25–
35°. The ditch is deep and steep. It is a deep alpine landform.
The altitude of the part where the orebody is located is
3450–3723m. A few hundred meters south of the mine site
is the ridge of Tianshan Mountain. With the continuous
development of open-pit slope mining and under the action
of slope excavation and frequent production blasting, the
mining area in the south slope had suffered from different
degrees of landslides. Especially after the double-step parallel
mining, the single-step height reached 36m, which was
prone to instability. The strata in the mining area are mainly
the Lower Carboniferous Dahalajunshan Formation,
Akshake Formation, and Quaternary. The minimum mining
elevation of the open-pit design is 3320m. It has been mined
to an elevation of 3390meters, and open-pit mining is
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Figure 3: Numerical model of the slope with the hanging-wall ore slope.

Table 1: Statistic of the test results of physical and mechanical
properties of rock strata.

Rock
layer

Unit
weight
(kN/
m3)

Elasticity
modulus
(GPa)

Poisson’s
ratio

Cohesion
(MPa)

Internal
friction
angle (°)

Roof 25.90 22.5 0.22 11.5 32.02

Orebody 24.80 34.2 0.16 9.8 35.1

Floor 27.10 50 0.17 10.23 31.6
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coming to an end. In order to maintain the normal produc-
tion of the mine and ensure the smooth transition from
open-pit mining to underground mining, the hanging-wall
ore is currently being mined. The present situation of
open-pit slope mining and the morphological characteristics
of hanging-wall ore are shown in Figure 1.

2.2. Blasting Vibration Test. The blasting area was located at
the 3380 elevation mining area on the eastern slope of the
pit. This blasting was for progressive mining down to a
3368 elevation. The blasting area was surrounded by build-
ings of 3404 flat caverns, pumping, and pumping pipes,
which were close to the blasting area. The blasting area
was all ore. The 3380m steps were constructed from south
to north undercut as required. The main borehole spacing
was 2.5m, the row spacing was 2.0m, and the inclination
angle was 80°. Millisecond delay blasting between rows was

adopted in this blasting scheme. Blasting was launched from
the west to east row by row in order to achieve the design
purpose. The blasting sequence was rowed to row. The way
of blasting was reverse initiation. That was, the detonating
charge was located at the bottom of the hole and the direc-
tion of the energy accumulation hole of the detonator was
towards the opening of the hole. The detonating network
adopted an electronic-delay detonator. The delay time was
set by the electronic detonator and the blasting was carried
out from west to east in sections in order to achieve the pur-
pose of blasting in sections and rows.

This test used the NUBOX-6016 intelligent vibration
monitor produced by Sichuan Tuopu Measurement and
Control Technology Company Ltd. The instrument is
connected to a TP3V-4.5 3D velocity-type sensor through
a special input signal cable. The first channel of the device
is connected to the horizontal x-direction vibration signal,
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Figure 4: Velocity time history curves of no.1 measuring point in the open-pit blasting. (a) Horizontal radial and (b) vertical.

Table 2: The results of blast vibration monitoring.

Serial
number

Maximum
charge (kg)

Distance from the
explosive center

(m)

Horizontal radial Horizontal tangent Vertical
Combined
vibration

velocity (mm/s)

Vibration
velocity
(mm/s)

Main
frequency

(Hz)

Vibration
velocity
(mm/s)

Main
frequency

(Hz)

Vibration
velocity
(mm/s)

Main
frequency

(Hz)

1# 480 62 27.49 27.466 35.24 29.297 38.45 26.855 58.96

2# 480 84 41.41 21.362 14.96 28.076 32.15 19.531 54.52

3# 480 92 31.52 62.046 35.28 53.711 3.93 69.289 47.47

4# 480 121 12.87 26.855 0.27 35.368 1.42 52.472 12.95

5# 415 52 24.75 35.753 31.28 41.384 32.76 31.952 51.62

6# 415 79 18.83 31.928 27.86 48.358 25.83 38.261 42.40

7# 415 81 13.87 73.216 16.23 63.893 18.68 83.428 28.37

8# 415 159 10.28 52.467 0.83 83.138 2.73 121.438 10.67

9# 356 55 28.27 29.357 21.63 52.348 30.14 39.271 46.65

10# 356 88 23.64 36.339 19.27 45,773 27.44 38.621 41.03

11# 356 136 11.84 24.414 0.23 37.348 1.83 25.472 11.98

12# 356 152 7.47 14.038 2.27 12.817 1.97 14.038 8.05
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the second channel to the horizontal y-direction signal, and
the third channel to the vertical z-direction signal. The
TP3V-4.5 three-dimensional velocity sensor is a practical
vibration velocity measurement sensor that can simulta-
neously measure the velocity in the horizontal x, horizontal
y, and vertical z directions. The measurement points are
located at the foot of the slope. The relative positions of
the measurement points and their installation on-site are
shown in Figure 2.

2.3. Numerical Simulation of Blasting Vibration. The numer-
ical simulation of blasting vibration would become true by
the structural mechanics’ module of COMSOL software.
The horizontal x-direction and vertical z-direction vibration
waves caused by blasting vibration have the greatest influ-
ence on the slope stability. Therefore, in the numerical
simulation, the x- and z-direction vibration wave signals col-
lected from the test were loaded into the finite element
model of the slope at the same time for analysis.

The current slope profile of the hanging-wall ore in the
Beizhan iron mine was selected for the study. A numerical
model was established according to the shape of the slope
and stratigraphic distribution (Figure 3). The model size
was 587m × 716m, and the maximum step height was
36m. In order to simulate the near slope blasting, the load-
ing area of the blast load was located on the left boundary
of the model, 14m from the foot of the bottom step. The
lithology of the magnetite ore body (layer) in the top and
bottom parts is epidote skarn, diopside epidote skarn, trem-
olite skarn, and tremolite wollastonite skarn, which has great
difference in rock integrity. The magnetite massive rock
group is mainly composed of brecciated magnetite, dissemi-
nated magnetite, and massive magnetite. Its structure is
tight, and the joints and fissures are not developed. The
ore body has good structural solidity. The statistical values
of the physical and mechanical properties of the slope rock
test results are shown in Table 1.

This study adopted the low reflection boundary method.
The slope surface adopted a free boundary and the rest
adopted a low reflection boundary. By default, low reflection
boundaries fetch data from adjacent domain materials. The
nodes of low reflection boundary let the nonreflection waves
flow out with the model to establish a perfect impedance
matching for the P wave and S wave. Therefore,

σ ⋅ n = −ρcp
∂u
∂t

⋅ n
� �

n − ρcs
∂u
∂t

⋅ t
� �

t: ð1Þ

n and t were the unit normal vector and the tangent
vector to the boundary, respectively. cp and cs were each rep-
resented longitudinal wave speed and transverse speed of the
material, respectively. This method was most effective when
the wave approaches the normal direction of the boundary.

In order to calculate the mechanical characteristics of the
slope under different working conditions, three research
steps were set up in this study. In the first step, the state of
ground stress of the slope before the hanging gang mine
was mined was calculated. In the second step, the stress state
of the slope after mining was calculated based on the calcu-
lation results of the first step. In the third step, the impact of
blasting on the slope of the hanging gang mine was
calculated based on the first two steps and the response char-
acteristics of the slope to blasting vibration were analyzed.

In general, the vertical and horizontal radial vibration
rates have a greater impact on slope stability, while the hor-
izontal tangential rate has a smaller impact on that. In order
to avoid large errors in the calculation, this study choses the
velocity time history curve that is near the measuring point
of the blasting source in the production blasting when calcu-
lated as the blasting dynamic load. Only the horizontal radial
and vertical vibration rates of this measurement point were
selected. The selected time curves of vertical and horizontal
radial vibration rates were shown in Figure 4.
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Figure 5: Decay regression line of blasting vibration.
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3. Conclusion and Discussion

3.1. Results and Analysis of Blast Vibration Monitoring.
Three blast vibrations in the open pit were monitored using
NUBOX-6016 blast vibration detectors. Three monitoring
layouts were similar, all along the direction away from the
blast source of the 4 monitoring points arranged in turn
(Figure 2). The sensor on the monitoring point has the func-
tion of monitoring the horizontal radial, horizontal tangen-
tial, and vertical direction vibration speed simultaneously.
Blast vibration monitoring results are shown in Table 2.

Considering the influence of the maximum charge and
the distance from the explosive center on the vibration speed
according to the blasting safety regulations, the mathematical
method of mathematical statistics was used to cope with the
measured data by regression analysis. Sodev’s regression
formula is

V = k
Q1/3

R

� �α

: ð2Þ

In the formula, V stands for the maximum 3D synthesis
velocity rate of the vibrating particle, cm/s; k and α are coef-
ficients related to the topography and geological conditions
between the blasting point and the protected object, respec-
tively; Q is for the maximum single-section charge, kg; R is
for the linear distance from the measuring point to the
blasting source, m.

A least-mean-square linear regression operation was
performed using Sadovsky’s formula to fit a straight line
(Figure 5). With this, to determine the regression equation,
k = 216:156, α = 1:739, and the correlation coefficient R
value was 0.908. This equation can be used as the basis for
predicting the maximum single-section charge and mini-
mum safe distance at this site. So, the transmitted law
formula of blasting vibration for east slope hanging-wall
ore was

V = 216:156 Q1/3

R

� �1:739
: ð3Þ
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The previous experiments could tell that the maximum
3D synthetic velocity of blasting vibration in the toe of the
slope was 5.986 cm/s. When the master frequency was
greater than 10Hz and less than 50Hz according to the
blasting safety regulations, the safety allowing the velocity
range of particle vibration for a permanent rock high steep
slope was 8~12 cm/s. The present blasting vibration of the
open-pit mine had little impact on slope stability. The
slope of the Beizhan iron mine had hanging-wall ore.
However, there were no rules for safety allowing the veloc-
ity of particle vibration of such slope in the blasting safety
regulations. Therefore, in order to study the effect of blast-

ing vibration on this slope, a numerical simulation of this
slope was established.

3.2. Result and Discussion of Numerical Simulation

3.2.1. Analysis of Stress and Strain. In order to analyze the
effect of open-pit blasting on the slope, von Mises stress
clouds were obtained from the simulation results before
hanging-wall ore mining, after hanging-wall ore mining,
and after open-pit blasting (Figure 6). In Figure 6(a), it
can be seen that the stresses on the slope before the
hanging-wall ore mining were caused by gravity. The
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maximum value was 9.60MPa in A. There was no plastic
strain in the slope. In Figure 6(b), it can be seen that the
hanging-wall ore mining caused the redistribution of inter-
nal stresses in the slope. The maximum value appears in
region B with 23.95MPa. The contour of the figure shows
the plastic strain with a maximum value of 608με. The
greatest stresses were experienced at the location of the
ore pillar in area B, and plastic deformation occurred. In
Figure 6(c), it can be seen that blast vibration again causes
the redistribution of internal stresses in the slope. The von
Mises stress maximum occurred in the B region and var-
ied with blasting time, as shown in Figure 6(d). Taking
the calculated stress response into account in the second
step, the maximum value was 23.95MPa at 0 s. When
the blasting finished at 0.76 s, the maximum value was
23.41MPa. The peak maximum value was 24.09MPa
which happened at 0.095 s. The contour lines in Figure 6
(c) are plastic strain, located in the pillar at point B, and
the maximum value is 47.6με. Compared with the stresses
after hanging-wall ore mining, the stress distribution pat-
tern of the slope after open-pit blasting is not much
different.

In order to analyze the effect of open blasting on the
slope surface, the variation of von Mises stress on the slope
surface was calculated. The red line in Figure 7(a) shows
the slope surface, where points A, B, C, and D are the loca-
tions of the foot of the slope immediately adjacent to the
hanging-wall ore. We assume that the horizontal coordinate
of the location of the lowest foot of the slope is 0. Figure 7(b)
shows the variation of von Mises stress on the slope surface
at 0 s, 0.25 s, 0.5 s, and 0.76 s after open blasting. The figure
shows that the stresses on the slope surface at different times
after blasting are similar in magnitude and have the same
change pattern. The larger values of stress are concentrated

at the location of the foot of the slope immediately adjacent
to the hanging-wall ore. Its maximum value is 20.39MPa,
which occurs at 0 s of open-pit blasting. Figure 7(c) shows
the variation law of von mises stress in four points A, B, C,
and D under the action of blast vibration wave. In Figure 7
(c), it can be seen that among the four points, the stress at
point C is the largest, 18.5MPa at 0 s and 12.9MPa at
0.76 s. The remaining points also showed different degrees
of reduction, with point A decreasing from 10.8MPa to
7.6MPa, point B decreasing from 13.1MPa to 9.3MPa,
and point D decreasing from 7.6MPa to 5.5MPa. The pillar
of the slope adjacent to the hanging-wall ore is the security
pillar, which is the weak link in the whole hanging-wall ore
slope system. The surface of the security pillar has the high-
est force among the whole slope surface after hanging-wall
ore mining. As shown in Figure 7(c), the stress distribution
pattern of the slope surface after open-pit blasting is not sig-
nificantly different compared with the stress after hanging
gang mining. This indicates that open-pit blasting did not
increase the stresses on the slope surface of the security
pillar.

3.2.2. Comparative Analysis of Vibration Speed. The com-
bined vibration velocity of each moment could be collected
after open-pit blasting by numerical simulation. Results
show that the combined vibration velocity of the slope
reached its maximum value when t = 0:265 s. The contour
plot of the combined vibration velocity is shown in
Figure 8(a). The combined vibration velocity of the slope
surface reaches the maximum at t = 0:325 s. The contour
plot of its combined vibration velocity is shown in Figure 8
(b).

As can be seen in Figure 8(a), the peak vibration velocity
is located in the first row of the hanging-wall ore column,
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with a maximum value of about 7.40 cm/s. In Figure 8(b), it
can be seen that the peak vibration velocity is located near
position D and the maximum value is about 6.97 cm/s.
According to the blasting safety regulations, when the main
vibration frequency is greater than 10Hz and less than
50Hz, the safe allowable mass vibration velocity range for
the mine tunnel is 18–25 cm/s. The safe allowable mass
vibration velocity range for permanent rocky high slopes is
8 to 12 cm/s. It can be seen that the maximum peak value
of particle vibration velocity of the slope under open blasting
vibration is less than the safe allowable value of particle
vibration velocity of the slope. It indicates that the current
blasting vibration has little effect on this slope, which is sta-
ble under the joint action of dynamic and static loads.

4. Conclusions

According to the test data of blasting vibration wave moni-
toring on site, Sodev’s formula was used to fit the blasting
vibration propagation law of the east slope. The results of
numerical simulation analysis showed that the current blast-
ing vibration had little effect on this slope and the slope was
stable under the combined action of dynamic and static
loads. This can be used as the basis for predicting the maxi-
mum single-segment dose and minimum safe distance at
this site.

It should be noted that in this paper, the focus was on
the effect of open-pit blasting on the east slope of the Beiz-
han iron ore mine, ignoring the freeze-thaw action on the
slope surface, anisotropy, and nonuniformity of the actual
rock mass. We will take these factors into account for the
next step of our research. The research methods and conclu-
sions of this paper are good references for studying the
dynamic stability of slopes with hanging-wall ore mines.
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In order to explore the influence of coal pillar width on the principal stress deflection and plastic zone form of surrounding rock in
deep roadway excavation, taking 11030 working face transportation roadway of Zhaogu No. 2 Coal Mine as engineering
background, theoretical analysis, numerical simulation, and field detection were used to study the effect of coal pillar width on
principal stress deflection and plastic zone form and field detection and verification of plastic zone form of surrounding rock
in 11030 transportation roadway. The results show that the maximum principal stress is deflected in the vertical direction,
which in roadway surrounding rock excavation. The coal pillar width effect of principal stress deflection on both sides of
roadway roof and floor and inside coal pillar are more obvious than that of middle roof and floor, coal pillar edge and coal
wall position. The deflection of the principal stress affects the morphological distribution of the plastic zone of the surrounding
rock, which led to the width effect of coal pillar in roof, and two sides plastic zone are more obvious than that in floor. The
principal stress deflection of roadway surrounding rock is highly consistent with the maximum damage depth of plastic zone,
and at the same time, the drilling peep results of surrounding rock are basically consistent with the form characteristics of
plastic zone in numerical simulation. On this basis, the surrounding rock reinforcement support scheme of 11030 working face
transportation roadway was proposed.

1. Introduction

With the increase of coal seam mining depth and mining
intensity in China, and the comprehensive influence of pro-
duction geological conditions and other factors, the defor-
mation and damage of surrounding rock in deep roadways
with different width of roadway protection coal pillars show
different distribution characteristics. Under the influence of
mining and coal pillar width, the stress field direction of
roadway surrounding rock will deflect, resulting in the
change of form distribution of surrounding rock plastic
zone, and then affect the stability of roadway surrounding
rock [1–3]. Therefore, the influence of roadway pillar width

on principal stress deflection and plastic zone form of sur-
rounding rock in deep roadway excavation is studied, which
has important guiding significance for the stability control of
surrounding rock in deep roadway.

By using the methods of theoretical analysis and numer-
ical simulation, documents [4, 5] gave the calculation for-
mula of failure width of supporting coal pillar under
different failure criteria, revealed the stress distribution char-
acteristics of working face and provided a new idea for
retaining coal pillar width and roadway layout. Literature
[6] studies showed that the larger the width of the reserved
coal pillar, the smaller the proportion of plastic zone form,
vertical stress, and horizontal deformation in the coal pillar,
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and the higher the stability of the coal pillar itself, which was
helpful to maintain the stability of roadway surrounding
rock. Literature [7] studied the variation law of vertical stress
in the surrounding rock and coal pillar width along the open
cut tunnel and combined with the limit equilibrium theory
of coal body, and the optimized design of coal pillar width
along the open cut tunnel was carried out. Literatures
[8–10] studied an integrated detection system, established
an ultrasonic model, and coupled it with a mechanical
model, and the results of the research can predict whether
the excavation damage zone, stress distribution, stress rota-
tion, and ultrasonic velocity evolution of the roadway are
consistent with the actual situation in the field. Literatures
[11–13] proposed the characteristic radii of the plastic zone
in the horizontal axis, longitudinal axis, and medial axis
according to the damage boundary characteristics of the
plastic zone of the roadway, through theoretical calculations
and other research methods, in order to reflect the shape
characteristics of the plastic zone, evaluate the potential haz-
ard location of the roadway enclosure and the critical point
of the roadway dynamic hazard evaluation based on the
characteristic radii. The literatures [14, 15], based on mining
rock mechanics, focused on the failure behavior and defor-
mation mechanism of rocks with large burial depths and ini-
tially established the surrounding rock stress gradient failure
theory and research results to provide the theoretical basis
and technical support for the future development of deep
mineral resources. The above results studied the influence
law of coal pillar width on its own stability, roadway defor-
mation, and the size of surrounding rock stress field and dis-
placement field, respectively. However, the related research
results on the deflection of the main stress and the form of
the plastic zone in the surrounding rock of deep roadway
excavation under different widths of coal pillars of the pro-
tection roadway are less. Therefore, this paper used numer-
ical simulation to study the characteristics of main stress
deflection and plastic zone form distribution of deep road-
way excavation surrounding rocks under different widths
of coal pillar protecting the roadway and discovered the coal
pillar width effect of main stress deflection and plastic zone
form and conducted theoretical analysis on the influence of
coal pillar width effect on the stability of roadway surround-
ing rocks. On this basis, the detection and verification of the
damage zone of the surrounding rock was carried out in the
transporting roadway of 11030 working face of Zhaogu No.
2 Coal Mine, and the corresponding countermeasures for
the control of the surrounding rock were proposed.

2. Deformation Characteristics of the
Surrounding Rock in Deep Roadway
Excavation under Different Coal
Pillar Widths

2.1. Deformation Characteristics’ Analysis of the Surrounding
Rock. In order to study the deformation characteristics of the
surrounding rock, which is in deep roadway under different
widths of coal pillars of roadway protection, five roadways
under different widths of coal pillars of roadway protection

were selected through field research, and the deformation
characteristics of the roadway surrounding rock after exca-
vation were analyzed, as shown in Table 1.

Through the above case analysis, it can be seen that
under different widths of coal pillar, the deformation of the
roadway surrounding rock shows differential distribution
characteristics, but the width of coal pillar and the amount
of surrounding rock deformation does not show a direct cor-
relation, that is, the larger the width of coal pillar, the smaller
the amount of deformation of the roadway surrounding
rock. And the deformation of the surrounding rock at differ-
ent locations of the same roadway section shows nonuni-
form distribution characteristics. For example, in case 5,
the maximum deformation of the roadway is 600mm when
70m coal pillar is left (two gang convergence), in case 1, the
maximum deformation of the roadway is 45mm when 5m
coal pillar is left (roof subsidence), and in case 2, the defor-
mation of the roadway is different at different locations of
the same section when 8m coal pillar is left (maximum sub-
sidence of roof is 428mm, and maximum two gang conver-
gence is 270mm). The essence of the above phenomenon is
that the width of the coal pillar will affect the distribution of
the plastic zone of the surrounding rock in the roadway.

2.2. Factors Influencing the Deformation of the Surrounding
Rock. The width of the coal pillar protecting the roadway is
an important factor, which influencing the deformation
and damage of the roadway excavation. The width of the
coal pillar not only affects the size of the surrounding rock
stress field but also deflects the direction of the surrounding
rock stress field, which changes the form of the plastic zone
of the surrounding rock (as shown in Figure 1) [16–19].
Under different pillar widths, the surrounding rock of min-
ing roadway excavation presents differential deformation
characteristics. The essence is that the surrounding rock
forms different plastic zone. Therefore, this paper will focus
on the deflection characteristics of the principal stress of the
surrounding rock and the morphological distribution char-
acteristics of the plastic zone under the condition of retain-
ing different roadway pillar widths.

3. Effect of Coal Pillar Width on Deflection of
Principal Stress and Plastic Zone Form of
Surrounding Rock in Deep
Roadway Excavation

3.1. Establishment of Numerical Model. According to the
production geological conditions of transportation roadway
in 11030 working face of Zhaogu No. 2 coal mine, FLAC3D

numerical simulation software was used to build a model
with a length of 250m, a width of 50m, and a height of
42m, with a model grid cell size of 0.5m, as shown in
Figure 2.

Displacement constraints were applied to the top and
bottom of the model in the vertical direction, and displace-
ment constraints in the horizontal direction were applied
around the model, and the initial ground stresses were
applied to the model based on the rock formation loads at
a burial depth of 700m, rock laboratory test, and the
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measured ground stresses in the adjacent mine area:
15.30MPa for vertical stresses, 29.36MPa (along the x-axis
direction), and 16.82MPa (along the y-axis direction) for
horizontal stresses. The model is used Mohr-Coulomb, and
the physical and mechanical parameters of each rock layer
are shown in Table 2.

The plastic zone distribution characteristics of the road-
way surrounding rock were simulated when the width of
coal pillar was 4m, 6m, 8m, 10m, 12m, 14m, 16m, 18m,
and 20m, respectively, and the main stress direction mea-
surement lines were arranged around the excavated roadway
to study the main stress deflection characteristics. The length
of each measurement line is 40m, arranged along the ten-
dency of coal seam, and the interval of measurement line is

0.5m, and 31 measurement lines are arranged in total, as
shown in Figure 3.

3.2. Coal Pillar Width Effect of Principal Stress Deflection of
Roadway Surrounding Rock. According to the stress field
imposed by numerical simulation, it is known that the max-
imum principal stress is 29.36MPa, along the horizontal
direction; the minimum principal stress is 15.30MPa, along
the vertical direction, and the following studies are analyzed
by the angle between the maximum principal stress and the
horizontal direction. Figure 4 shows the contour cloud of the
maximum principal stress and the angle between the hori-
zontal directions in the stress field of the roadway enclosure
under different coal column widths. From the figure, it can

Table 1: Deformation characteristics of surrounding rock in roadway excavation.

Roadway General information Scene photos Deformation features

Wulihou coal mine lower
group coal tape transport
roadway

Average depth of coal seam 550m;
straight wall semi-circular arch roadway:

4.74m and 4.3m (net width and net height),
wall height 2m, arch height 2.3m;

5m coal pillar.

Maximum shifting in of
the top and bottom plates

is about 45mm;
the maximum shifting in
of the two gangs is about

38mm.

Transportation roadway of
11030 working face in
Zhaogu No. 2 coal mine

Average depth of coal seam 700m;
rectangular roadway: 4.8m and 3.3m (width

and height);
8m coal pillar.

Maximum sinking of the
roof is about 428mm;
maximum displacement
of two sides is about

270mm.

7608 return air roadway of
Wuyang coal mine of Lu’an
group

Average depth of coal seam 750m;
rectangular roadway: 5.4m and 3.2m (width

and height);
15m coal pillar.

Maximum sinking of the
roof is about 200mm;
maximum displacement
of two sides is about

700mm.

Air return roadway in No. 9
mining area of Chensilou
coal mine

Average depth of coal seam 900m;
straight wall semi-circular arch roadway:

4.2m and 4.6m (net width and net height),
wall height 2.4m, arch height 2.2m;

13m coal pillar.

Maximum shifting in of
the top and bottom plates

is about 200mm;
the maximum shifting in
of the two gangs is about

100mm.

Transportation roadway in
No. 7 mining area of
Zhaolou coal mine

Average depth of coal seam 910m;
flat-topped domed roadway: 5m and 4.5m
(net width and net height), upper arc height

2m, flat top 3m;
70m coal pillar.

Maximum sinking of the
roof is about 579mm;
maximum displacement
of two sides is about

600mm.
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Figure 1: Deformation and failure mechanism of surrounding rock in roadway excavation.
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Figure 2: Numerical calculation model.

Table 2: Rock physical and mechanical parameters table.

Rock
formation

Internal friction
angle (°)

Cohesion
(MPa)

Density (kg/
m3)

Shear modulus
(GPa)

Bulk modulus
(GPa)

Uniaxial tensile strength
(MPa)

Sandstone 25 2.8 1500 4.8 5.4 1.5

Mudstone 30 5.24 2200 5.04 8.82 1.48

Coal seam 34 5.36 2500 4.54 10.44 2.6

Sandy
mudstone

38 16 2700 9.0 10.2 7.5

Limestone 35 7.9 2300 5.3 8.9 8.71

Roadway
11011goaf

Coal pillar

Line m
easurem

ent

Figure 3: Layout of measuring line in principal stress direction of roadway surrounding rock.
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Figure 4: Continued.
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be seen that the distribution characteristics of the maximum
principal stress direction in the roadway surrounding rock
change significantly under different coal column widths.
For the roof, the maximum principal stress is mainly in the
horizontal direction, and the minimum principal stress is
mainly in the vertical direction; with the increase of the
width of the coal pillar, the maximum principal stress of
the overlying rocks near the coal pillar side and the coal wall
side of the top slab has a tendency to deflect in the vertical
direction, and the direction of the maximum principal stress
of the overlying rocks in the middle of the top slab has no
obvious deflection. For the coal pillar wall, with the increase
of the width of the coal pillar, the direction of the maximum
principal stress is obviously deflected, when the width of the
coal pillar is 4m~14m, the maximum principal stress of the
whole coal pillar is mainly in the vertical direction, and the
minimum principal stress is mainly in the horizontal direc-
tion, when the width of the coal pillar is 16m~20m, the
maximum principal stress within 4m from the edge of the
roadway is mainly in the vertical direction, and the maxi-
mum principal stress within 4~6m from the edge of the
roadway is mainly in the horizontal direction. For the coal
wall, the maximum principal stress direction does not

change significantly with the change of coal pillar width,
and the maximum principal stress at the edge of the coal
wall is mainly in the vertical direction, while the maximum
principal stress at the deep part of the coal wall gang is
mainly in the horizontal direction. For the floor, when the
width of coal pillar is 4m, the maximum principal stress is
mainly in the vertical direction near the pillar side and in
the horizontal direction near the coal wall side; when the
width of coal pillar is 6m~20m, the maximum principal
stress is mainly in the horizontal direction, and with the
increase of the width of coal pillar, the direction of the max-
imum principal stress is not significantly deflected.

Figure 5 shows the curves of the maximum principal
stresses, which are at different locations of road roof and
floor and two surrounding rocks under different coal pillar
widths with respect to the angle in the horizontal direction.
From the above analysis, it can be seen that the 4m and
6m coal pillars are in plastic damage state, so no further
analysis will be made here. By comparing the variation char-
acteristics of the maximum principal stress direction in
Figure 5 with the direction of the original rock stress field,
it is obtained that the variation law of the maximum princi-
pal stress direction in the roadway surrounding rock area
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Figure 4: Angle cloud chart of maximum principal stress and horizontal direction of surrounding rock. (left side is coal pillar, right side is
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Figure 5: Continued.
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with the coal pillar width is shown in Table 3. (According to
the deflection angle, three deflection degrees are defined: ①
Weak: ≤30°; ② Medium: 30° ≤ 60°; and ③ Strong: ≥60°).

From the above analysis, it can be seen that the maxi-
mum principal stresses in the stress field of the roadway
enclosure area are deflected in the vertical direction, but
the deflection of the maximum principal stresses at different
locations in the roadway enclosure has different sensitivities
to the width of the coal pillar, resulting in the variability of
the coal pillar width effect of the deflection of the principal
stresses at different locations in the roadway enclosure.

(1) For the roof and floor, the sensitivity of the maxi-
mum principal stress deflection at the position of
the roof and floor near the two sides of the roadway
to the width of the coal column is stronger. With the
increase of coal pillar width, the maximum principal
stress deflection angle changes obviously (maximum
change of 20°) on both sides of the roof and floor,
and the change is smaller (maximum change of 8°)

in the middle position. Therefore, the maximum
principal stress deflection in the roof and floor near
the edge of the two gangs has an obvious coal pillar
width effect, while the coal pillar width effect in the
middle position is weaker

(2) For the coal pillar, the sensitivity of the maximum
principal stress deflection inside the coal pillar to
the change of the coal pillar width is stronger. With
the increase of coal pillar width, the change of max-
imum principal stress deflection angle inside the coal
pillar is obvious (maximum change of 70°), and the
change of edge position is relatively small (maxi-
mum change of 12°). Therefore, the maximum prin-
cipal stress deflection inside the coal pillar has
obvious coal pillar width effect, while the coal pillar
width effect of edge position is weaker

(3) For the coal wall, the sensitivity of the maximum
principal stress deflection of the coal wall to the coal
pillar width is weaker. With the increase of coal pillar
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Figure 5: Variation curve of maximum principal stress direction of surrounding rock.

Table 3: The maximum principal stress deflection law of surrounding rock in roadway excavation.

Surrounding rock
location

Deflection pattern

Roof
Continuous deflection in the vertical direction, but the degree of deflection is weak.

Degree of deflection angle change: both sides of the roof > middle of the roof .

Coal pillar

The deflection is in the vertical direction, and the degree of deflection is decreasing.
The degree of deflection from the edge of the coal pillar to the middle of the coal pillar shows “strong-medium-

weak” transition.
Degree of deflection angle change: middle of coal pillar > edge of coal pillar.

Floor

Continuous deflection in the vertical direction, with medium deflection at the position of 1.5m~2m under both
sides of the floor, and weak deflection at other depth positions and the middle of the floor.

Degree of deflection angle change: both sides of the floor > the middle of the floor.
All deflected in the vertical direction and the degree of deflection did not change significantly.

Coal wall
The degree of deflection from the edge of the coal wall to the deep part of the solid coal shows “strong-medium-

weak” transition.
Degree of deflection angle change: middle of coal wall > edge of coal wall.
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Figure 6: Continued.
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width, the change of coal wall maximum principal
stress deflection angle is small (maximum change
15°). Therefore, the coal pillar width effect of coal
wall maximum principal stress deflection is weaker

3.3. Coal Pillar Width Effect of Plastic Zone Form of Roadway
Surrounding Rock. Figure 6 shows the distribution of the
plastic zone form in the surrounding rock of the roadway
under different coal pillar widths obtained by numerical
simulation. For the convenience of analysis, two indicators,
plastic zone maximum damage depth and plastic zone max-
imum damage depth location, are defined to characterize the
plastic zone form, where the plastic zone maximum damage
depth location is expressed by the angle between the plastic
zone maximum damage depth boundary and the centerline
of the top and bottom plates of the roadway and the two
sides of the gang, and the counterclockwise direction is spec-
ified as positive. From Figure 6, it can be seen that with the
increase of coal pillar width, the plastic zone form of the

roadway surrounding rock changes to different degrees.
For the roof, the maximum damage depth of plastic zone
is 2.75m, when the width of coal pillar is 4m, and the posi-
tion of the maximum damage depth (10°~32°) is close to the
roof of coal pillar side. When the width of coal pillar is
6m~20m, the maximum damage depth of plastic zone
decreases to 2.25m and remains unchanged, but its position
is deflected to clockwise direction (solid coal side) when the
width of coal pillar is 6m~14m, and it is not deflected when
the width of coal pillar is 16m~20m. The form of the plastic
zone is symmetric about the centerline of the roof. For the
coal pillar, when the width of coal pillar is 4m~6m, the
whole coal pillar is in the plastic damage state; when the
width of coal pillar is 8m~20m, the coal pillar is no longer
in the plastic damage state completely, and the maximum
damage depth of the plastic zone does not change signifi-
cantly, which is about 1.75m, but the position of the maxi-
mum damage depth of the plastic zone continues to deflect
in the clockwise direction (roof direction) with the increase
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Figure 6: The form distribution of plastic zone of roadway surrounding rock. (left side is coal pillar, right side is coal wall).
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of the width of coal pillar. For the coal wall, when the width
of coal pillar is 4m, the maximum damage depth of plastic
zone is 1.75m, and the position of maximum break depth
is 0°~36°. When the width of coal pillar is 6m~14m, the
maximum damage depth of plastic zone decreases to 1.5m
and remains unchanged, but its position deflects signifi-
cantly in the counterclockwise direction (roof direction).
When the width of coal pillar is 16m~20m, the distribution
of the plastic zone does not change significantly. For the
floor, the maximum damage depth of the plastic zone does
not change with the increase of coal pillar width, which is
3m, and the location of the maximum damage depth also

does not change significantly, and the form of the plastic
zone is approximately symmetrical about the center line of
the floor.

From the analysis of Figure 7 and Table 4, it can be seen
that the form of plastic zone in different locations of the
roadway surrounding rock shows different sensitivity to
the change of coal pillar width, which leads to the variability
of the coal pillar width effect of the form of plastic zone in
different locations of the roadway surrounding rock.

From the above analysis, it can be seen that the plastic
zone form at different locations of the roadway surrounding
rock shows different sensitivities to the changes of coal pillar
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width, which leads to the variability of the coal pillar width
effect of the plastic zone form at different locations of the
roadway surrounding rock.

(1) For the roof, when the width of coal pillar is less than
8m, the sensitivity of the top plastic zone form to the
change of coal pillar width is stronger, and with the
increase of coal pillar width, the maximum damage

depth of plastic zone decreases significantly, and
the position of the maximum damage depth of plas-
tic zone continues to deflect toward the coal wall,
and the top plastic zone form has obvious coal pillar
width effect. When the width of coal pillar is greater
than 8m, the sensitivity of roof plastic zone form to
coal pillar width change is weak, with the increase of
coal pillar width, the maximum damage depth of

Table 4: The variation law of the maximum failure depth position in plastic zone pillar.

Roof

Width of coal pillar Deflection direction Deflection angle
4m~8m Coal wall 10°~13.5°
8m~12m Coal wall 2°~2.5°
12m~16m Coal pillar 1°~1.5°
16m~20m No change 0°

Coal pillar

Width of coal pillar Deflection direction Deflection angle

4m~12m Roof 0.5°~8.5°

12m~16m Roof 10°~13°

16m~18m No change 0°

18m~20m Roof 4°

Floor

Width of coal pillar Deflection direction Deflection angle

4m~8m Coal pillar 0.5°~6.5°

8m~10m No change 0°

10m~14m Coal pillar 0.5°~1.5°

14m~20m No change 0°

Coal wall

Width of coal pillar Deflection direction Deflection angle

4m~6m Floor 12°

6m~10m Roof 10°~12°

10m~14m Roof 3°~5°

14m~20m No change 0°
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plastic zone does not change obviously, its position
change is small (maximum change 2.5°), and the coal
pillar width effect of roof plastic zone form is weak

(2) For two sides of roadway, the form of plastic zone of
two sides is sensitive to the change of coal pillar
width. With the increase of coal pillar width, the
maximum damage depth of plastic zone of coal pillar
wall first decreases and then remains unchanged,
and its position continues to deflect towards the roof.
When the coal pillar width is less than 12m, the

maximum damage depth of the plastic zone of the
coal wall first decreases and then remains
unchanged, and its position first deflects to the floor
direction and then to the roof direction. When the
coal pillar width is greater than 12m, the maximum
damage depth and position of the plastic zone do not
change significantly. The plastic zone form of two
sides of roadway has obvious coal pillar width effect

(3) For the floor, the form of the plastic zone of the floor
is less sensitive to the change of the coal pillar width.
With the increase of the coal pillar width, the maxi-
mum damage depth of the plastic zone does not
change significantly, and its position changes slightly
(the maximum change is 6.5°), and the coal pillar
width effect of the form of the plastic zone of the
floor should be weak

4. Analysis of the Stability of the Surrounding
Rock Based on the Coal Pillar Width Effect

4.1. Mechanism of Coal Pillar Width Effect Formation. For
the stability of roadway surrounding rock, the key is to
ensure the stability of roadway roof and coal pillar. There-
fore, based on the previous research results, taking the road-
way roof and coal pillar wall as the research object, the
author analyzes the variation law of the deflection angle of
the main stress direction of roadway surrounding rock and
the position of the maximum failure depth of plastic zone
under different coal pillar widths and reveals the formation
mechanism of coal pillar width effect in the plastic zone of
roadway surrounding rock. Figure 8 shows the curves of
the change in the deflection angle of the main stress direc-
tion and the position of the maximum damage depth in
the plastic zone of the roadway roof and coal pillar at differ-
ent coal pillar widths (the counterclockwise direction is
specified as positive). From the figure, it can be seen that
the position of the maximum damage depth in the plastic
zone of the roadway surrounding rock and the angle of
deflection of the main stress direction have approximately
the same changing trend. As the width of coal pillar
increases, the position of maximum damage depth and the
direction of main stress in the plastic zone of the floor and
coal pillar are deflected in the clockwise direction.

The width effect of the main stress deflection of the sur-
rounding rock after the roadway excavation will cause the
obvious deflection of the main stress direction of the sur-
rounding rock, which will cause the maximum damage
depth and location of the surrounding rock plastic zone to
change, which results in the difference distribution of the
plastic zone form of the surrounding rock, and which results
in the shape of the surrounding rock plastic zone having the
width effect of the coal pillar, as shown in Figure 9.

4.2. The Influence of Coal Pillar Width Effect on the Stability
of the Surrounding Rock. According to the above study,
influenced by the coal pillar width effect, the principal stress
direction and plastic zone form at different positions of sur-
rounding rock after roadway excavation will change to

Coal pillar width effect of 
main stress deflection

Deflection of main stress 
direction

Maximum damage depth in 
plastic zone

Location of maximum 
damage depth in plastic zone

Coal pillar width effect of 
plastic zone form

Figure 9: Formation mechanism of coal pillar width effect.
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different degrees. For the roof, the deflection degree of the
principal stress direction near the two sides of the roof is sig-
nificantly greater than that in the central position, and the
damage depth of the plastic zone at different positions of
the roof is quite different, resulting in the difference in the
stability of the surrounding rock on both sides and in the
central position of the roof. For the coal pillar side, the
deflection degree of the principal stress direction in the mid-
dle position of the coal pillar is significantly greater than that

in the upper and lower sides, and the damage depth of the
plastic zone in different positions is also different, resulting
in a large difference in the stability of the surrounding rock
in the middle and upper and lower sides of the coal pillar.
Therefore, for roadways with different coal pillar widths, it
is necessary to adopt different control measures for different
positions of roof and coal pillar to ensure the stability of sur-
rounding rock. Taking the 11030 working face transporta-
tion roadway of Zhaogu No. 2 Mine as an example, the
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Figure 12: Comparison of the damage range of surrounding rock in 11030 transportation lane with the results of numerical simulation.
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stability of roadway surrounding rock is analyzed combined
with the width effect of coal pillar, which provides basic
guidance for the stability control of roadway surrounding
rock. For the roof, the maximum principal stress is mainly
in the horizontal direction, but affected by the width effect
of coal pillar, and the maximum principal stress on both
sides of the roof tends to change in the vertical direction.
And the maximum damage depth of plastic zone is located
in the middle of roof. Therefore, the stability of the sur-
rounding rock in the middle of the roof is poorer than that
on both sides. In order to prevent the roof falling accident
of the roadway, it is necessary to reinforce and support the
middle position of the roadway roof after the roadway exca-
vation is completed. For the coal pillar, the maximum prin-

cipal stress is mainly in the vertical direction, but affected by
the width effect of coal pillar, and the maximum principal
stress at the upper and lower sides of coal pillar changes sig-
nificantly in the horizontal direction. And the maximum
damage depth of plastic zone deflects to the roof direction.
The comprehensive analysis shows that the stability of the
upper and middle sides of the coal pillar is worse than that
of the lower side. In order to prevent the failure and instabil-
ity of the coal pillar, it is necessary to reinforce the surround-
ing rock of the middle and upper sides of the coal pillar after
the roadway excavation.

5. Engineering Case

The transportation roadway of 11030 working face in
Zhaogu No. 2 Mine was excavated along the coal seam roof,
and 8m coal pillar was left between it and the 11011 mined-
out area (Figure 10). The roadway was designed as a rectan-
gular section of 4:8m × 3:3m ðwidth × heightÞ. During the
excavation of the roadway, the roadway surrounding rock
had a nonuniform large deformation, the section contraction
was serious, the maximum subsidence of roof was about
428mm, and the maximum displacement of two sides was
about 270mm.

5.1. Detection of Rock Surrounding Damage Areas. In order
to master the surrounding rock damage of 11030 working
face transportation roadway and compare with the numeri-
cal simulation results (Figure 6(c)), the JL-IDOI (A) intelli-
gent borehole TV imager was used to peep the
surrounding rock damage of the roadway. Three boreholes
were arranged at the roof and floor of the roadway and the
two sides at 260m from the opening of the roadway in
11030 working face. A total of 12 boreholes were arranged,
as shown in Figure 11, the diameter of the borehole was
32mm, and the depth of the borehole was 4m.

Figure 12 shows the comparison between the borehole
peeping results of surrounding rock of 11030 transportation
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roadway and the plastic zone form of numerical simulation.
The damage area of roadway surrounding rock is asymmet-
ric. The damage depth of rock stratum in the middle of roof
is large, and the coal body in the middle of coal pillar is seri-
ously broken. The damage depth of rock stratum near the
roof of coal wall is the largest, and the distribution range
of floor rock stratum is relatively uniform. The nonuniform
morphological characteristics of plastic zone of roadway sur-
rounding rock are basically consistent with the results of
borehole peeping.

5.2. Roadway Support Design. Combined with the field peep-
ing results and previous research results, it can be seen that
the section convergence of 11030 transport roadway during
excavation is serious, and the surrounding rock deformation
of roadway shows obvious nonuniform characteristics.
Therefore, considering the influence of mining activities in
the later stage of the roadway, the middle roof is reinforced
and supported by the length enable bolt and the high
strength screw steel bolt to prevent the roof from falling
[20–22]. Two sides, by patching high strength thread steel
anchor, prevent two sides due to excessive deformation
and cross. Specific design parameters are shown in
Figure 13.

5.3. Support Effect. In order to verify the stability of the sur-
rounding rock of the roadway after reinforcement support, a
measuring station was arranged at 260m from the opening
of 11030 transportation roadway to monitor the change of
the roadway surface displacement. The monitoring results
show that the maximum deformation of the top and bottom
plates from 0 to 28d after the roadway was reinforced and
supported and is 268mm, and the maximum deformation
of the two sides is 123mm; the displacement of the sur-
rounding rock of the roadway remains basically the same
after 28 d after the roadway was reinforced and supported,
and there is no significant increase, indicating that the sur-
rounding rock of the roadway tends to be stable. The moni-
toring results of the roadway surface displacement are
shown in Figure 14.

6. Conclusion

(1) The deformation of the surrounding rock in the deep
roadway under different widths of the coal pillar
does not show a direct correlation between the width
of the coal pillar and the deformation of the sur-
rounding rock (the larger the width of the coal pillar,
the smaller the deformation of the surrounding rock
in the roadway), and the deformation of the sur-
rounding rock at different locations in the same sec-
tion of the roadway shows a nonuniform
distribution

(2) The maximum principal stress deflects to the vertical
direction in the stress field of the surrounding rock
of deep roadway excavation, but the deflection of
the maximum principal stress at different positions
of the surrounding rock of roadway has different
sensitivity to the width of the coal pillar. The coal

pillar width effect of principal stress deflection on
both sides of the roof and floor and inside the coal
pillar is obvious, and the coal pillar width effect of
principal stress deflection in the middle of the roof
and floor and the edge of the coal pillar and the coal
wall are weak

(3) The plastic zone form of surrounding rock of deep
roadway after excavation will show differential dis-
tribution characteristics due to the change of coal
pillar width, and the plastic zone form of surround-
ing rock at different positions of roadway has differ-
ent sensitivities to the change of coal pillar width,
resulting in obvious coal pillar width effect of plastic
zone form of roadway roof and two sides, and weak
coal pillar width effect of plastic zone form of floor

(4) The principal stress in the surrounding rock area of
deep roadway excavation will deflect to varying
degrees, which affects the form of the plastic zone
of the surrounding rock. The position of the maxi-
mum damage depth of the plastic zone is approxi-
mately the same as the principal stress deflection,
and the width effect of the coal pillar will have differ-
ent degrees of influence on the stability of the sur-
rounding rock at different positions of the roadway
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Floor failure in deep coal mining above confined aquifers with high-water pressure may induce floor water inrush disasters.
Considering the effects of mining stress and nonuniformly distributed water pressure, a mechanical calculation model of the
island longwall panel in up-dip mining was established, and the stress distribution and floor failure characteristics were
analyzed. The failure characteristics of the floor at NO. 2129 panel in Xingdong coal mine were detected by the borehole
televiewer and microseismic monitoring system to validate the theoretical model. The results indicated that the floor failure
characteristics along the strike and inclination of the island longwall panel in up-dip mining were “asymmetric inverted
saddle-shaped” and “spoon-shaped,” respectively. The maximum floor failure depths before and after roof hydraulic fracturing
(RHF) were 45.7m and 29.1m, respectively. The theoretical calculation results of the maximum depths of floor failure were
45.1m and 29.9m, respectively. The theoretical failure characteristics were consistent with those measured on site. The stress
concentration magnitude and floor failure depth on the side of the isolated coal pillar were greater than those of other areas,
and the water-inrush-prone zones were concentrated on the side of the isolated coal pillar near the intersection of the working
face and the roadway. The research results could provide a certain reference for floor failure and water inrush mechanisms
under complex geological conditions in deep mining.

1. Introduction

With the increase of operational coal mining depth in China,
the surrounding rock in deep mining is prone to large-scale
destabilization or dynamic response damage [1]. Increased
range of floor failure zone induced by the coupling of
high-water pressure and ground stress as well as strong min-
ing disturbances in deep coal mining [2–6]. Water inrushes
occur when floor failure zones are connected with high
water pressure aquifers in the overlying strata under the
floor [7]. Therefore, it is essential to investigate the floor fail-

ure characteristics induced by mining and confined aquifers
to manage floor water inrush.

Three methods of theoretical analysis, numerical calcula-
tion and on-site monitoring are generally applied to investi-
gate the floor failure characteristics. In terms of theoretical
analysis, according to the abutment pressure distribution
around the working face, a mechanical model of coal seam
floor failure under the abutment pressure induced by coal
seam mining was established, and the stress distribution
and the maximum failure depth of the coal seam floor dur-
ing mining were also calculated [8–11]. Xue et al. [12]
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established a mechanical calculation model of the floor fail-
ure patterns in the strike and dip directions along the work-
ing face after mining to study the floor failure characteristics
of roof cutting and gob side entry retaining in confined
water. The floor rock mass was regarded as a transversely
isotropic body and an analytical solution for the floor stress
was derived [13–16]. A mechanical model for the floor fail-
ure depth in inclined coal seam mining was established to
obtain the floor failure characteristics in inclined coal seams
as “upper-small-lower-large” [17–19]. Song [19] and Liang
et al. [20, 21] established a mechanical model under the
combined action of water pressure and mining by consider-
ing the actions of high-water pressure and analyzed the
stress field and failure characteristics. Ma et al. [5] proposed
an improved theoretical model that considered the whole
confined aquifer in the floor to analyze the stress distribu-
tion and failure zones.

On-site monitoring is a direct and effective method for
understanding the extent of damage to the surrounding
rock. Currently, the most commonly used field monitoring
methods are the borehole water injection, borehole acoustic
wave, and borehole imaging as well as borehole strain
method [22–25]. In recent years, microseismic monitoring
technology has been applied by many scholars to monitor
floor damage and water inrush problems. Cheng et al. [26]
adopted a microseismic monitoring system to identify the
spatial location and formation process of water flow chan-
nels. Zhao et al. [27] proposed a set of rock mass seepage
channel inversion methods based on microseismic data.
Zhou et al. [28] presented a microseismic monitoring analy-
sis method for evaluating potential seepage channels. Ma
et al. [5] investigated the evolution characteristics and devel-
opment pattern of floor failure during high thickness coal
seam mining using microseismic monitoring. Cheng et al.
[29] examined and calculated the floor disturbance depth
through microseismic virtual reality visualization.

Scholars have conducted many investigations and
yielded abundant findings in research on the failure charac-
teristics of coal seam floor. Due to the inclination of the coal
seam, the failure characteristics of the surrounding rock of
the working face are obviously different from those of the
horizontal and near horizontal coal seams [2, 30]. In addi-
tion, due to the superposition of high stress caused by nearby
mined longwall panels, the high-stress concentration zone is

formed in the surrounding rock [31]. The large deformation
and large-scale failure of floor rock strata are induced by
high-stress concentration. Water-conducting channels tend
to be formed due to the large-scale and high-intensity stress
disturbance induced by repeated mining [24, 32]. The risk of
water inrush from coal seam floor in deep island longwall
panel increases under deep complex hydrogeological condi-
tions [16]. However, most previous scholars have investi-
gated the floor failure characteristics of longwall mining
faces along strikes, and few have addressed the floor failure
characteristics of island longwall mining panels in up-dip
mining. Therefore, the study of floor failure characteristics
of the island longwall panel in up-dip mining above con-
fined water are essential to propose a reasonable method to
prevent and control floor water inrush in deep mining.

Therefore, a mechanical model of the island longwall
panel in up-dip mining under the combined effect of high-
water and mining pressure was established in this paper.
The stress distribution in the mining floor rock mass was
calculated, and then the floor failure characteristics were
obtained based on the Mohr-Coulomb criterion. In addition,
the floor failure characteristics before and after RHF were
comparatively analyzed, and the results of on-site measure-
ments verified the reasonableness of the theoretical model.
The research results could provide a reference for studying
the mechanism and prevention of floor water inrush under
complex mining geological conditions.

2. Site Descriptions

The Xingdong coal mine is located in the northeastern
Hanxing coalfield, Hebei Province, China. Figure 1 shows
the general mining layout and the location of the study area.
The mining depth of the longwall panel NO. 2129 at Xing-
dong coal mine is 1027–1125m and 92.5m wide, and the
lengths of the ventilation and haulage roadways are 416m
and 367m, respectively. The longwall panel NO. 2129 is an
island longwall panel with a goaf on both sides. The ventila-
tion roadway is adjacent to the goafs of longwall panels NOs.
2125–2127, and water inrush occurred in these panels. The
ventilation roadway is also adjacent to the longwall panels
NO. 2123 and NO. 2124 that do not have floor water
inrushes. The average width of coal pillar between ventila-
tion roadway and the goafs is 30m, which is called narrow

100 m

Ventilation roadway

Haulage roadway

F22
DF10

N

2123 Goaf 2124 Goaf 2125 Goaf 2126 Goaf

2129 Longwall panel

2222 Goaf

Legend Goaf Water inrushFault

Figure 1: Location of the study area.
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coal pillar. The haulage roadway is adjacent to longwall
panel NO. 2222 with floor water inrush and the F22 and
DF10 normal faults. The fault drops are 9–58m and 8–
40m, respectively. The average width of the coal pillar
between the haulage roadway and the goaf of longwall panel
NO. 2222 is 74m, which is called wide coal pillar. The up-
dip longwall mining is adopted, and the roof is managed
by the caving method. The average thickness of coal seam
#2 is 3.95m, dipping at an angle of 9°–14°, with an average
of 11°. According to the stratigraphic column diagram of
the Xingdong coal mine (Figure 2), the lithology of the over-
lying strata is fine sandstone, sandy mudstone, and siltstone,
and the floor strata are fine sandstone and sandy mudstone.
There are five aquifers in the floor of coal seam #2. The aqui-
fers are the Yeqing, Fuqing, Daqing, Benxi, and Ordovician
limestone aquifer, with average distances of 47.11m,
96.59m, 140.29m, 161.03m, and 176.12m from the floor
of the working face, respectively. The water pressure of the
Ordovician limestone aquifer is 10–15MPa. After regional
grouting treatment, water inrush disasters from the coal
seam floor in deep mining continue to occur frequently,
which seriously restricts the safe production of the Xingdong
coal mine.

3. Theoretical Analysis

3.1. Basic Principles. Based on the spatial semi-infinite body
theory in elasticity [33] for the semi-infinite body bearing
normal load or tangential load (Figure 3), the stress compo-

nent of any pointM (x, y) can be expressed by Equations (1)
and (2), respectively.

σz = −
2
π

ðb
−a

q ξð Þz3dξ
z2 + x − ξð Þ2
h i2 ,

σx = −
2
π

ðb
−a

q ξð Þz x − ξð Þ2dξ
z2 + x − ξð Þ2
h i2 ,

τzx = −
2
π

ðb
−a

q ξð Þz2 x − ξð Þdξ
z2 + x − ξð Þ2
h i2 :

9>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>;

ð1Þ

σsz = −
2
π

ðb
−a

q′ ξð Þz2 x − ξð Þdξ
z2 + x − ξð Þ2
h i2 ,

σsx = −
2
π

ðb
−a

q′ ξð Þ x − ξð Þ3dξ
z2 + x − ξð Þ2
h i2 ,

τszx = −
2
π

ðb
−a

q′ ξð Þz x − ξð Þ2dξ
z2 + x − ξð Þ2
h i2 :

9>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>;

ð2Þ

Assuming that

x − ξ = ρ sin θ,
z − ξ = ρ cos θ,

dξ = ρdθ
cos θ :

9>>>=
>>>;

ð3Þ

By substituting Equation (3) into Equations (1) and (2),
the polar coordinate expression of vertical stress, horizontal
stress, and shear stress can be obtained as shown in Equa-
tions (4) and (5).

Thick-
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Figure 2: Stratigraphic column of seam, roof, and floor strata.
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Figure 3: The mechanical models of a semi-infinite solid subjected
to distributed load on the boundary.
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σz = −
2
π

ðθ2
θ1

q ξð Þ cos2θdθ,

σx = −
2
π

ðθ2
θ1

q ξð Þ sin2θdθ,

τzx = −
2
π

ðθ2
θ1

q ξð Þ sin θ cos θdθ:

9>>>>>>>>>>=
>>>>>>>>>>;

ð4Þ

σsz = −
2
π

ðθ2
θ1

q′ ξð Þ sin θ cos θdθ,

σsx = −
2
π

ðθ2
θ1

q′ ξð Þ sin
3θ

cos θ dθ,

τszx = −
2
π

ðθ2
θ1

q′ ξð Þ sin2θdθ:

9>>>>>>>>>>=
>>>>>>>>>>;

ð5Þ

3.2. Model Establishment. According to statistical analysis
of floor water inrush disaster cases in deep mining, floor
water inrush is frequently induced by strong mining pres-
sure during periodic weighting [34, 35]. Therefore, it is of
significant practical engineering to explore the redistribu-
tion of the floor stress and the floor failure range during
periodic weighting [36]. Taking the longwall panel NO.
2129 at Xingdong coal mine as an example, the mining
stress and the original rock stress are superimposed during
the advancement of the working face. Figure 4 shows the
general state of the floor rock mass of the island longwall
panel in up-dip mining during periodic weighting based
on the theory of ground pressure and strata control [37].
α is the dip angle of coal seam in Figure 4(a). Notably,
compared with previous work, the dip angle of the mining
direction and the goaf on both sides of the working face
are considered, thereby enriching the investigation of floor
stress and failure characteristics under different mining
conditions.

Therefore, a mechanical model for the combination of
the hydraulic pressure and mining pressure was con-
structed, as shown in Figure 5 and according to
Figure 4. Both the mining pressure and the water pres-
sure are simplified to a linear distribution in Figure 5.
The water pressure is regarded as an uneven external
force applied to the bottom of the aquifuge. In addition,
the gravity of the floor strata is also considered. As
shown in Figures 1 and 4(b), the width of coal pillar
between longwall panels NO. 2129 and NO. 2222 is
74m, and there is little effect of longwall panel NO.
2222 on the floor failure of longwall panel NO. 2129.
Therefore, the stress in the mined area of longwall panel
NO. 2222 is ignored in this paper.

In addition, the loads caused by the abutment pressure
in Figure 5 are simplified to two triangular loads and decom-
posed accordingly into normal loads (q1 and q2) vertical to
the floor and tangential loads (q1 ′ and q2 ′) parallel to the
floor. The maximum value of them is determined by ðk1 −
1ÞγHcosα. k1 represents stress concentration coefficient, γ
is the average bulk density of the overlying strata, and H
denotes burial depth of coal seam. The floor stress in the
mined zone is considered a uniformly distributed rectan-
gular load q0, which is released to the free surface with
the magnitude of −γHcosα. The stress recovery zone is
gradually compacted by the overlying strata of the col-
lapse zone, which is regarded as a triangular distribution
load q3 with the minimum value of −γHcosα and the
maximum value of 0. Since floor failure is mainly
affected by the stress increment, the component of the
stress increment zone parallel to the floor is considered,
ignoring the component of the stress in the unloading
zone.

In Figure 5, L1 is the length of the elastic zone caused by
advanced abutment pressure, L2 is the length of the plastic
zone caused by advanced abutment pressure, L3 is the length
of the crushing zone induced by advanced abutment pres-
sure, L4 is the length of the stress recovery zone, L5 is the

¦Á

Mining direction

Primaryrock stressarea
Stressconcentratedarea Stress relaxedarea Stress stablearea

Primaryrock stressarea

Water pressure

Study zone

(a)

Stress
stable
area

Primary
rock

stress
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Stress
concentrated
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Stress relaxed

area

Study zone

Stress
concentrated

area

Water pressure

(b)

Figure 4: Schematic diagram of load on the floor under periodic weighting: (a) along the inclination; (b) along the strike.
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periodic weighting interval, L6 and L7 are the lengths of the
plastic and elastic zones in the coal pillar along the strike, L8
is the width of the working face, L9 and L10 are the distances

from the peak load point of the coal pillar to the boundary
on both sides, and L11 is the distance of the stress recovery
zone on the side of the isolated coal pillar.

O

z

x

(k1-1) rHcosα

L1 L2 L3 L5
L4

q
1

q1'
θ2

q2'

q
2

q3

q0

q4
-rHcosα

q
5

M(x,z)

θ5
θ4θ3

θ1

θ7
θ8

θ6

(a)
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z

q8 q11
x

(k3-1) rHcosα(k2-1) rHcosα

L6 L7 L8 L9 L10 L11

𝜃9 𝜃10

𝜃17
𝜃16

𝜃11 𝜃12
𝜃13 𝜃14 𝜃15

-rHcosα

M(x, z)

q6 q7 q9 q10

q12

(b)

Figure 5: Mechanical models of floor stress in up-dip mining: (a) along the inclination; and (b) along the strike.
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The rock strata are assumed to be a continuous, intact,
homogeneous, and an isotropic medium in the developed
mechanical model, and the rock mass is assumed to apply
the linear elastic constitutive model. According to the above
assumptions, the stress components of M (x, z) can be

derived by substituting the equations for all loads in
Figure 5 into the corresponding Equations (4) and (5).

The calculation of stress components resulting
from the triangular load q1 are shown in Equation
(6).

As regards the stress components induced by the trian-
gular load q2, θ1 and θ2 in Equation (6) should be replaced
by θ3 and θ2, respectively, and the corresponding distance
by L2. Similarly, the corresponding stress components for

the triangular loads q3, q4 ,q6 ,q7 ,q9 ,q10 , and q11 can be
obtained.

The calculation of stress components resulting from the
triangular load q0 are shown in Equation (7).

For the stress component induced by the rectangular
load q8, θ4 and θ5 in Equation (7) should be replaced by
θ11 and θ12, respectively. Similarly, the corresponding

stress component for the rectangular load q12 can be
obtained.

Equation (8) calculate the stress components caused by
the load q5.

σz1 =
k1 − 1ð ÞγHz cos α

πL1
tan θ1 θ1 − θ2ð Þ − 1

2 tan θ1 sin 2θ2ð Þ + sin2θ2
� �

,

σx1 =
k1 − 1ð ÞγHz cos α

πL1
tan θ1 θ1 − θ2ð Þ + tan θ1 sin θ2 cos θ2 + 2 ln cos θ1

cos θ2
− sin2θ2

� �
,

τzx1 =
k1 − 1ð ÞγHz cos α

πL1
tan θ1 sin2θ1 − sin2θ2

� �
+ θ2 − θ1ð Þ + 1

2 sin 2θ1ð Þ − sin 2θ2ð Þð Þ
� �

:

9>>>>>>>>=
>>>>>>>>;

ð6Þ

σz0 =
−γH
π

θ4 − θ5 +
1
2 sin 2θ4 −

1
2 sin 2θ5

� �
,

σx0 =
−γH
π

θ4 − θ5 −
1
2 sin 2θ4 +

1
2 sin 2θ5

� �
,

τzx0 =
−γH
π

cos 2θ5 − cos 2θ4ð Þ:

9>>>>>>>>=
>>>>>>>>;

ð7Þ

σz5 =
Hz − zð Þρwg sin α

π
tan θ7 θ8 − θ7ð Þ + 1

2 tan θ7 sin 2θ8ð Þ − sin2θ8
� �

+ P0
π

θ7 − θ8 +
1
2 sin 2θ7 −

1
2 sin 2θ8

� �
,

σx5 =
Hz − zð Þρwg sin α

π
tan θ7 θ8 − θ7ð Þ − tan θ8 sin θ7 cos θ7 − 2 ln cos θ8

cos θ7
+ sin2θ8

� �

+ P0
π

θ7 − θ8 −
1
2 sin 2θ7 +

1
2 sin 2θ8

� �
,

τzx5 =
Hz − zð Þρwg sin α

π
tan θ7 sin2θ8 − sin2θ7

� �
− θ8 − θ7ð Þ − 1

2 sin 2θ7ð Þ − sin 2θ8ð Þð Þ
� �

+ P0
π

cos 2θ8 − cos 2θ7ð Þ:

9>>>>>>>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>>>>>>>;

ð8Þ
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The stress components caused by the load q1 ′ can be
obtained using Equation (9).

For the stress component induced by the load q2 ′, θ1 and
θ2 in Equation (9) should be replaced by θ3 and θ2,
respectively.

In Equations (6)–(9), H is the burial depth of the coal
seam, α is the dip angle of the coal seam, k1 is the concentra-
tion coefficient of advance abutment pressure, k2 and k3 are
the concentration coefficient of abutment pressure on coal

pillar at both ends of working face along the strike, γ indi-
cates bulk density of the rock mass, ρw is density of confined
water, P0 denotes the hydraulic pressure of the confined
aquifer, g is gravitational acceleration, and Hz is the distance
between the coal seam floor and confined aquifer.

The angle in the above Equation can be calculated
according to Equation (10).

σsz1 =
k1 − 1ð ÞγHz sin α

πL1
tan θ1 sin2θ2 − sin2θ1

� �
+ θ1 − θ2 −

1
2 sin 2θ1 − sin 2θ2ð Þ

� �
,

σsx1 =
k1 − 1ð ÞγHz sin α

πL1
tan θ1 sin2θ1 − sin2θ2 − 2 ln cos θ2

cos θ1

� �
+ 3 θ2 − θ1ð Þ − 2 tan θ2 − tan θ1ð Þ − 1

2 sin 2θ2 − sin 2θ1ð Þ
� �

,

τszx1 =
k1 − 1ð ÞγHz sin α

πL1
sin2θ2 − sin2θ1 − 2 ln cos θ1

cos θ2
− tan θ1 θ1 − θ2 −

1
2 sin 2θ2 − sin 2θ1ð Þ

� �� 	
:

9>>>>>>>>=
>>>>>>>>;

ð9Þ

θ1 = arctan x + L1 + L2 + L3 + L5
z

,

θ2 = arctan x + L2 + L3 + L5
z

,

θ3 = arctan x + L3 + L5
z

,

θ4 = arctan x + L5
z

,

θ5 = arctan x
z
,

θ6 = arctan x − L4
z

,

θ7 = arctan x + L1 + L2 + L3 + L5
Hz − z

,

θ8 = arctan x − L4
Hz − z

,

θ9 = arctan x + L6 + L7 + 1/2L8
z

,

θ10 = arctan x + L7 + 1/2L8
z

,

θ11 = arctan x + 1/2L8
z

,

θ12 = arctan x − 1/2L8
z

,

θ13 = arctan x − 1/2L8 − L9
z

,

θ14 = arctan x − 1/2L8 − L9 − L10
z

,

θ15 = arctan x − 1/2L8 − L9 − L10 − L11
z

,

θ16 = arctan x + L6 + L7 + 1/2L8
Hz − z

,

θ17 = arctan x − 1/2L8 − L9 − L10 − L11
Hz − z

:

9>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>;

ð10Þ
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3.3. Redistribution Law of Floor Stress. The total stress of M
(x, z) in the floor can be obtained by summing the stress
components induced by the abutment pressure, water pres-
sure, and ground stress. According to the principle of stress
superposition in elasticity theory, the vertical, horizontal,
and shear stress at a point M (x, z) in the floor when the
periodic weighting can be calculated as follows.

σz = σz1 + σsz1 + σz2 + σsz2 + σz3 + σz0 + σz4 + σz5 + γ H + zð Þ,
σx = σx1 + σsx1 + σx2 + σsx2 + σx3 + σx0 + σx4 + σx5 + λγ H + zð Þ,
τzx = τzx1 + τszx1 + τzx2 + τszx2 + τzx3 + τzx0 + τzx4 + τzx5:

9>>=
>>;

ð11Þ

σx = σx6 + σx7 + σx8 + σx9 + σx10 + σx11 + σx12 + γ H + zð Þ,
σz = σz6 + σz7 + σz8 + σz9 + σz10 + σz11 + σz12 + λγ H + zð Þ,
τzx = τzx6 + τszx7 + τzx8 + τszx9 + τzx10 + τzx11 + τzx12:

9>>=
>>;
ð12Þ

Where Equation (11) is the total stress component of the
floor stress along the inclination and Equation (12) is the
total stress component of the floor stress along the strike.

According to the site investigation, it is found that the
roof of the coal seam #2 at Xingdong coal mine is difficult
to cave in time, with a larger overhanging roof distance,
which leads to a larger weighting interval, and the concen-
tration degree of nearby abutment pressure will increase,
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Figure 6: The isoline of the vertical stress: (a) along the inclination; and (b) along the strike.
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especially when the stress concentration factor below the iso-
lated coal pillar will be greater.

According to the geological survey report and field mon-
itoring data of the longwall panel NO. 2129 at Xingdong coal
mine, L1 = 50m, L2 = 10m, L3 = 5m, L4 = 60m, L5 = 20m,
L6 = 30m, L7 = 10m, L8 = 92:5m, L9 = 15m, L10 = 15m, L11
= 60m, k1 = 3:5, k2 = 2:5, k2 = 3:5, P0 = 10MPa, γ = 25 kN/
m3, ρw = 1000 kg/m3, g = 10N/kg, Hz = 180m, α = 11°, and
H = 1000m. Substituting the above parameters into Equa-
tion (12), the floor stress component isoline under the com-
bination of mining stress and water pressure can be obtained
by using Python programming.

The vertical stress concentration is observed in the floor
underlying the advanced abutment pressure zone along the

inclination (Figure 6(a)). The maximum value of stress con-
centration is near the elastic-plastic bond of the coal seam,
that is, near the peak of the advanced abutment pressure.
The stress unloading zone is mainly located in the mined
area, as well as the maximum degree of stress relief within
the weighting interval (L5). Along the strike direction, the
vertical stress concentration in the floor below the isolated
coal pillar due to the overhanging roof of the coal seam after
mining is greater than that in other areas (Figure 6(b)).

Figure 7 shows that the variation of the horizontal stress
is consistent with the distribution of the vertical stress. The
degree of concentration and unloading and influence range
of horizontal stress are significantly smaller than those of
vertical stress. The influence range of horizontal stress
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Figure 8: The isoline of the shear stress: (a) along the inclination; and (b) along the strike.
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Figure 9: The floor failure zones: (a) along the inclination; and (b) along the strike.
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decreases rapidly as the depth increases. However, tensile
stress is generated in the unloading zone along the inclina-
tion and along the strike.

The shear stress in the mined zone and the coal wall
approximately presents a positive and a negative shear force
couple along the inclination, forming a sharp shear stress var-
iation zone (Figure 8(a)). The floor strata of this area are prone
to compression shear or tension shear deformation damage,
which is consistent with the vulnerable location around the
stope on site. The maximum shear stress appears at the coal
wall zones affected by advanced abutment pressure. The shear
stress along the strike is also a positive and negative shear cou-
ple in the floor strata under the mined zones and the coal pil-
lars, while themaximum shear stress appears on the side of the
isolated coal pillar (Figure 8(b)).

3.4. Failure Characteristics of Floor Strata. Based on the
Mohr-Coulomb failure criterion [38], the rock mass will be
damaged when the maximum shear stress at a point in the
floor rock strata equals or exceeds its shear strength. Equa-
tion (13) calculates the condition for shear failure to occur
in the floor [17].

σz + σx/2ð Þ tan φ + cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + tan2φ

p ≤ τmax, ð13Þ

where the maximum shear stress τmax is calculated as fol-
lows:

τmax =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τz2 +

σz − σx

2
� �2

r
, ð14Þ

Substituting Equation (15) into Equation (13), we can
construct the floor failure criterion Equation (15).

F x, zð Þ = σz + σx/2ð Þ tan φ + cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + tan2φ

p −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τz2 +

σz − σx
2

� �2
r

, ð15Þ

where c and φ denote the cohesion and internal friction
angle of the floor rock mass, respectively.

When F (x, z)≤ 0, the floor strata fails. According to the
laboratory test results, the weighted average method is used
to determine the average friction angle φ = 35:4° and cohe-
sive force c = 4MPa and substituting into Equation (15).
The F (x, z) contour is obtained by using Python program-
ming to calculate the theoretical floor failure characteristics
of the island longwall panel in up-dip mining above con-
fined aquifer during periodic weighting, as shown in
Figure 9.

As seen in Figure 9(a), the floor failure characteristic
along the inclination is spoon-shaped. Under the effect of
advanced abutment pressure and high-water pressure, the
maximum depth of floor failure reaches 43.2m. The location
of the maximum failure depth is in the floor of the stress
concentration area of the coal wall in front of the working
face. Tensile failure occurs within 10m below the mined
zone, resulting in floor heave. Shear failure occurs in the
range of 10m–43.2m below the mined zone. With the
increase of the floor failure depth, high-pressure confined
water can easily rise from the shear failure zone to the bot-
tom of the aquifuge, resulting in water inrush accidents.

Figure 9(b) shows that the floor failure range along the
strike has an “asymmetric saddle shape.” The maximum fail-
ure depth of the floor is 45.1m, which is located on the side
of the isolated coal pillar. Due to the abutment pressure of
the two working faces on the side of the isolated coal pillar,
the stress concentration factor increases, resulting in a large
floor failure depth, and floor water inrush is likely to occur.

4. In Situ Measurement

To verify the feasibility of theoretical analysis, the borehole
televiewer (BTV) and microseismic monitoring were used
to detect the floor failure characteristics of the island long-
wall panel NO. 2129 before and after RHF.

4.1. Results of Borehole Televiewer Detection before RHF. The
BTV is an effective means to visually analyze the failure
range of the surrounding rock [39]. The evolution of internal
fractures in the surrounding rock can be observed by a dig-
ital borehole television [40], which helps to determine the
depth and range of fracture development induced by mining
[41]. Therefore, to investigate the floor borehole, we exam-
ined the distribution of fractures in the sidewalls of the bore-
hole by using a BTV (Figure 10). A CXK12(A) of BTV is
equipped with a wide-viewing panoramic color camera with
1.34 million pixels, which can resolve cracks of 0.1mm.
According to the detection results, the floor fracture devel-
opment demarcation point can be observed. The BTV image
shows that the cracks are densely developed 0–45.7m away
from the borehole wall (Figure 10), but no cracks exceed this
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area. The mining failure depth of the floor is 45.7m, and the
mining failure fractures will be connected with the Yeqing
aquifer (47.1m away from the coal seam floor on average).

According to theoretical calculations, the maximum fail-
ure depth of the floor before roof fracturing in the longwall
panel NO. 2129 of the Xingdong coal mine is 45.1m. The
theoretical calculation results are consistent with the mea-
surements taken from the site, indicating that the establish-
ment of a mechanical model can accurately predict the
floor failure depth. Under the superposition of high-water
pressure and mining stress, the floor failure zone under the
isolated coal pillar on one side of the island longwall panel
easily connects with the Yeqing aquifer. The Yeqing aquifer
is connected with Ordovician limestone through longitudi-
nal water conducting fissures or structures, which can easily
cause floor water inrush. Therefore, RHF is performed on
site to break the hard roof of the working face and isolated

coal pillar in advance to reduce the mining pressure and
decrease the floor failure depth.

4.2. Results of Microseismic Monitoring after RHF. The forma-
tion process of the water conducting channels and the
damage degree of the surrounding rock can be determined
by using microseismic events [5, 26–28]. To monitor the
development range of mining fractures in the floor after
RHF, a microseismic monitoring system was installed in
the roadway of the longwall panel NO. 2129 (Figure 11).
A total of 10 microseismic sensors were installed in the
ventilation roadway and haulage roadway, and the micro-
seismic events were transmitted to the data processing cen-
ter in real time through the collection substation. The
sensors are ESG (Engineering Seismology Group) detectors.
Three collection substations were installed with a sampling
frequency of 5 kHz.
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Figure 12 shows the distribution of microseismic moni-
toring events after roof fracturing. The abscissa is the posi-
tion of the working face, and the ordinate is the depth of
the coal seam floor. Figure 12(a) shows that the microseis-
mic events in the floor are concentrated within 15m of the
floor, indicating that the shallow floor rock mass is first
damaged under the action of mining stress. With increasing
floor depth, the density of floor microseismic events
decreases gradually. The distribution shape of the microseis-
mic event density in the floor is a “spoon-shaped” along the
advancing direction of the working face. According to the
microseismic monitoring results, the maximum mining fail-
ure depth is 28.6m (Figure 12(a)). Microseismic events are
mainly concentrated on the floor of the goaf at the side of
the isolated coal pillar along the strike. The floor failure
range is also an “asymmetric inverted saddle-shaped,” and
the maximum failure depth is 29.1m, located on the side
of the isolated coal pillar (Figure 12(b)). No water inrush
accident occurred during mining. The maximum floor fail-
ure depth of the working face along the strike or the inclined
direction decreased significantly after RHF. The hard rock
strata fractured and collapsed reducing the stress concentra-
tion in the isolated coal pillar and working face after hydrau-
lic fracturing of roof.

The relevant parameters after RHF in the island longwall
panel NO. 2129 are substituted into the theoretical model to
obtain the corresponding floor failure characteristics.
According to the on-site monitoring results, the measured
values of various parameters after roof fracturing are L1 =
35m, L2 = 7m, L3 = 3m, L4 = 60m, L5 = 10m, L6 = 20m,
L7 = 5m, L8 = 92:5m, L9 = 15m, L10 = 15m, L11 = 15m, k1
= 2:5, k2 = 1:5, k2 = 1:5, P0 = 10MPa, γ = 25 kN/m3, ρw =
1000 kg/m3, g = 10N/kg, Hz = 180m, α = 11°, H = 1000m,
φ = 35:4°, and c = 4MPa. Substituting the above parameters
into Equation (15), the floor failure depths along the inclina-
tion and the strike are 25.6m and 29.9m, respectively. The
theoretical prediction values of the maximum failure depth
and failure characteristics after roof fracturing are consistent
with the microseismic monitoring results (Figure 13), indi-
cating the feasibility and applicability of the theoretical
model. The theoretical calculation results can provide a ref-
erence for the failure depth of the floor before mining.

5. Conclusion

A two-dimensional hydraulic calculation model was pro-
posed to analyze the floor failure characteristics in deep
island longwall panel using the up-dip mining method.
The effects of mining stress and confined water pressure in
the calculation model was considered in this paper. The floor
failure depth and failure characteristics before and after RHF
were discussed in association with the BTV and microseis-
mic monitoring system, verifying the theoretical model.
The main conclusions in this paper are as follows:

(1) The vertical stress in the floor is principally concen-
trated in the rock strata advanced the working face
and under the coal pillar. The degree of concentra-
tion and unloading of the vertical stress are signifi-

cantly greater than those of the horizontal stress.
The shear stress distribution is approximately the
coupling of positive and negative. Along the working
face advance direction, the local stress concentration
on the side of the coal pillar, and stress release on the
side of the mined zone are observed. The stress con-
centration under the coal pillar is greater than that in
other zones along the strike due to the stress super-
position on the coal pillar

(2) The maximum floor failure depth before RHF is the-
oretically calculated to be 45.1m, which is consistent
with the 45.7m depth detected by BTV. The theoret-
ical calculation result of the floor failure depth after
roof fracturing is 29.9m, which is approximately
equal to the microseismic monitoring result of
29.1m

(3) The theoretical failure characteristics of the island
longwall panel in up-dip mining along the inclina-
tion and the strike are approximately “spoon-
shaped” and “asymmetric inverted saddle-shaped,”
respectively. The theoretical calculation of the floor
failure characteristics and failure depth before and
after roof fracturing are consistent with the mea-
sured on-site results, which verifies the rationality
of the theoretical model
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Coal bump, a common dynamic disaster in mining of deep coal resources, its assessing and predicting is an important component
in safety management. This paper presents a model to assess and predict coal bump risk based on multiparameter indices. A new
energy accumulation index S was proposed by considering acoustic emission and electromagnetic emission signal characteristics
in mine shocks. Combined with indices E (energy of microseisms) and N (frequency of microseisms) of microseismic monitoring,
a static and dynamic coal bump risk assessment and prediction model was established. We studied coal bump events that occurred
during extraction in 311305 working face of Bayangale coal mine in Inner Mongolia, China. We obtained the acoustic emission
and electromagnetic emission signal distribution and change law, using principal component analysis method and density ellipse
to establish the index S. A typical precursory of coal bumps is that AE and EME strength has obvious fluctuation period of 3-4
days, index S showing an obvious decreasing trend, while the time-series curve of the microseismic energy is relatively stable,
and the vibration frequency curve has a significant upward trend. After predict the potential coal bump risk and its area of
occurrence, large diameter drilling (Φ150 mm) on-site was used to relief pressure concertation in coal seam and roof. The
results demonstrate that this model based on multiparameter indices is capable of quantitatively prewarning rock burst risk.

1. Introduction

Coal bumps refers to the dynamic disaster of the instanta-
neous release of elastic energy accumulated in the coal and
rock mass due to the severe instability of coal rock. As an
extremely destructive hazard, coal bump can cause roadway
deformation, support damage, and even casualties [1–3].
With the increasing demand for coal in China’s economic
development, the scale and strength of coal mining have
improved significantly, and the mining depth has gradually
increased. The research shows that the mining depth of coal
mines in China extends to the deep at a speed of nearly 20m
per year [4–6]. With the increase of coal mining strength
and average mining depth, the coal rock dynamic behavior
induced by deep mining (such as coal bumps) is more fre-
quent [7–9]. In the past ten years, more than 660 coal bump

accidents occurred in coal mines with coal bump risk of
China, and 224 deaths were caused in total [10, 11].
Figure 1 shows the relationship between China’s coal pro-
duction and the number of coal bump mines. As of February
2021, 138 mines with coal bump risk are still in production
in China, which poses a great threat to coal mines produc-
tion and the safety of miners.

The mechanism of coal bump has been expounded from
the widely accepted theories, such as “strength theory”,
“energy theory”, “stiffness theory,” and “coal bump prone-
ness theory” [13–19]. According to the strength theory, the
failure of coal rock is not only affected by stress concentra-
tion but also closely related to the ratio of coal strength to
rock strength. In the stiffness theory, it is believed that the
necessary condition for coal bump is that the stiffness of
rock mass structure is greater than that of the loading
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system. According to the energy theory, when the energy
released by the mechanical equilibrium failure of the sur-
rounding rock system is greater than the energy consumed
in the system, the coal bump can be caused. In the coal
bump proneness theory, it is claimed that the main condi-
tion of coal bump is that the tendency of coal rock is greater
than its limit value. Based on the engineering practice, “coal
bump strength weakening impact theory,” “stress control
theory,” and “disturbance response instability theory” have
also been proposed [20–22]. Besides, researchers have stud-
ied the impact failure of coal rock combination by laboratory
test and numerical simulation and analyzed the dynamic
failure process and failure mechanism of surrounding rock
in the roadway under impact load [23–25]. Fan et al.’s [26]
mechanism of roof shock in longwall coal mining under sur-
face gully: the above researches reveal the initiation mecha-
nism and disaster-causing process of coal bump from
different angles. How successful application of the above
results to the field of early warning on coal bumps has
become the focus of current research.

At present, the main monitoring methods used in the
early warning of coal bumps can be divided into drilling
yield tests, acoustic emission and electromagnetic emission,
microseismic monitoring, and seismic velocity tomography
method [27–33]. Coal bump monitoring and early warning
technology has a positive guiding role in the field of coal
bump prevention and control in coal mines. However, Si
et al. [34] proposed a single monitoring and early warning
method which only describes the coal bump quantitatively
from a specific aspect, due to the variability of coal mines
occurrence conditions. The complexity of coal bump, which
causes the diversity of coal bump precursor evolution char-
acteristics. For example, the drilling cuttings method can
be used to evaluate the coal bump risk and advance stress
distribution characteristics of the working face according to
the amount of coal powder, drilling depth, and dynamic
effect. Nevertheless, this method has the disadvantages of a
small monitoring range and poor applicability in the hard

coal seam. As a regional monitoring method, acoustic emis-
sion (AE) and electromagnetic emission (EME) can be used
to realize the monitoring and early warning by monitoring
the charging index radiated to the outside space during the
coal rock fracture (such as pulse number, amplitude, and
frequency). However, this method is greatly affected by the
field environment [10, 35–38]. Microseismic monitoring
can obtain the occurrence time, duration, and energy field
changes of coal bumps. However, He et al. [39] pointed
out microseismic monitoring is mostly a postevent record,
which is difficult to be used for coal bump prediction. Gen-
erally speaking, the early warning of coal bump is a multidi-
mensional problem, and the formation, start-up, and
disaster process of coal bump is hardly reflected in a com-
prehensive way by a single parameter [40, 41]. Comparative
analysis of the early warning effectiveness between the new
method and the original method used in the working face
by the R-score method shows that the R values by the two
methods are, respectively, 0.673 and 0.072, which indicates
that the new method is far superior to the original method
[42]. As a result, it is difficult to improve the accuracy of a
single monitoring and early warning index in the field appli-
cation. At present, the monitoring data of coal bump
obtained by different monitoring and warning methods
should be analyzed in depth, and the establishment of mul-
tiparameter, multilevel, and whole time-space coupling
monitoring and early warning is one of the important
research directions of coal bump.

Through the microseismic, AE, and EME on-site mon-
itoring, the time-series evolution law of coal bump precur-
sor signals was obtained in this study. The AE and EME
parameter concentration index S was constructed by using
covariance matrix and principal component analysis.
Combined with the microseismic monitoring index, the
static and dynamic coal bump risk assessment method
was established and applied comprehensively in the subse-
quent mining of the working face 311305 in a coal mine
of Inner Mongolia.
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2. Geological and Mining Conditions

2.1. Introduction of the Working Face. The Bayangaole coal
mine belongs to the Hujierte coalfield. It is located in the
Inner Mongolia Autonomous Region, China. The coal-
bearing strata were middle Jurassic coal layer. The average
buried depth of the working face 311305 was 650m, with
the length of 2460m and width of 300m. It was adjacent
to 311304 goaf in the east and entity coal in the west (see
Figure 2); a coal pillar with a width of 6m was reserved
between the working face and the upper goaf. Extra-thick
coal seam (3 No. coal seam) with average thickness of
5.80m has dip angles ranging from 3° to 6°. The coal hard-
ness coefficient f is 2~ 3. Fully mechanized long wall mining
method was used to extract the coal seam, and the gob-side
entry retaining technology was adopted. The deformation of
two sides in the ventilation roadway near the goaf was seri-
ous, and the side full was 195-245mm. Figure 3 shows the
comprehensive borehole columnar of the working face.
The immediate roof of the coal seam was sandy mudstone
with a thickness of 5.89m, the uniaxial compressive strength
of the immediate roof measured in the laboratory was
25.62MPa, and the main roof was the fine sandstone with
a thickness of 18.6m.

2.2. Microseismic, AE, and EME Monitoring Scheme. The
Seismological Observation System (SOS) microseismic mon-
itor device imported from Poland was installed to monitor-
ing seismicity continuously in the Bayangaole coal mine.
This system can dynamically monitor the vibration wave-
form from a long distance in real-time and record the source
position, energy level, and duration for subsequent analysis.
The geophones are uniaxial with frequency of 1~ 600Hz,
sampling rate of 500Hz, maximum data transmission rate
of 1MB/s, and 16-bit A/D conversion. There are seven
microseismic monitoring probes (green spots in Figure 2)
in panel, which can well cover the target study area. The type
YDD-16 acoustic emission and electromagnetic emission
monitoring instrument for coal and rock dynamic disasters
was used. The AE and EME measuring points (red points

in Figure 2) were arranged in the ventilation roadway and
haulage roadway, which was near the production side within
500m ahead of the coalface; the distance between the two
adjacent measuring points was 10m. To minimize the
impact of on-site production on the AE and EME signals,
the monitoring time was set in the maintenance shift.

3. Analysis of Monitoring Results

3.1. MS Monitoring Results. Figure 4 shows the time-series
curve of vibration energy and frequency monitored by the
MS system of the working face 311305 from Aug 1 to Aug
31. The results of MS monitoring show that a strong coal
bumps with the energy of more than 1:6 × 105 J occurred
in the working face 311305 on August 7. Before the rock
occurred, the time-series curve of the MS energy is relatively
gentle, and the vibration frequency curve shows an upward
trend. It indicates that before the occurrence of coal bump,
the elastic energy accumulated in the coal rock is less
exchanged with the external space, and the energy released
by the microfracture in the coal rock is almost negligible
compared with the originally accumulated elastic energy in
the coal rock. However, the microfracture events in the coal
rock gradually increase, and the microvibration is active.
When the energy accumulation of coal rock exceeds the crit-
ical value needed for coal bump, the energy is released
instantly, and the strong coal bump is caused. In active
period, energy quiet existed and sustained 3~ 5 days, but
the seismic vibration frequency showed a remarkable rising
trend, and rock burst/coal bumps always occurred after
tremor number decrease.

On Aug 14, 20 and 29, coal bumps with energy over
1:2 × 105 J were detected. Before the occurrence of coal
bumps, the microseismic energy curve and frequency curve
show a similar fluctuation law as that on Aug 7. Before the
microvibration in coal rock changing from active period to
declining period, the vibration frequency is more than 15
times. Subsequently, strong coal bumps occur, vibration fre-
quency decreases significantly, and the microseismic energy
curve shows an obvious downward trend with the energy

500 m

Goaf of 311303 working face

Goaf of 311304 working face

Haulage roadway

Ventilation roadway

Pillar with 6 m

311305 working faceRetreat direction
10 m

The distance
between

measuring points
is 10 m, and the

monitoring area is
500 m ahead of the

coal face

AE & EME station
MS station

N 1#

2#3#4#

5#

6#

7#

Side full
245 mm

Side full
195 mm

Figure 2: Position of the working face 311305 and layout of measuring points.
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release. In general, when the vibration frequency curve is
maintained at a high value (>15 times) and the total energy
curve of the source appears a long stationary period (3~5d),
there is a greater possibility of coal bumps in the working face.

3.2. AE and EME Monitoring Results. As shown in Figure 5,
the time-series curve of AE and EME strength at 12 # mea-
suring point, which was arranged ahead of the working face

311305. It can be seen that the AE and EM strength of this
measuring point continues to rise within 3-4 days before
the coal bump event on Aug 7, 14, 20, and Aug 29. The peak
value of AE strength is 1.87-2.39 times of the average value,
and the peak value of EME strength is 1.57-2.28 times of the
average value. This process is called “active period of AE &
EME signals.” Subsequently, a strong coal bump occurs in
the working face. After the coal bump, the strength of AE

Lithology Thickness (m) Remarks

Siltstone 8.80 Dark grey, compact mass, phytolith rich.

Packsand 13.75
Grey to light grey, siliceous cement, rich of 

siderite stripes and dark grey siltstone stripes.

2# Coal 0.30
Black, semi-bright, stereoplasm, mainly

consisting of lump coal.

Medium
sandstone

23.00
Grey, mainly consisting of quartz, siliceous 

cement, harder.

Siltstone 4.61 Dark grey, compact mass, phytolith rich.

Packsand 18.60
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Sandy 
mudstone

5.89 Gray, thin laminated, horizontal textured, hard

3# Coal 5.80
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mudstone

8.15 Gray, thin laminated, horizontal textured, hard

Packsand 3.45
Grey to light grey, siliceous cement, rich of 

siderite stripes and dark grey siltstone stripes.
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92.35 m

Figure 3: Bore histogram: 311305 coal face.
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and EME falls back to the normal value, and the time-series
curve of AE and EME strength enters the “quiet period of
AE & EME signals.” Figure 5 also shown the EME strength
curve is relatively stable on the whole, and the fluctuation
is only observed before the occurrence of coal bump, while
the AE strength curve fluctuates up and down with the
increase of near-field stress concentration of coal rock and
the occurrence of microfracture events. Therefore, the single
use of AE strength or EME strength has certain limitations
for the early warning of coal bump.

3.3. Multiparameter Coupling Analysis Method. Based on the
above analysis, in the monitoring and early warning of coal
bump, the energy dissipation and output of coal rock in
the advanced area of mining face can be judged by the
microseismic monitoring. The internal stress concentration
of coal rock in the near field can be judged by the AE and
EME signal analysis; then, a qualitative and quantitative
evaluation of the risk of coal bump in the advanced area of
the working face can be obtained.

Firstly, two measured physical quantities, AE strength
and EME strength, are normalized. Assuming that the stress

concentration and fracture degree of coal and rock increase
in a certain area, the AE signals and EME signals generated
in this area will also increase, and then a signal emission
group will be formed [43]. The AE strength is represented
by vector X, the EME strength is represented by vector Y ,
and the concentration C is used to describe the distribution
of AE signals and EME signals in coal rock. In other words,
the fracture area is taken as the center, and the measured X
and Y are distributed around the center. The deviation from
the center can be described by the covariance matrix, as
shown in Eq. (1).

C =
c11 c12

c21 c22

 !
, ð1Þ

where

C11 = E X − E Xð Þ2� �� �
,

C12 = E X − E Xð Þ½ � Y − E Yð Þ½ �f g,
C21 = E X − E Yð Þ½ � Y − E Xð Þ½ �f g,

C22 = E Y − E Yð Þ2� �� �
,

ð2Þ

and EðXÞ, EðYÞ represents the mathematical expectation of
vectors X and Y , respectively.

The concentration of acoustic and electrical signals can-
not be quantitatively analyzed by the sole use of a covariance
matrix. In this study, the principal component analysis
method is used to solve the principal component and direc-
tion of the distribution of acoustic and electrical signals, and
the density ellipse formed by acoustic and electrical signals is
used to envelop the acoustic and electrical signals points (see
Figure 6). The two principal axes and directions of the den-
sity ellipse are determined by the eigenvalues and eigenvec-
tors of the covariance matrix. The larger the area of the
density ellipse used for enveloping signals points, the more
discrete the concentration of acoustic and electrical signals,
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and vice versa. And the formula for calculating the area of
the density ellipse is shown in Eq. (3).

S = π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C11C22 − C12

2
q

, ð3Þ

where

C11 = E X − E Xð Þ2� �� �
,

C12 = E X − E Xð Þ½ � Y − E Yð Þ½ �f g,
C22 = E Y − E Yð Þ2� �� �

,
ð4Þ

Equation (3) is used to calculate the concentration index
S of AE and EME signal concentration at 311305 working
face. The time-series curve of concentration index S during
mining in Aug is shown in Figure 7. Before the occurrence
of coal bumps, the time-series curve of the concentration
index S of AE and EME signals deviates significantly from
the average concentration index Sw (Sw dotted line in
Figure 7), showing an obvious decreasing trend. When the

fracture occurs in the coal rock, the smaller the concentra-
tion index S of AE and EME signals, the more concentrated
the area of AE and EME signals radiate outward. Accord-
ingly, the higher the stress concentration in this area, the
greater the possibility of coal bump. The concentration
index S of the AE and EME signals can be used as a compre-
hensive index for coal bump AE and EME monitoring and
early warning.
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Table 1: Static evaluation method of AE-EME-MS coupling monitoring.

Microseismic index
The concentration index S of acoustic and electrical signals

No risk: level A Weak risk: level B Medium risk: level C Strong risk: level D
S > 1:1, Sw 1.1 Sw < S < 0:8, Sw 0.5 Sw < S < 0:8, Sw S < 0:5, Sw

E: <103J
N : <5

A A B C

E: 103-104 J
N : <5

A B B C

E: 1 − 5 × 104 J
N : 5-10

B C D D

E: 5 − 10 × 104 J
N : 10-15

C C D D

E: >1.6 × 105 J
N : >15 D D D D

Note: S refers to the concentration index of acoustic and electrical signals during mining, Sw is the average value of concentration index of acoustic and
electrical signals, E is the total energy of microseisms, and N is the frequency of microseisms.

Table 2: Dynamic evaluation method of AE-EME-MS coupling
monitoring.

Duration of continuous
enhancement of microseismic activity

Static hazard level
A B C D

1d A B C D

2d B C C D

3d B C D D

More than 3d
Danger level is

increased by 1 level

Note: the enhancement of microseismic activity refers to the continuous
increase of microseismic frequency.
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Table 1 shows the static evaluation method of coal bump
combined with the concentration index S of acoustic and
electrical signals and microseismic monitoring index E and
N , and Table 2 shows the dynamic evaluation method of
AE-EME-MS coupling monitoring. The enhancement of
microseismic activity means that the microseismic frequency
monitored on the same day is higher than the average value
of the microseismic frequency in the first 1-3 days. As shown
in Figure 8, the time-series curves of coal bump risk assess-
ment grade of the working face 311305 in Aug are obtained
by the static method and dynamic method of the AE-EME-
MS coupling monitoring in Tables 1 and 2. It can be seen
that the near-field stress distribution, energy accumulation,
and release of coal rock are considered simultaneously in
the AE-EME-MS coupling monitoring method, and the risk
of coal bump in situ can be effectively evaluated by the pro-
posed monitoring method.

4. Discussion

The above research shows that the time-series curves of
microseismic energy, microseismic frequency, and the con-
centration index of acoustic and electrical signals S can be
used to characterize the coal bump risk in the working face.
According to the time-series curve of AE and EME strength,
the time-series curve of concentration index S, the time-
series curve of microseismic energy, and the precursor char-
acteristics of strong coal bumps can be determined as
follows:

(1) Under the influence of mining stress, the state of
the surrounding rock system will evolve to a
new stable state over time. Therefore, the sur-
rounding rock near the working face can be

regarded as an open system, and the accumulated
elastic potential energy, gravity potential energy,
and tectonic stress are transmitted to the outside
in the form of vibration, acoustic wave, and elec-
tromagnetic emission under the influence of min-
ing. Therefore, when the time-series curves of
vibration energy, vibration frequency, and AE
and EME strength fluctuate violently, the stress
concentration and fracture degree in coal rock
increase correspondingly, which is the precursor
of the strong mine earthquake

(2) When the energy output of the open system com-
posed of surrounding rock near the working face is
kept at a low level or has a certain downward
trend, the working face has a strong risk of coal
bump. Correspondingly, when the time-series
curve of microseismic energy at the working face
usually presents a stable period of energy fluctua-
tion for 3 - 5 days or has a certain downward
trend, and the microseismic frequency time-series
curve is in the obvious rising stage and maintains
at a high level (>15 times), then the working face
has a strong coal bump risk

(3) The concentration index of acoustic and electrical
signals deviates obviously from the average curve,
showing a downward trend. The time-series curve
of AE strength fluctuates obviously, which indi-
cates that the microfracture in coal rock is concen-
trated in a small area at this time. The smaller the
concentration index S, the greater the internal
stress concentration in this area, and the higher
possibility of a strong coal bumps occurring in
the working face
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5. Field Application and Prevention
Measures for Coal Bumps

To test the applicability of the AE-EME-MS coupling mon-
itoring method, during the mining period of the working
face 311305 in Oct, AE and EME monitoring points were
also arranged in the area 400m ahead of the working face
for continuous monitoring. The time-series curves of micro-
seismic energy, vibration frequency, and concentration of
acoustic and electrical signals were obtained, as shown in
Figure 9(a). From Oct 10 to 13, the monitored time-series
curve of microseismic energy on-site first decreased and
then increased, the vibration frequency curve showed an
obvious increasing trend, and the time-series curve of the
concentration index S showed a downward trend. Combined
with the monitoring and early warning methods of coal
bump given in Tables 1 and 2, it was judged that there was
a high probability of coal bump event in the working face
311305 near Oct 14. After that, the large-diameter boreholes
were used in the coal seam in the nonproduction side of the
transportation roadway 311305 for pressure relief (Figure 9
(b)). The diameter of boreholes was Φ150 mm, the borehole

was arranged at a distance of 1.2-1.6m from the bottom
floor, the drilling depth was 15.0m, and the row spacing
was 1:5m × 0:4m. After the pressure relief measures were
taken, the AE monitoring data was reduced to 65 mv, the
EME monitoring data was reduced to 41mV, and the micro-
seismic energy monitoring data was reduced to 2263 J.
According to the same early warning method, another early
warning of coal bump was carried out on Oct 21. Through
the above field practice, it can be seen that the multiparam-
eter coupling monitoring and early warning method pro-
posed in this study can make a good prediction of coal
bump and significantly reduce the probability of coal bump
accidents.

6. Conclusion

The occurrence of coal bump is the result of the accumula-
tion and sudden release of elastic properties of coal rock.
During the fracture process of coal rock, abundant acoustic
and electrical signals can be observed, and the abnormal
change of acoustic and electrical signals can be regarded as
the precursor characteristics of coal bump.
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Before the occurrence of coal bump, there are obvious pre-
cursors of acoustic emission and electromagnetic emission-
microseism. Specifically, the total energy time-series curve of
microseisms is at a low level and relatively stable; the vibration
frequency time-series curve has an obvious upward trend; the
AE strength time-series curve fluctuates obviously 3-4 days
before the occurrence of coal bump, and the AE and EME
strength is about 2 times of the normal value.

The area of density ellipse can be used to represent the
area of acoustic and electrical signals emitted from coal rock;
the covariance matrix and principal component analysis
method can be used to construct the concentration index S
of acoustic and electrical signals, which can effectively reflect
the concentration change of acoustic and electrical signals of
coal rock. The smaller concentration index S of acoustic and
electrical signals indicates that the microfracture in coal rock
is concentrated in a smaller area, and the corresponding
stress concentration degree in this area is greater. When
the time-series curve of the concentration index S of the
acoustic and electrical signals of the working face shows an
obvious downward trend and S < 0:5Sw, the working face
will have a large probability of a strong mine earthquake.

Combined with the variation law of concentration index
S of acoustic and electrical signals and microseismic moni-
toring index value (total energy and frequency of micro-
seisms), the early warning method of AE-EME-MS
multiparameter coupling monitoring is proposed. Com-
bined with the pressure relief measures of large diameter
borehole implemented in the field, the possibility of coal
bump in thick coal seam with the hard roof is greatly
reduced, and the effectiveness of the proposed methods with
the static evaluation and dynamic early warning of coal
bump is verified. This study provides an effective method
for the subsequent mining of working face 311305 and early
warning and prevention of coal bump on the succeeding
working face.
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Understanding the shear properties of joints of rock masses is of great importance for engineering disaster prevention and control.
In this paper, a systematic study of the macroscopic shear properties of joints of rock masses with different strengths is carried out
using a combination of indoor tests and PFC2D numerical simulations. The results show that (i) the shear stress curve of low-
strength rock joints is strain-softening type, while high-strength rock joints are strain-hardening type, and high-strength rock
joints are more sensitive to the change of roughness. (ii) With the increase of JRC, the damage mode of different strength rock
joints gradually changes from “abrasion” to “abrasion + gnawing,” and the damage characteristics of the surface of high-
strength rock joints are more significant. (iii) The contact force between particles is mainly concentrated on the joints. At the
beginning of shear, the contact force is mainly distributed on the second-order roughness and gradually concentrated on the
first-order roughness as the shear progresses. Compared with the low-strength rock joints, the contact force on the high-
strength rock joints is larger and more widely distributed. (iv) Due to the change of contact force, the cracks keep expanding
and the particle rotation arc keeps changing. The particles with larger rotational arcs are consistent with the location of crack
distribution, and the cumulative number of cracks on the joints of high-strength rock is higher. (v) The total input energy and
dissipation energy increase continuously with the shear, and the elastic energy tends to increase at the beginning of shear and
then starts to decrease and gradually tends to be constant near the peak of shear stress. The total input energy and dissipation
energy of the joints of the high-strength rock are larger, while the peak elastic energy of it is smaller.

1. Introduction

As a universal discontinuous medium, rock masses contain
various discontinuous surfaces such as fractures, joints, weak
surfaces, and faults inside [1–3], which destroy the integrity
of rock masses and lead to a significant reduction in their
strength and stability. Numerous engineering practices have
shown that shear deformation and slip of joints can lead to
engineering instability problems, which seriously threaten
the safety of people’s lives and properties [4]. Therefore,
the in-depth study of shear characteristics of rock joints is
of great significance for engineering disaster prevention
and control.

Since the 1860s, scholars at home and abroad have con-
ducted a lot of researches on the shear properties of joints
through indoor tests, theoretical analysis, and numerical
simulations. Quite a number of research results have been
obtained, mainly including the relationships between shear
strength [5–8], surface damage characteristics [9–13], shear
strength and surface morphology [14–16], and the influence
pattern of rock type [17], boundary conditions [18–22], and
loading methods [23, 24] and other factors on them. Since
Patton [25] analyzed the influence of rock joint morphology
on its shear mechanical behavior, the relationship between
shear properties of rock joints and joint morphology has
been a hot topic of research in the rock mechanics
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community in the past decades. Barton and Choubey [26]
conducted a large number of experiments and summarized
10 JRC curves to predict the shear strength of joints. After
that, many new methods have been proposed for the calcu-
lation of JRC [27–29]. Jiang et al. [22] developed an experi-
mental system capable of constant normal stiffness loading
(CNS) boundary conditions to compare and analyze the
shear properties of rough joints under different boundary
conditions. Liu et al. [30] further investigated the anisotropy
of the shear properties of rough joints under different
boundary conditions on this basis. With the rapid develop-
ment of computer technology in recent years, numerical
simulation methods have been widely used in engineering
[31] and indoor experimental [20, 21] researches. Wang
et al. [20] used PFC numerical simulation software to simu-
late the shearing process of rough joints under CNL and
CNS boundary conditions and explored the damage process
and the damage mechanism of rough joints under different
boundary conditions from macroscopic and fine view per-
spectives, respectively. Zhang et al. [21] investigated the
mechanism of shear deformation, damage, and energy dissi-
pation of joints under CNL boundary conditions by indoor
tests and PFC numerical simulations. Liu et al. [32, 33] also
investigated the macroscopic and microscopic shear proper-
ties of through-shaped serrated joints containing first- and
second-order rough bodies using a combination of indoor
experiments and PFC numerical simulations. Ge et al. [34]
investigated the evolution of joint roughness under CNL
boundary conditions using indoor experiments and discrete
element- (DEM-) based numerical simulations. Park and
Song [35] used PFC3D to simulate a series of joint direct
shear experiments to investigate the effects of the geometri-
cal features, and the microproperties of joints on its shear
behavior were examined. Chen et al. [36] used PFC2D to
numerically calculate a series of nonpenetrating horizontal
rock-like joints with different scales to investigate the size
effect of shear mechanical properties of nonpenetrating hor-
izontal rock-like joints. Zhang et al. [37] used PFC2D to
study the shear mechanical properties of joints under creep
conditions.

However, most of the above studies have focused on the
same strength rock conditions, and the shear characteristics
exhibited by the joints are necessarily different for different
joint rock strengths. For this reason, some scholars have also
carried out relevant studies. Meng et al. [17] conducted
shear tests under CNL boundary conditions on three differ-
ent rock types and analyzed the strength characteristics and
acoustic emission signal characteristics of joints of different
rock types, and the results showed that rock type has a sig-
nificant effect on the shear characteristics of joints. Fan
et al. [38] carried out shear tests and corresponding PFC2D

numerical simulations of soft-hard joints with different
strengths of the upper and lower joint faces and established
a new peak shear strength model for soft-hard joints. Liu
et al. [24] considered two typical forms of soft and hard
interbedded rock joints, “soft + hard” and “hard+ soft
+ hard,” and carried out indoor shear tests and PFC2D

numerical simulations under CNL boundary conditions to
investigate the shear properties. In the above studies, the

shear properties of joints under different strength rock con-
ditions were initially explored and some useful insights were
obtained. However, the different shear properties of joints of
different strength rock masses have not been compared and
analyzed, and corresponding macroscopic studies have not
been carried out to reveal the damage evolution process
and degradation mechanism of joints of different strength
rock masses.

In view of the above understanding, in order to study
the macroscopic and fine shear properties of the joints of
rocks of different strengths, this paper first carried out
indoor one-way static direct shear tests under constant
normal load (CNL) conditions on the joints of rocks of
two strengths to study the macroscopic shear properties
of rocks of different lithologies under different roughness
conditions, which revealed the shear mechanical behavior
and joint damage modes of joints of rocks with different
strengths, etc. Then, the particle flow simulation software
PFC2D was used to dynamically simulate the whole pro-
cess of shear on joints of different lithologies and to study
the changes of particle contact force, number of micro-
scopic cracks, arc of particle rotation, and microscopic
damage energy on joints from the microscopic perspective
and to compare the macroscopic damage evolution process
of joints and their degradation mechanisms. The research
results have enriched the theory of shear properties of
joints and are of great significance for the prevention
and control of engineering disasters caused by shear slip
of joints.

2. Experimental Methods

2.1. Specimen Preparation. In order to analyze the shear
characteristics of different strength rock joints, two types of
rock joints with different strengths are used in the test.
One is the low-strength rock on both sides of the joints
(low-strength rock joints), and the other is the high-
strength rock on both sides of the joints (high-strength rock
joints).

In order to obtain rock joint samples of different
strengths, two different material ratios were determined
using materials such as cement, fine sand, and water and a
method of orthogonal design. The low-strength rock joint
samples were prepared using materials such as white
cement, fine sand, water, and water-reducing agent and in
the ratio 1 : 1 : 0.3 : 0.005 [39], and the high-strength rock
joint samples were prepared using materials such as grey
cement, fine sand, water, and water-reducing agent and in
the ratio 1 : 0.5 : 0.25 : 0.005, respectively.

Meanwhile, to study the shear characteristics of joints of
different lithologies under the influence of roughness, five
steel molds representing different JRC (JRC of 0~2, 4~6,
8~10, 12~14, and 16~18, respectively) were fabricated based
on Barton curves and using laser cutting techniques, and
smooth joint samples of two strength rock masses and joint
samples corresponding to the JRC represented by the molds
(200mm × 100mm × 100mm) were prepared in combina-
tion with the above molds, respectively [40, 41].
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2.2. Test Apparatus and Procedure. The JAW-600 rock shear
seepage test system as shown in Figure 1 was used to con-
duct the direct shear test. This test system mainly consists
of four parts: data collection and analysis system, vertical
loading unit, horizontal loading unit, and its servo control
system.

At the beginning of the test, a constant normal force of
1MPa is first applied through the vertical loading unit, and
then, the quasistatic shear load is applied through the hori-
zontal loading unit at a shear rate of 0.01mm/s after the nor-
mal stress reaches the target value. And this process
continues until the end of the test. Since the shear displace-
ment of the joint face can be considered as failure when it
reaches a critical value, the critical value of the shear dis-
placement is usually used as the basis for controlling the
end of the test. In this paper, the critical value of shear dis-
placement is 8mm, i.e., the shear test is terminated when
the shear displacement of the specimen reaches 8mm. And
the data collection and analysis system are used to record
the shear stress and shear displacement values, respectively,
during the whole test.

3. Results and Discussion

3.1. Characteristics of Shear Stress-Displacement Curve. In
order to compare and analyze the macroscopic shear charac-
teristics of different roughness joints under different strength
rock conditions, the stress-shear displacement curves of
shear obtained from shear tests on high-strength rock joints
and low-strength rock joints under six different roughnesses
are given in Figure 2.

From Figure 2, it can be seen that the stress-
displacement curves of low-strength rock mass with differ-
ent roughness of joint shear conform to the typical peak-
type curve variation trend. And the shear stress-
displacement curves of the joints of high-strength rock mass
also conform to the typical peak variation trend when the
roughness of the joints is low. However, when the roughness
increases to 12~14, the shear stress gradually increases to a
certain constant value with the shear test, and the strain
hardening phenomenon occurs, and there is no obvious
peak point, which is consistent with the strain-hardening
type curve change trend. The shear displacement when the
joints of low-strength rock reach the peak point is larger
than that of the joints of high-strength rock. In other words,
the high-strength rock is less susceptible to shear slip than
the low-strength rock under the same boundary conditions,
shear rate, and roughness, i.e., so it is more resistant to shear
damage.

It can also be seen from Figure 2 that in the initial stage
of shear, the stress-strain curve of the low-strength rock
joints in shear is downwardly convex, i.e., the slope of the
tangent line of the curve gradually increases, while the
stress-strain curve of the high-strength rock joints in shear
is upwardly convex, i.e., the slope of the tangent line of the
curve gradually decreases. Because the slope of the tangent
line at a point on the stress-displacement curve of shear rep-
resents the shear stiffness at that point, it can be seen from
Figure 2 that the shear stiffness of the low-intensity rock sur-

face gradually increases and the shear stiffness of the high-
intensity rock surface gradually decreases in the initial stage
of shear.

In the same lithology joint test, the change trend of
stress-displacement curve of joint shear under different
roughness is basically the same, that is, the increase of joint
roughness has no obvious effect on the change trend of
stress-displacement curve of joint shear of rock mass. With
the increase of the roughness of the joints, the shear strength
of the joints also increases significantly, and the growth rate
shows an increasing trend.

3.2. Strength Characteristics. Table 1 shows the peak shear
strengths of the joints of the two strengths at different
roughness and the growth rates of the peak shear strengths
relative to those at the previous level of roughness. Mean-
while, the peak shear strength values of the two strength
rock joints at different roughness in Table 1 are fitted to
obtain exponential fitting relations with fitting coefficients
of 0.999 and 0.995, respectively, as shown in

τ = 3:375 + 0:013 ∗ JRC1:848,
R2 = 0:999,

τ = 3:928 + 0:045 ∗ JRC1:498,
R2 = 0:995:

ð1Þ

By plotting the above two fitted relational equations in a
Cartesian coordinate system, two fitted relational curves can
be obtained as shown in Figure 3.

As seen from Table 1 and Figure 3, the shear strength
values of the joints of both strength rock masses grow in a
power function relationship as the surface roughness of the
joints increases, i.e., the shear strength of the joint face
increases with the increase in roughness and the growth rate
also increases.

Among them, the peak shear strength of the high-
strength rock joints is larger than that of the low-strength
rock joints as a whole, and the growth rate of the peak shear
strength of the high-strength rock joints is also larger than
that of the low-strength rock joints at the same roughness.
This is because, with the increase of roughness, the meshing
effect of high-strength rock joints is more significant com-
pared with that of low-strength rock joints under the action
of normal pressure.

As shown in Figure 4, the residual shear strength statis-
tics of the two strength rock joints at different roughness
are shown. It can be seen from the figure that the residual
strength of the high-strength rock joints is larger, and the
residual strength difference is the smallest when the JRC is
4~6, and the residual strength difference is the largest when
the JRC is 8~10. On the whole, the difference between the
residual strength of high-strength and low-strength rock
joints is little when the JRC is small, and the difference
between the residual strength of the two is obvious after
the JRC exceeds 6. This is mainly due to the fact that the
shear stress curves of high-strength rock joints and low-
strength rock joints are displacement-softening type, and

3Geofluids



the shear stress decreases in the residual stage as the shear
proceeds, so the difference in residual strength is not large.
However, when the roughness increases to 8~10, the shear
stress curve of high-strength rock joints changes to strain-
hardening type. As the shear proceeds, the shear stress grad-
ually increases in the residual phase, while the shear stress of
the low-strength rock joints remains strain-softening type,

and the shear stress gradually decreases in the residual
phase, so the difference between the two residual shear
stresses is significant.

3.3. Failure Characteristics. The damage after shearing of dif-
ferent roughness joints of the two strength rock masses is
shown in Figures 5(a) and 5(b), respectively. From the fig-
ure, it can be seen that there is no obvious damage after
shear for both low-strength and high-strength rock joints
when they are endowed with smooth joints. When the JRC
values of the joints of the two strengths are small (low-
strength joints: 0~2 and 4~6; high-strength joints: 0~2),
the shear damage characteristics are mainly shown in the
form of raised wear on the joints. When the JRC values of
the joints of both strengths are high (low-strength rock
joints: JRC > 8 ~ 10; high-strength rock faces: JRC > 4 ~ 6),
the shear damage characteristics of the joints are accompa-
nied by a large amount of shearing of the joint projections
in addition to the wear of the joint projections.

A comprehensive comparison of Figures 5(a) and 5(b)
shows that the shear damage characteristics of the joints of
the two strength rock masses after shearing are more
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Figure 1: Arrangement of the shear test [41]: (a) shear test system; (b) loading unit.
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Figure 2: Curves of shear stress vs. displacement of low-strength and high-strength rock joints: (a) low-strength rock joints; (b) high-
strength rock joints.

Table 1: Shear strength of joint with different lithologies.

Joint
surface
type

Low-strength rock mass High-strength rock mass
Peak

strength
(MPa)

Growth
rate (%)

Peak
strength
(MPa)

Growth
rate (%)

Smooth
joint

2.83 3.17

JRC 0~2 3.38 19.43 3.98 25.56

JRC 4~6 3.72 31.45 4.43 39.75

JRC 8~10 4.20 48.41 5.34 68.45

JRC 12~14 4.88 72.44 6.02 89.91

JRC 16~18 5.78 104.24 6.97 119.87
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significant than those of the joints of the low-strength rock
masses as the JRC increases, i.e., when the JRC of the joints
of the two different strength rock masses are at the same
level, the shear damage characteristics of the joint samples
of the high-strength rock masses are more significant. This
phenomenon indicates that the joints of high-strength rock
still need to overcome a large frictional resistance after con-
vex shearing and also explains the small reduction of shear
stress in the postpeak phase of the shear curve of high-
strength rock and the insignificant strain-softening phase.

4. Numerical Simulation of Shear
Failure Mechanism

4.1. Numerical Simulation Scheme. In order to study the
damage evolution process and degradation mechanism of
the joints of the rock during shear, the numerical calculation
model for typical working conditions (JRC of 12~14) was
established by PFC2D software based on the indoor tests.
The dimensions of the established numerical model and
the loading method are the same as those of the indoor test

model. The numerical model of the rock joints was estab-
lished according to the procedure shown in Figure 6. Firstly,
the wall around the shear box is generated according to the
specimen size, and secondly, the spheres are generated inside
the wall according to the calibrated fine view parameters,
and the contact model between the spheres is set to linear,
as shown in Figure 6(a). Then, a certain circumferential
pressure is applied to the specimen, and after the spheres
are compacted, the contact model between the spheres is
changed to linearpbond. The advantage of this step is to
ensure that the cementation between all the spheres can be
added (the pb-state is all displayed as “3”), as in
Figure 6(b). After that, the joint profile is established and
the spheres are grouped by importing the already drawn
Barton curves, and the walls are regenerated according to
the coordinates of the joint, as in Figure 6(c). The advantage
of establishing the joint in this step is to ensure that the
shape of the joints is the same as that of the joints of the
experimental specimen and will not change during the
modeling process due to the movement of the particles. In
general, the joint model can be created by changing the con-
tact properties of the particles on both sides of the joints, but
due to the bump effect of the circular particles in the BPM
model, the parameters of the created joints are high. Peter
Cundall developed the smooth joint contact model for this
purpose, which can avoid the bump effect of the particles
and make the numerical simulation results more consistent
with the actual results. Therefore, the contact model at the
joints was changed to smooth joint, as shown in Figure 6(d).

The boundary conditions imposed in the numerical sim-
ulation are the same as those in the indoor test, limiting the
horizontal displacements of wall_4 and wall_5 and the nor-
mal displacement of wall_3, controlling the vertical velocity
of wall_6 by the servo function to achieve a constant normal
stress (1MPa) loading, and applying a constant horizontal
velocity to wall_1, wall_2, and wall_3 (0.01mm/s) to achieve
unidirectional static shear load conditions. In PFC, the shear
stress at the joint surface is derived mainly from the horizon-
tal load between the particles and the wall, specifically: mon-
itoring the horizontal load between the wall and the particle
on the left side (wall_1 and wall_4) and the right side (wall_3
and wall_2) of the specimen, respectively, then taking the
average of the left and right sides to obtain the shear load
at the joint surface, and finally dividing by the joint surface
length (200mm) to get the shear stress on the joint surface.
The monitoring of shear displacement is mainly achieved by
monitoring the average horizontal displacement of the lower
3 sides of the specimen (wall_1, wall_2, and wall_3). After
the model was established, the stress-shear displacement
curves of the shear of two different strengths of the joints
of the rock with JRC 12~14 at a constant normal stress of
1MPa were used as calibration benchmarks to compare
the simulation and indoor test results, and the numerical
model was repeatedly calibrated using the “trial and error
method” for the microscopic mechanical parameters [42].
The final obtained microscopic mechanical parameters are
shown in Tables 2 and 3. The stress-shear displacement
comparison curves of the numerical simulation and the
shear of the indoor test are shown in Figure 7.
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4.2. Cracking Process and Contact Force Evolution

4.2.1. Analysis of Interparticle Contact Force Evolution. Dur-
ing the shearing process of the rock mass, the upper and lower
rock masses will be shear misaligned with each other, which
makes the contact characteristics between the granules change
continuously, and in turn, the contact force between the gran-
ules will also change continuously. Figure 8 shows the distri-
bution and size evolution of the contact force detected at
different shear displacements (1, 2, 3, 4, 5, 6, 7, and 8mm)
inside the rock mass, where different colors represent different
contact forces. And the larger the contact force, the thicker the
line. The larger the contact force between the particles, the
more intense the extrusion between the particles, i.e., the size
distribution of the interparticle contact force reflects the extru-
sion between the internal particles in the joints of the rock.

As shown in Figures 8(a) and 8(b), the distribution of
contact force magnitudes between particles inside the rock
during shearing of high-strength joint rocks and low-
strength joint rocks is shown. As can be seen from the fig-
ures, the magnitude and orientation of the contact forces
between the particles are changing as shearing proceeds.
From the overall point of view, the contact force is larger
at the projection of the joints during shear, and the contact
force inside the rock is smaller. Generally, the joint rough-
ness can be divided into first-order asperities (waviness)
and second-order asperities (unevenness), and the two types

of roughness jointly exert shear resistance during shear [25,
43]. In the early stage of shear, the contact forces on the
structure surface are mainly concentrated on a few points,
which are second-order rough bumps on the structure sur-
face. As the shear proceeds, the contact force on these points
gradually increases, causing the damage to this part of the
projection to occur. Due to the destruction of the second-
order bumps on the surface of the joints, the joint contact
begins to redistribute and the points with higher contact
forces begin to shift. With the further increase of shear dis-
placement, the joint contact force is gradually concentrated
to one place, i.e., the first-order rough bump.

Comparing Figures 8(a) and 8(b), it can be found that
the joint contact force is greater for high-strength joint rocks
under the same shear displacement conditions, and the con-
tact force is concentrated on the first-order roughness within
a smaller shear displacement. This indicates that the higher
the force on the second-order roughness of the joints under
the same conditions of the high-strength joint rock, the ear-
lier and more serious the damage of the joint projection
occurs. And it can also be found from the figure that the
joint contact force is more widely distributed and the value
is larger in the postpeak phase for high-strength joint rocks
compared to low-strength joint rocks, which also explains
why the shear stress curve of high-strength joint rocks is
hardened while the shear curve of low-strength joint rocks
is softened.

Smooth joint JRC 0~2

JRC 4~6 JRC 8~10

JRC 12~14 JRC 16~18

(a)

Smooth joint JRC 0~2

JRC 4~6 JRC 8~10

JRC 12~14 JRC 16~18

(b)

Figure 5: Shear failure model of low-strength rock joints and high-strength rock joints: (a) low-strength rock joint; (b) high-strength rock
joints.
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Figure 6: Continued.
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4.2.2. Analysis of Crack Growth Evolution. Figure 9 shows
the numerical simulation evolution of the crack distribution
inside the rock mass under different shear displacements in
the shear process for the two strength rock joints. From
the figure, it can be obtained that the crack development
process of the two strength joints is similar. In order to bet-
ter analyze the crack development law of the two strength
joints, the number of cracks generated per unit time and
the accumulated number of cracks in the joints during shear
are counted, as shown in Figure 10. As can be seen from
Figures 9 and 10, in the initial stage of shear (stage I), only
a small number of cracks are generated at this stage because
most of the interparticle contacts are in the linear elastic
stage. After the elastic stage, the stress reaches the yield point
and the specimen enters the stable rupture propagation

stage, where the number of cracks starts to increase slowly
and reaches the peak number of cracks at the peak shear
stress. After the shear stress exceeds the peak point (stage
II), the specimen enters the postpeak stage, and the number
of cracks at this stage starts to gradually decrease and fluctu-
ate, which is due to a large number of bumps on the joints
being sheared and crushed, and the specimen shifts from
the stable rupture propagation stage to the unstable rupture
propagation stage, where the number of cracks fluctuates
and penetrates the entire joints. Until entering stage III,
the number of cracks tends to develop smoothly in general
and is at a lower level, which is due to the fact that after
the second-order roughness of the joints is sheared and
crushed, the stress is gradually concentrated in the first-
order roughness, and compared with the second-order

Wall_5

Wall_2

Wall_3

Wall_1

Wall_4

Wall_6
Linear active
Linearpbond active
Smoothjoint active

Shear direction

(d)

Figure 6: Construction process of anisotropic structure surface shear numerical model: (a) generation of particles; (b) change of contact
model; (c) adding joints; (d) changing the joint contact model.

Table 2: Numerical calculation of microscopic mechanical parameters of low-strength rock joint.

Particle parameters Value Parallel bond parameters Value Smooth joint properties Value

Young’s modulus (GPa) 7.5 Young’s modulus (GPa) 7.5 Normal stiffness (MPa/mm) 57

Ratio of normal to shear stiffness 1.0 Ratio of normal to shear stiffness 1.0 Tangential stiffness (MPa/mm) 14

Minimum particle radius (mm) 0.5 Normal strength (MPa) 31 ± 3:1 Friction coefficient 0.75

Radius ratio 1.66 Shear strength (MPa) 40 ± 4:1 Bond shear strength (MPa) 0

Density (kg/m3) 2300 Bond normal strength (MPa) 0

Friction coefficient 0.5

Table 3: Numerical calculation of microscopic mechanical parameters of high-strength rock joint.

Particle parameters Value Parallel bond parameters Value Smooth joint properties Value

Young’s modulus (GPa) 14 Young’s modulus (GPa) 14 Normal stiffness (MPa/mm) 80

Ratio of normal to shear stiffness 1.5 Ratio of normal to shear stiffness 1.5 Tangential stiffness (MPa/mm) 80

Minimum particle radius (mm) 0.5 Normal strength (MPa) 41 ± 4:1 Friction coefficient 0.85

Radius ratio 1.66 Shear strength (MPa) 52 ± 5:1 Bond shear strength (MPa) 0

Density (kg/m3) 2750 Bond normal strength (MPa) 0

Friction coefficient 0.6
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roughness, the first-order roughness is less prone to violent
damage, and the joint resumes the development trend of sta-
ble rupture.

Comparing the crack development diagrams of joints
of different lithologies, it can also be seen that the higher
the strength of the joints, the earlier the maximum number
of cracks in the joints appears and the larger the cumula-
tive number of cracks. That is, it indicates that the damage
of the joints becomes more serious at an earlier stage,
which is consistent with the phenomenon observed in the
indoor tests.

It can also be seen from Figure 9 that the number of ten-
sion cracks in the shear process is greater than the number
of shear cracks, which is due to the fact that the internal con-
tact force is dominated by pressure during the shear process
on the joints of the rock, making the mutual extrusion
between the particles resulting in the development of cracks
mainly in tension cracks.

4.2.3. Analysis of Particle Rotation Radian Evolution.
Figure 11 shows the evolution of the particle rotation arc
inside the joints of the two strength rock masses when mon-
itoring different shear displacements. From Figures 11(a)
and 11(b), it can be seen that the shear misalignment of
the rock mass causes the change of the internal rotational
arc of the particle system, which in turn leads to the gradual
evolution of the rotational arc of the particle body. In the ini-
tial stage of shear, the rotational arc of the particle body
inside the rock mass is at a small level, and most of the par-
ticle rotational arcs are between -1 and 0, and only individ-
ual particles have slightly larger rotational arcs. Under the
action of shear load, the compression density at the end of
the rock body causes the particle body to rotate, so the rota-
tion arc of the particles on the side of the applied shear stress
(right side of the lower specimen) and the fixed side of the
upper specimen (left side of the upper specimen) increases,

and the rotation arc of the particles is mainly between 0
and 0.5. When the shear displacement further increases,
the more particles with rotation arcs of 0 to 0.5 are grad-
ually expanded from the two ends of the specimen to the
lower left and upper right ends of the rock mass. The
particles with high rotational arcs (i.e., rotational arcs of
-600 to -1 and 1 to 600) are mainly distributed at the
projections of the joint. And compared with the crack
distribution, it can be found that these particles with high
rotational arcs are mainly concentrated at the locations
where cracks are generated. This is mainly the shear pro-
cess in which the joint projection is the main bearing
area. It is subjected to large normal stress and shear
stress, so the granular body in this region is moving vig-
orously, accumulating more energy, and the rock is more
prone to damage. It can be seen that the generation of
cracks is related to the rotation of the particles, and the
process of rock destruction is also a continuous redistri-
bution of the internal particle rotation arc. Along with
the continuous generation of cracks, it leads to the evolu-
tion of the rock mass from microscopic rupture to macro-
scopic failure.

To further analyze the evolution law of particle rota-
tion arc during shearing, the proportion of the number
of particles with particle rotation arcs of -600~-1, -1~0,
0~0.5, 0.5~1, and 1~600 was counted, as shown in
Figure 11(c). As can be seen from the figure, the evolu-
tion process of particle rotational arcs on the joints of
the two strength rock masses is roughly similar. Among
them, particles with rotational arcs of 0.5~0 and 0~-1
account for the largest proportion. With the increase of
shear displacement, the number of particles with rota-
tional arcs of -1~0 shows an overall decreasing trend. In
the initial stage of shear, the percentage changes less
and tends to be smooth overall, while after the peak shear
stress, the percentage decreases rapidly from 75% to about
50%. And after the shear displacement to 6mm, the per-
centage tends to be smooth again roughly stabilized at
about 50%. The proportion of particles with a rotational
arc of 0.5 to 0 is on the whole on an upward trend from
20% to about 40%, and the growth trend of this propor-
tion of particles is the opposite of the decreasing trend
of the proportion of particles from -1 to 0. The percentage
of particles with rotational arcs of 1~600, -1~-600, and
0.5~1 all show an increasing trend basically from 0% to
about 3% slowly. Comparing the histograms of the joints
of the two intensities, it is also clear that the decrease in
the percentage of particles with rotational arcs of 0~-1
on the joints of the low-intensity rock is more continuous,
while the joints of the high-intensity rock show a stepwise
pattern, which is related to the damage pattern and range
of the joints.

4.3. Evolution Characteristics of Energy

4.3.1. Determination of Dissipation Energy. The physical and
mechanical change processes of rock are closely related to
energy transformation, and its deformation and failure are
instability phenomena driven by energy exchange [44].
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Therefore, the energy dissipation can reflect the damage of
the specimen, and the analysis of the energy evolution pro-
cess of the joint of the rock body can also reveal the damage
mechanism of the joint.

According to the law of energy conservation, the expres-
sion of total external energy U is as follows:

U =Ue +Ud +Uk, ð2Þ
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Figure 8: Evolution of contact force between particles during shearing: (a) low-strength rock joints; (b) high-strength rock joints.
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Figure 9: Evolution of microcracks during shearing: (a) low-strength rock joints; (b) high-strength rock joints.
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where Ue is the elastic energy, Ud is the dissipative energy,
and Uk is the kinetic energy.

Since the shear speed is 0.01mm/s during the whole sim-
ulated shear process, the kinetic energy is negligible, so the
total energy expression can be simplified as

U =Ue +Ud: ð3Þ

In the PFC numerical simulation software, the total
external input energy is Wall’s boundary energy Ez. The
elastic energy is mainly the linear elastic energy Es and the
gluing elastic energy Eb, as shown in the following:

Ue = Es + Eb: ð4Þ

Among them, Wall’s boundary energy Ez, linear elastic
energy Es, and gluing elastic energy Eb can be calculated by
the self-contained function of the PFC numerical simulation
software [45]; the equations are as follows:
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where Nw is the number of walls; Fi is the force exerted on
the wall; di is the displacement of the wall; Fl

n is the linear
normal force; Fl

s is the linear shear force; kn is the linear nor-
mal stiffness; ks is the linear shear stiffness. A is the cross-
sectional area; I is the moment of inertia of the parallel bond
cross-section; Fn is the normal force of parallel bond; Fs is
the shear force of parallel bond; kn and ks are the normal

and shear stiffness of parallel bond; Mb is the moment of
parallel bond.

Dissipative energy is mainly generated by friction,
damping dissipation, microrupture, and plastic deformation
and can be obtained by subtracting the elastic energy from
the total external energy, i.e.,

Ud =U −Ue: ð6Þ

4.3.2. Energy Evolution. As shown in Figure 12, the curves of
the total external input energy, elastic energy, and dissipa-
tion energy changes during shear for the high-strength rock
joints and low-strength rock joints are shown. As a whole,
the energy evolution process of high-strength rock joints
and low-intensity rock joints is similar. In the preshear stage,
i.e., stage I, the total input energy increases rapidly with the
increase of shear stress, shear displacement, and normal dis-
placement. As the connection and cementation of most of
the particles in the early stage of shear are still in the elastic
stage, the elastic energy accumulates continuously as the
shear proceeds. However, the analysis above shows that a
small amount of cracks are generated in this stage and there
is some damage, so some dissipation energy is also generated
in this stage. And the dissipation energy is first at a small
level and then starts to rise slowly. After the shear displace-
ment exceeds a certain range, the rising rate increases rap-
idly, which is the same as the trend of the number of
cracks accumulated on the joints during shear. The elastic
energy reaches its peak by the time it reaches the peak of
the shear stress, after which macroscopic damage occurs in
stage II due to a large number of cracks on the joints. The
elastic energy stored between the particle joints and between
the glue junctions is consumed, causing the elastic energy
curve to start decreasing. And the dissipation energy still
keeps growing at a large rate. In stage III, the elastic energy
remains basically the same, while the dissipation energy con-
tinues to increase. This is due to the fact that there are still a
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Figure 10: Number of cracks and cumulative number of cracks: (a) low-strength rock joints; (b) high-strength rock joints.
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large number of cracks generated in this stage and the fric-
tion between particle contacts increases, so the frictional dis-
sipation energy becomes the main energy dissipated.

Comparing the energy evolution curves of high-strength
joint rocks and low-strength joint rocks, it can be seen that
the high-strength joint rocks have greater total input energy,
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Figure 11: Evolution of particle rotation radian during shearing: (a) low-strength rock joints; (b) high-strength rock joints; (c) the
percentage of particle rotation arc.
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greater dissipation energy, and smaller peak elastic energy.
This is due to the fact that the high-strength joint rock spec-
imens have higher input shear stress and higher normal dis-
placement during shear, which in turn results in higher total
input energy. As shown in the above analysis, under the
same conditions, the joint projections of high-strength joint
rocks are damaged earlier and more severely than those of
low-strength joint rocks, and a large number of cracks are
produced at a smaller shear displacement. Therefore, the
accumulated elastic energy is smaller, while the dissipation
energy is larger.

5. Conclusion

In order to study the effect of rock mass strength on the
macroscopic and microscopic shear properties of the joints,
shear tests of rock specimens of two strengths were con-
ducted in the laboratory and corresponding numerical sim-
ulations were carried out using PFC2D numerical
simulation software, and then, a systematic study of the
shear properties of the joints of rock masses of different
strengths was carried out from the macroscopic and micro-
scopic perspectives, and the following conclusions were
obtained:

(1) The shear stress curves of rock masses with different
strengths tend to be different. High-strength rock
masses tend to be hardened and low-strength rock
masses tend to be softened. And comparing the test
results under multiple roughness conditions, we
can also find that the joints of high-strength rock
masses are more sensitive to the change of roughness

(2) With the increase of JRC, the surface damage mode
of the joints of both strength rock masses gradually
changes from “abrasion” to “abrasion+ gnawing”.
The damage range of high-strength joints is larger,
which means that the high-strength joints are less

susceptible to shear slip than the low-strength rock
mass surface

(3) In the simulated shear process, the contact force is
mainly concentrated on the joints, while the contact
force inside the rock is smaller. And the contact force
on the joints first acts on the second-order roughness
and then gradually acts on the first-order roughness.
Compared with the low-strength rock masses, the
contact force on the joints of the high-strength rock
masses is larger and more widely distributed

(4) At the early stage of shear, more rotations occurred
in the end particle body, and only a small number
of cracks occurred on the joints. With the increase
of shear displacement, the number of particles and
cracks with larger rotational arc increases rapidly,
and the particle arc is mainly concentrated in the
location where cracks occur. The cumulative number
of cracks on the joints of the high-strength rock
masses is more, and the particles with larger rota-
tional arcs are distributed more widely

(5) As shearing proceeds, the total input energy con-
tinues to increase. At the beginning of shear, the
elastic energy is greater than the dissipative energy.
Near the peak of shear, the elastic energy reaches
its peak and then begins to decrease and gradually
tends to be constant. However, the dissipative energy
keeps increasing and eventually becomes much
larger than the elastic energy. The input energy and
dissipation energy of the high-strength joint rock
specimens are greater, while the peak elastic energy
is smaller

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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Figure 12: Variation curve of energy with shear displacement: (a) low-strength rock joints; (b) high-strength rock joints.
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In order to alleviate the relationship between mining and roadway, the 3204 working face and the 3206 roadway in Shanxi Taitou
coal mine are taken as an example, and the width of mining and the support parameters of mining while reversing mining and
excavation under dynamic pressure are optimized. The research includes field investigations, theoretical analysis, numerical
simulation, and field tests. Based on the characteristics of roof fracture and the distribution of coal pillar stresses that
determine the coal pillar is 18.7m wide, the control scheme of mining while reversing mining and excavation was developed;
the stress of coal pillar and the characteristics of roadway deformation and failure are summarized. By means of FLAC3D

numerical simulation software, the influence of coal pillar widths and different mining positions on the stability of roadway
surrounding rock are discussed. The asymmetric support structure of trapezoidal roadway is proposed as the core support, and
the support scheme of dense bolts and anchor cables is proposed. The support of the 3206 return airway is composed of bolt,
anchor cable, and anchor mesh, combined with M-shaped steel belt and steel beam. Through the research on the current
situation of roadway support, the support scheme is optimized to make the 3206 return airway meet the production
requirements, which provides a new breakthrough for roadway support under dynamic pressure in deep mines in China.

1. Introduction

With the rapid development of coal mining equipment
and the rapid advancement of fully mechanized mining
face, the replacement of mine face is becoming increas-
ingly tense. In order to alleviate the tense situation of min-
ing and roadway, some coal mines operate at the same
time of adjacent working face mining and roadway exca-
vation [1, 2]. The mining of the upper working face and
the roadway excavation of the lower working face are
operated at the same time, that is, the mining and excava-
tion of the working face and roadway, as shown in
Figure 1. Thus, the roadway excavation will be affected
by multiple stresses, including its own excavation, the
mining of the previous working face, and the dynamic
pressure of the roof, which will bring great difficulties to
roadway excavation and support [3–5]. Especially when

the roadway and the working face are staggered, the road-
way will be affected by the dynamic pressure as “stability-
breaking-bending-stability” of the roof and goaf.

Based on the in-depth research on the coal pillar size and
the characteristics of roadway deformation, relevant scholars
put forward that the support technology plays a role in con-
trolling the surrounding rock of roadway. Chen et al. [6]
studied the stress distribution around the coal pillar, and
the coal pillar widths of 5m, 10m, 20m, and 30m were
designed for the layout of residual coal pillar mining road-
way on this basis. Li et al. [7] studied the characteristics of
stress distribution in surrounding rock of side mining road-
way in goafs with different coal pillar widths. Zhang et al. [8]
calculated the width of coal pillar, analyzed the distribution
of stresses, and studied the relationship between coal pillar
stresses. Gao [9] proposed a method of analyzing composite
rock mass stability on the roof, floor, and coal pillar regarded
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as layered composite rock mass and analyzed the influence
of roof and floor on the coal pillar. Sun et al. [10] discussed
the distribution of stresses in the mining of pillar roof
cutting and retaining roadway in the goaf. In the large pillar
mining and the small pillar mining, the peak stresses of
pillars were reduced by 12-21% and 3-10%, respectively.
Huang et al. [11] studied the impacts of different coal pillar
distances on coal pillar stress concentration and formation
fracture development. On this basis, the calculation formula
of safe mining and reducing surface damage of shallow
buried multicoal seam was established. Wang et al. [12],
according to the distribution of acoustic wave velocities,
put forward that the impact caused by mining activities
could be extended about 40m to the working face, and the
stress peak concentration was found about 15m ahead.
Scholars have done a lot of researches on coal pillar, coal
pillar reservation, and coal pillar size in the working face.
Fan et al. [13] studied the formation and development of
plastic zone and the creep and damage of rock mass and
proposed the corresponding roadway support technology.
Li et al. [14] deduced the elastic energy and dissipation

energy in the process of rock burst by means of theoretical
analysis and experimental technology. Yang et al. [15] uti-
lized ANSYS/LS-DYNA software to implement an implicit
solution to initial static stress and an explicit solution in
dynamic analysis and then obtained the fracture behavior
and energy evolution under coupled static and dynamic
loads. Zhao et al. [16] studied the method of defining the
reasonable width of coal pillar and roadway surrounding
rock control technology. In consideration of roadway
stability, safe and efficient mining, and other factors, the
reasonable width of coal pillar was defined as 18m. The
combined support system of resin lengthened bolt and
anchor cable reinforcement was proposed for roadway sup-
port. Qin et al. [17] proposed and applied a scheme of
“anchor cable reinforcement to steel shed, floor pressure
relief, deep, and shallow-hole composite grouting” for deep
dynamic soft rock roadway. Klishin et al. [18] studied the
joint deformation of roof rocks and analysed roof support
with the finite element method. By this, a dedicated
mobile roof support for underground coal mining was
proposed. Ram et al. [19] presented a novel design of rock
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Figure 1: Schematic diagram of reverse mining and excavation.
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bolts as goaf edge support. The relationship between the
parameters affecting the estimation of rock load height at
the edge of the goaf in the filling panel was established
under the given geological mining conditions. Oliveira
[20] studied the influence of anisotropy and brittle rock
on the development of excavation disturbance area or soft-
ening height and made discussions on their significance in
roof support design. However, few studies have been made
on the width of coal pillar and roadway control scheme
under the condition of mining while reversing mining
and excavation.

This paper takes the deep excavation under dynamic
pressure in the 3206 return airway in Taitou mine as the
engineering background, analyzes the characteristics of roof
fracture and the distribution of coal pillar stresses, deter-
mines the width of coal pillar, and develops the control
scheme of mining while reversing mining and excavation.
This study will solve the problems of excavation support
for deep mining under dynamic pressure while reversing
mining and excavation and the width of coal pillar in Taitou
mine, which is of great significance to ensure the safe pro-
duction of Taitou mine and to study the support of deep

mining under dynamic pressure while reversing mining
and excavation.

2. Engineering Background

2.1. Geological Conditions. The no. 2 coal seam of Shanxi
Taitou coal mine is located in the lower part of Shanxi.
The average distance between the upper part and no. 1 coal
seam is 19.5m, and the lower part is about 7.18m from the
sandstone. The thickness of the coal seam is 1.68-3.65m,
with an average thickness of 2.70m. The roof consists of
sandstone, sandy mudstone or mudstone, and the floor is
composed of carbonaceous mudstone or mudstone, sandy
mudstone, and asphaltic mudstone.

Due to the shortage of mining replacement, mining
while reversing mining and excavation is carried out in the
main return airway of the 3204 face and the 3206 face. The
3206 return airway is located in no. 2 coal seam and in the
north of no. 3 mining area. The west part is solid coal seam,
adjacent to the boundary of the third mining area in the
north. The relative position of the 3204 working face and
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the 3206 roadway and the comparison diagram of coal are
shown in Figure 2.

2.2. Occurrence of Coal Seams. The direct roof of no. 2 coal
seam is composed of mudstone with an average thickness

of 3.1m. The main roof is fine sandstone with a thickness
of about 5.50m, and the bottom plate is sandy mudstone.
The compressive strength of the roof is 50.4-54.8MPa, the
tensile strength is 3.6-4.1MPa, and the cohesion coefficient
is 9. The compressive strength of the bottom plate is 15.2-

Figure 5: Elastic plastic deformation area and distribution of coal pillar stresses.
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16.8MPa, the tensile strength is 0.4-0.6MPa, and the cohe-
sion coefficient is 3.1. The histogram of coal seam roof and
floor is shown in Figure 3.

2.3. Roadway Support. The length of the 3206 return air-
way is 1350m, and the mining length of the 3204 working
face is 1263m. When the 3204 working face and the 3206
return airway are about to meet and stagger, the 3206
return airway will be affected by the superposition of mul-
tiple dynamic pressures in this roadway excavation, the
3204 working face mining and unstable goaf, resulting in
roadway deformation, i.e., floor heave, slope, and roof sub-
sidence. In some areas, the roof and floor heaves are seri-
ous, and the deformation of roadway height is up to one
meter. The specific deformation of the 3206 return airway
is shown in Figure 4.

3. Theoretical Calculation of Coal Pillar

According to the elastic theory [21], when plastic deforma-
tion occurs on both sides of the roadway pillar, after the
plastic deformation of X0 and X1, which can bear the influ-
ence of mining pressure and multiple dynamic pressures on
the pillar, and given that the width of the elastic core is not
less than twice the height of the pillar, the roadway pillar
can remain stable, as shown in Figure 5.

The calculation formula of coal pillar width is:

B = X0 + 2M + X1, ð1Þ

where X0 is the width of plastic zone of coal pillar in the side
section of mining space, m; M is the coal cutting height of

Table 1: Rock distribution and mechanical parameters.

Serial Lithology
Thickness

(m)
Density
(kg/m3)

Bulk modulus
(GPa)

Shear modulus
(GPa)

Cohesion
(MPa)

Friction
(°)

Tensile strength
(MPa)

12
Sandy

mudstone
1 2,500 3.6 1.89 1.35 29 6

11 Mudstone 6 2,400 2.88 1.53 1.17 26 4

10
Sandy

mudstone
8 2,500 3.6 1.89 1.35 29 6

9 Mudstone 4 2,400 2.88 1.53 1.17 26 4

8 Sandstone 5 2,700 10.35 7.74 3.15 36 5

7 Mudstone 3 2,400 2.88 1.53 1.17 26 4

6 Coal 2.5 1,400 1.35 0.63 1.17 26 2

5
Sandy

mudstone
2 2,500 3.6 1.89 1.35 29 6

4 Mudstone 2 2,400 2.88 1.53 1.17 26 4

3 Sandston 3.5 2,700 10.35 7.74 3.15 36 5

2 Mudstone 2 2,400 2.88 1.53 1.17 26 4

1 Sandston 36 2,700 10.35 7.74 3.15 36 5
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Figure 7: Schematic diagram of simulation.
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the working face, m; and X1 is the width of plastic zone of
coal pillar in the mining preparation roadway, m.

According to the limit equilibrium theory [22, 23], the
deformation width of the plastic zone of the coal pillar near
the side of the mining space, the distance X0 from the stress
peak to the edge of the coal pillar is:

X0 =
M
2ξf ln KγH + C cot φ

C cot φ , ð2Þ

where K is the stress concentration factor; γ is the average
volume force of overburden, Kn/m3; H is the mining depth,
m; C is the cohesion of coal seam, MPa; φ is the internal fric-

tion angle, °; f is the friction coefficient; and ξ is the triaxial
stress coefficient.

The width of coal pillar plastic zone in the mining prep-
aration roadway is:

X1 = r
P + C + cot φð Þ 1 − sin φð Þ

Pi + C + cot φ

� � 1−sin φ/2 sin φð Þ
, ð3Þ

where r is the roadway radius, m; P is the surrounding rock
stress, MPa; and Pi is the resistance, MPa.

According to the geological engineering data and
mechanical parameters in the rock experiment of Taitou
mine, the mining height of the working face M = 2:6m, the
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friction factor f = 0:364, the buried depth of the coal seam
H = 650m, the pressure concentration factor K = 3, the fric-
tion angle in the coal body φ = 20°, the cohesion of coal seam
C = 0:78MPa, the average volume force of overlying strata
γ = 25Kn/m3, the roadway radius r = 2:0m, the surrounding
rock stress P = 10MPa, and the resistance Pi = 5MPa. The
parameters above are brought into formula (2) and formula
(3), and X0 = 5:5m, X1 = 2:5m, so the influence of mining
λ = 2. If X0 and X1 are brought into formula (1), the coal
pillar width B = 5:5 × 2 + 2 × 2:6 + 2:5 = 18:7m.

4. Numerical Simulation Analysis of Coal
Pillar Stress

4.1. Model Establishment. According to the engineering cases
of mining under dynamic pressure in a deep shaft in the
3204 working face and the 3206 return airway, the simulated
size is X × Y × Z = 200m × 300m × 75m, as shown in
Figure 6. In the simulation, the dip angle of the coal seam
is 10°, the thickness of the coal seam is 2.5m, the mining
height of 3204 working face is 2.5m, and the width is
90m; the 3206 return airway is excavated along the roof,
and the roadway section is trapezoidal. The roadway is
4.5m long and 3.8m high. This physical simulation model
is the Mohr-Coulomb model.

The model boundary was constrained, the fixed bound-
ary method was adopted for the bottom boundary, the left
and right X-direction displacement is 0, and the front and
rear Y-direction displacement is 0 [24–28]. The distance
between the simulated upper boundary and the surface
was calculated as 650m, the vertical in situ stress was
16.25MPa, the lateral pressure coefficient was selected as
1, and the gravity was applied to simulate the in situ
stress field.

4.2. Physical and Mechanical Parameters of the Rock. The
mechanical experiment was carried out in the laboratory
with the on-site borehole sampling, and the physical and
mechanical parameters of different lithologies were deter-
mined. The mechanical parameters of each rock stratum
are shown in Table 1.

4.3. Numerical Simulation Scheme. When the 3204 working
face advances from 300m to 195m, the 3206 return airway
advances from 0m to 105m; when the 3204 working face
advances from 195m to 150m, the 3206 return airway
advances from 105m to 150m; when the 3204 working face
advances from 150m to 105m, the 3206 return airway
advances from 150m to 195m; when the 3204 working face
advances from 105m to 0m, the 3206 return airway
advances from 195m to 300m. The simulation process is
shown in Figure 7.

The excavation under dynamic pressure in the 3204
working face and the 3206 return airway is divided into
three periods, i.e., the periods before mining meets, when
mining meets and after mining meets. The excavation in
the 3206 return airway before mining meets was carried
out in solid coal, which was not affected by the mining in
the 3204 working face, and the roadway was stable and easy

to support. In the two time periods after mining encounter
and mining stagger, the coal pillar was affected by multiple
stresses such as the mining in the 3204 working face and
the roof pressure of the goaf. Five different coal pillar widths
were designed for simulation analysis, that is, 10m, 15m,
20m, 25m, and 30m.

4.4. Analysis of Simulation Results When Mining Meets

4.4.1. Vertical Stress Distribution. When the widths of coal
pillar were different, FLAC3D was used to simulate the distri-
bution in the mining state, and the distribution of vertical
stresses in coal pillar was obtained, as shown in Figure 8.

On basis of Figure 9, when the coal pillar widths are dif-
ferent, the distribution of vertical stresses on coal pillar is
compared. When the width of coal pillar is less than 10m,
the distribution of vertical stresses on the coal pillar is trian-
gular, the peak value of vertical stress reaches 33.7MPa, and
the stress increase coefficient is 2.1. With the increase of the
coal pillar width, the vertical stress peak decreases gradually,
the stress concentration factor also decreases gradually, and
the stresses present a trapezoidal distribution. There are
two peaks near both sides of the coal pillar, but the stress
near the goaf is larger. When the coal pillar width is 20m,
the peak stress is 30.95MPa, and the stress increase coeffi-
cient is 1.9. The peak value of vertical stress decreases with
the increase of coal pillar width, and the vertical stress on
the coal pillar also decreases gradually. When the coal pil-
lar width is greater than 20m, the stress concentration
area near the roadway side is basically 4-5m away from
the roadway. When the coal pillar width is equal to or
greater than 20m, the coal pillar stress is relatively large
within a stable range.
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Figure 9: Distribution of vertical stresses on coal pillar with
different widths.
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4.4.2. Roadway Displacement. In the simulation process,
measuring points were arranged in the roadway section,
and the measuring points were placed in the middle of the
roadway roof, floor, and the two sides of roadway. The mon-
itoring results of surrounding rock variation in the roadway
are shown in Table 2.

As shown in Table 2 and Figure 10, the change of coal pil-
lar widths has a great impact on roadway deformation, espe-
cially on the change of floor heave and roof subsidence. As
the width of coal pillar changes from 10m to 20m, the floor
heave decreases from 379mm to 263mm. The reduction
should not exceed 20mm within each 5m increase of coal
pillar width, the general trend decreases with the increase of
coal pillar width, and the range of reduction gradually
decreases. When the coal pillar width increases from 15m
to 20m, the displacement of coal pillar wall decreases by
91mm, while the displacement of solid coal wall decreases
by 57mm. With the continuous increase of coal pillar width,
the reduction of coal pillar displacement is less than 10mm.

4.5. Analysis of Simulation Results after Mining Meets

4.5.1. Vertical Stress Distribution. The stress evolution when
the dynamic pressure is 80m away from different coal pillar
widths is shown in Figures 11 and 12.

As shown in Figure 12, when the coal pillar width is less
than 20m, the vertical stress distribution on the coal pillar is
triangular. When the coal pillar width is 10m, the peak value
of vertical stress reaches 46.7MPa, and the stress increase
coefficient is 2.9. When the coal pillar width increases to
20m, the peak value of vertical stress reaches 43.1MPa,
and the stress increase coefficient is 2.7. The stresses present
a trapezoidal distribution. With the increase of the coal pillar
width, the impact on the surrounding rock of the roadway
gradually decreases. When the coal pillar width is less than
20m, the deformation on the two sides of roadway is obvi-
ous. The coal pillar width is greater than 20m, and the
deformation on both sides of the roadway decreases.

4.5.2. Roadway Displacement. The results of surrounding
rock variation in the roadway are shown in Table 3.

According to Table 3 and Figure 13, when the width of
coal pillar is 20m, the deformation of the two sides decreases
obviously. Compared with the 10m coal pillar, the displace-
ment of coal pillar is reduced from 510mm to 411mm. The
displacement of solid roadway side is reduced from 486mm
to 372mm, with a decrease of more than 20%. The deforma-
tion of roof and floor at the 20m coal pillar is larger than
that at coal pillars of other widths. Compared with the
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Figure 10: Deformation of roadway with different coal pillar widths.

Table 2: Surface displacement of roadway with different pillar widths.

Coal pillar width/m Floor heave/mm Coal pillar displacement/mm Solid slope displacement/mm Roof subsidence/mm

10 379 340 267 194

15 327 310 253 178

20 263 249 210 152

25 231 209 181 135

30 216 199 171 129
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10m coal pillar, the bottom heave is reduced from 457mm
to 324mm, which is reduced by 133mm, and the lower layer
of the roof is reduced from 270mm to 185mm, which is
reduced by 85mm.

4.6. Stress and Depth of Coal Pillar. The vertical stress
nephogram and vertical stress curve of coal pillar are
obtained by slicing along the dip angle of coal seam. The
position of coal pillar stress curve is selected from the
working face to the heading face.

As shown in Figures 14 and 15, when the working face
meets the roadway, the stress on the coal pillar increases as

the buried depth becomes greater. The stress between 30
and 90m behind the roadway heading face is relatively
concentrated, and thus, the roadway support should be
strengthened. When the buried depth is less than 500m,
the stress on the coal pillar changes little, and the curve is
relatively flat. When the buried depth exceeds 500m, the
stress peak area appears in the coal pillar. With the increase
of the buried depth, the influence range of the stress peak
increases slowly, from about 20m when the buried depth is
600m to about 60m when the buried depth is 900m. The
stress peak increases by 18.67MPa, and the stress increase
coefficient increases from 2 to 3.3. When the buried depth
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Figure 11: Stress distribution of coal pillars with different widths.
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Table 3: Surface displacement of roadway with different pillar widths.

Coal pillar width/m Floor heave/mm Coal pillar displacement/mm Solid slope displacement/mm Roof subsidence/mm

10 457 510 486 270

15 399 475 445 238

20 324 411 372 185

25 276 373 326 156

30 249 345 291 143
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Figure 13: Deformation of surrounding rock in the roadway with different widths of coal pillars.
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increases from 600m to 700m and to 800m, the stress of
coal pillar increases from 33.91MPa to 40.26MPa and to
44.17MPa; the stress increase coefficient increases from 2
to 2.5 and to 2.7.

5. Optimization and Industrial Test of
Support Parameters

5.1. Parameter Optimization for Roadway Support Scheme.
The support of the 3206 return airway is composed of bolt,
anchor cable, and anchor mesh, combined with M-shaped
steel belt and steel beam. The designed roadway section is
trapezoidal, with an excavation width of 4,500mm, a height
of 3,000mm, and a sectional area of 14.1m2. The overall
support scheme is shown in Figure 16.

The Φ22 × 2,500mm anchors were used for the roof, of
which the spacing is 800mm, and the row spacing is
800mm. The Φ21:6 × 6,800mm anchor cables were
arranged along the roadway, with a spacing of 1.5m and
a row spacing of 0.8m. Four anchor cables arranged in
each row were supported with the 14# B-shaped channel
steel. During the supporting process, the channel steel
plane was in immediate contact with the anchor net, the
processed steel plate tray was placed in the concave sur-
face of channel steel, and the anchor cable lock was in
contact with the tray through the self-aligning ball pad.
The side bolt is Ф 22 × 2,500mm, and the row spacing is
800mm. The side anchor bolts were raised and lowered
by 15 degrees, and the other anchor bolts should be con-
structed perpendicular to the roadway wall. The roof

0 20 40 60 80 100 120 140
15

20

25

30

35

40

45

50

55

60

400 m

600 m

800 m

500 m

700 m

900 m

St
re

ss
 (M

Pa
)

Distance from working face (m)
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400m 500m 600m

700m 800m 900m

0.50
0.00

–5.00
–10.0
–15.0
–20.0
–25.0
–30.0
–35.0
–40.0
–45.0
–50.0
–55.0

V
ertical stress /M

Pa

Figure 14: Vertical stress distribution with different buried depths.

11Geofluids



anchor cable is Ф 17:9 × 4,500mm, with a row spacing of
800mm and the exposed length of 150-250mm. The
anchor cables were arranged in each row and supported

with the 14# B-shaped channel steel. Two 12mm thick,
150mm long, and 110mm wide steel plates were used
instead of dished trays.

3202 working face

3204 working face

Coal pillar

3206 return air roadway

3206 transport roadway

3206 working face

Figure 17: Monitoring of the roadway stability.
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5.2. Support Effect. In order to monitor the support effect,
the deformation of the roadway should be measured and
studied as shown in Figure 17. There are two methods to
detect the roadway stability: the first is to detect the displace-
ment of the roadway surface; the second is to detect the
separation of roadway roof. In order to detect the roadway

surface displacement, two measuring stations were set in
the 3206 return airway, and the measuring station was set
after the roadway was excavated to 550m, which was
measuring station 1. After the roadway was excavated to
650m, station 2 was arranged. The displacement of the roof
of the 3206 return airway, a roof separation instrument, was
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Figure 19: Deformation curve of roadway at the stage of stable stress.

Table 4: Maximum separations of roof.

No. 1 2 3 4 5 6 7 8 9 10

3.0m 2mm 3mm 2mm 9mm 3mm 2mm 4mm 2mm 1mm 2mm

6.0m 0 0 0 0 0 1mm 0 0 0 0
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installed in the middle of the roof of 3206 excavated road-
way. The separation instrument spacing was 100m, and
the depths of the monitoring base points were 3m and 6m.

5.2.1. Surface Displacement. In monitoring the surface dis-
placement of roadway, the cross-point method was adopted,
and the roadway surface deformation was analyzed on basis
of the displacement change and its change rate. The change
of roadway surface displacement at the two stations is shown
in Figure 18. Because the roof of the goaf is broken and
unstable, the movements of the roof, floor, and the two sides
of the roadway change the most. At this time, the movement
of the two sides reaches 91mm, the movement of the roof
and floor reaches 153mm, and the change rate reaches the
maximum. The moving amount of the top and bottom plate
and the moving amount of the two sides change slowly and
gradually become stable. In this process, the maximum mov-
ing amount of the top and bottom plate is 364mm, and the
maximum speed is 80mm/d. The maximum moving dis-
tance of the two sides is 237mm, and the maximum moving
speed is 67mm/d.

As shown in Figure 19, the deformation of roadway sur-
rounding rock mainly presents in the deformation of roof
and floor. As time continues, the deformation gradually
increases, but the speed lowers down. In this process, the
maximum approach of roof and floor is 214mm and the
maximum approach speed is 41mm/d. The maximum
approach of the two sides is 148mm, and the maximum
approach speed is 31mm/d.

5.2.2. Roof Separation. The deep and shallow roof separation
in the roadway is recorded and analyzed below. The maxi-
mum roof separations are shown in Table 4.

In the roof of the 3206 return airway, the separation
amount of 3m shallow base point is about 2mm, and the
maximum separation amount is 9mm; the 6m deep base
point basically has no separation, which shows that the roof
of the 3206 return airway has good integrity under the con-
trol of anchor, with little separation and a small amount of
lower layer of roof, as shown in Table 4.

5.2.3. Roof Drilling. In order to observe the development of
cracks on the roof of the 3206 return airway after using
optimized support, drill holes on the roadway roof were set
for borehole peeping [29–31]. The equipment clearly
distinguishes 0.1mm cracks, and the diameter of peeping
probe is φ 24mm. The drill holes are 600m, 650m, and
700m, respectively, away from the excavation face of the
3206 return airway. The drilling depths are 7m, and the
drilling diameter is φ 28mm. The peeping process on site
is shown in Figure 20.

Through the analysis of the borehole peeping view, the
following results are obtained. The depth of the borehole at
650m is 6m, and the actual peeping depth is 5.8m. There
are obvious cracks at 4.1-4.6m, and there are fine cracks in
other sections. The roof rock is relatively complete, and the
rock mass has great bearing capacity, indicating good sup-
port effect of the roadway roof. The drilling depth at 700m
is 7m, and the actual peeping depth is 6.7m. The rock
integrity is poor in the range of 0.5-1.5m. There are many
fractures at different lengths. The rock integrity in other
sections is good, with certain bearing capacity. The drilling
depth at 750m is 8m, and the actual peeping depth is
7.6m. There are fully developed fractures at 5.7-6.1m. The
roof rock mass in this section is relatively complete, and
the roof rock mass has great bearing capacity, with good
support effect of the roadway roof.
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Figure 20: 3206 return airway drilling.
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In the process of roadway support in the 3206 return
airway, the roadway roof support presents good effect, and
the results of roof rock mass are relatively intact in the
anchor bolt anchorage section, anchor cable anchorage sec-
tion, and deeper range. In the shallow range near the roof,
the roof rock structure is relatively intact and has sufficient
bearing capacity, indicating that the roadway roof support
is effective, and the roadway is stable, as shown in Figure 21.

6. Conclusions

Based on the research background of the deep mining under
dynamic pressure in the 3204 working face and the 3206
return airway while reversing mining and excavation in
Taitou mine, this paper studies the support of the 3206
return airway. The research includes determining the
appropriate size of coal pillar, the variation of surrounding
rock stresses under dynamic pressure with different buried
depths, with the parameters in the optimization of the
3206 return airway support, and with the combination of
the theoretical analysis method, FLAC3D numerical simula-
tion analysis method, and field experimental observation
method. Through research and analysis, the following con-
clusions are obtained:

(1) The calculation formula of coal pillar width is
obtained by using elastic core theory. With the rele-
vant data, it is calculated that the coal pillar width is
18.7m. Combined with the actual situation of Taitou
mine, the coal pillar width in the direct section of the
3204 working face and the 3206 return airway
should comply with B ≥ 18:7m. On basis of FLAC3D

numerical simulation and coal pillar principle, the
coal pillar width is finally determined as 20m

(2) As the burial depth increases from 600m to 700m
and to 800m, the peak advance support pressure
increases from 29.72MPa to 32.27MPa and to
37.63MPa, and the stress increase coefficient
increases from 1.82 to 2 and to 2.3

(3) According to the calculation of surrounding rock
failure range, the calculation formula is established
based on the parameters of bolt and anchor cable
support. Aiming at the support strength and surface

strength in the process of roadway support, the
support parameters are optimized in three aspects:
roadway section, support situation, and wall sur-
face strength. By this, a new support scheme is
formulated

(4) The research results have been implemented in the
3206 return airway of Taitou coal mine. The effect
is remarkable and the deformation of roadway
surrounding rock is reduced. The effect of roadway
support reaches the standard for safety production,
and remarkable benefits have been obtained
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Gas extraction is an important way to control gas disasters. The effect of traditional gas extraction drilling on ultrathick coal seam
is not well. In order to improve the rate of gas extraction, directional long drilling is used to replace conventional drilling for coal
seam gas extraction. Through the combination of numerical simulation and field experimentation, the stress distribution around
borehole is analyzed, and the influence of different time, different gas pressure, different negative pressure of extraction, and
different permeability of coal body on directional borehole is simulated. According to the experimentation of Baode Mine, the
data of gas drainage volume of conventional directional drilling are recorded and analyzed. The results indicate that the
directional drilling is more suitable for Baode Mine 81306 working face of coal seam 8 gas extraction operation. Directional
drilling is better than conventional drilling in work, with good drainage stability and large gas drainage volume, which can
greatly reduce the outburst time and improve the gas drainage rate.

1. Introduction

According to data from the Ministry of Ecology and Envi-
ronment of China, from 2010 to 2020, the proportion of coal
consumption in China’s primary energy consumption struc-
ture decreased from 69.2% to 56.8%. Although the propor-
tion of coal consumption in China has decreased, coal still
occupies a dominant position in China’s primary energy
consumption [1–3]. Even under the goal of low-carbon
economy, China’s demand for coal resources is still very
large. Therefore, in a long period of time in the future, the
importance of coal resources to China’s economic develop-
ment is self-evident [4, 5]. However, the geological condi-
tions of coal seam occurrence in China are very
complicated, and the permeability of coal seam is low, which
leads to the emergence of many risk factors in the process of
coal mining, among which the gas disaster is the most seri-
ous. The total number of coal and gas outburst events in
China accounts for more than one-third of the total number
of coal and gas outburst events in the world. Therefore, the
elimination of a series of gas accidents such as coal mine

gas explosion and gas outburst is an important issue in coal
mine safety production at present [6–13]. Currently, gas
extraction in coal mine is the main method to solve gas out-
burst, gas explosion, and other gas disasters. It has important
significance for the development of coal industry to study
coal mine gas drainage, improve existing gas drainage
through borehole design, optimize borehole parameters,
improve coal mine gas drainage rate, and reduce gas acci-
dents [14–17].

At present, many studies have been carried out by
researchers on gas extraction. Shi studied and analyzed the
existing problems of gas treatment in recent years and solved
the gas treatment problem of thick coal seam tunneling face
by introducing the directional long drilling extraction pro-
cess along the layer to preextract thick coal seam [18, 19];
Wang and Ma used directional long drilling holes in the roof
to control the gas instead of high drainage roadway and pro-
posed the coal gas drainage technology of “hole instead of
roadway,” which reduced the workload and the cost of gas
drainage [20]; Zhang designed a directional long borehole
predrainage roadway strip, which greatly reduced the time
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of gas extinction, and achieved good drainage effect [21, 22];
Wang conducted numerical simulation on directional long
borehole of gas extraction in medium and hard coal seam,
analyzed the influence degree of drilling length and spacing
on gas extraction by drilling hole, and provided reference
for the analysis of other influencing factors of gas extraction
drilling [23–25]; Chen and Luo used long boreholes in bed-
ding to prepump working face and transport pipeline, which
saved the time of eliminating outburst and completed the
technological innovation experiment project of “one bore-
hole and two eliminating” in long drilling holes in bedding
[26]; Zhang et al. studied the directional long drilling equip-
ment at domestic and abroad, found out the problems exist-
ing in the application of RIGS drilling abroad under the
geological conditions of coal seams in China, and put for-
ward the corresponding opinions on optimization of com-
patibility [27].

However, most researches are aimed at the optimization
of drilling design, and the research on the influencing factors
of directional drilling is not sufficient. In view of this, this
paper uses the method of combining numerical simulation
and field measurement to analyze the influence of different
factors on directional drilling and optimize the extraction
process. Through the analysis of directional drilling and
conventional drilling gas drainage CaiLiang, the advantages
and disadvantages of the two kinds of drilling are analyzed,
and the accuracy of the simulation is further verified. It is
of great significance to further analyze the influence factors
of directional drilling technology and also provides the basis
for the design and optimization of directional drilling in
Baode Mine.

2. Project Profile

The location of this test is the main air withdrawal channel
of Baode Mine working face 81306, return air passage
81306, and glue transport passage 81306 of No. 8 coal seam
of Baode Coal Mine. No. 8 coal seam is located above S3
sandstone at the bottom of Shanxi Formation (P1S). The
coal seam is a gas coal with medium ash, high volatile con-
tent, low sulfur content, medium and high calorific value,
good thermal stability, rich oil, and high ash content. Coal
thickness is 2.15~10.50m, with an average of 7.36m; the
thickness of pure coal is 3.19~8.84m with an average of
6.01m and with medium to extrathick coal seam, mainly
thick coal seam. The structure of the coal seam is complex,
including 0~8 layers of gangue, usually 3~4 layers, and the
total thickness of gangue is 0.3~2.6m, with an average thick-
ness of 1.06m. The roof is sandy mudstone or mudstone,
part of which is coarse-grained sandstone; the bottom plate
is mainly mudstone and secondary siltstone. There are 58
coal spots in the whole area, and all the coal thickness is
recoverable. The mining index of coal seam is 1, and the
coefficient of variation is 33%, which is a stable and recover-
able coal seam in the whole area. The thickness of the coal
seam is generally thick in the west and thin in the east, thick
in the middle, and thin on both sides. The old coal seam is
mostly coarse, medium, and fine grained sandstone with a
thickness of 5~20m and an average of 12.67m. Most of

the immediate roof is developed, the lithology is sandy mud-
stone, siltstone, mudstone, and thin sandstone, and the
thickness is 0~16.13m. It is mudstone and carbonaceous
mudstone with thickness less than 0.5m.

3. Stress Distribution and Gas Occurrence
around Borehole

3.1. Borehole Stress Distribution. In the drilling process, the
stress distance around the drilling hole is different from
the drilling position, and there are broken zones and plastic
zones. The borehole may collapse after stress change. In
order to prevent the drilling collapse and deformation, it is
necessary to explore the stress distribution around the dril-
ling hole. As the drilling goes deeper, the buried depth of
coal seam changes, the pressure changes, and the coal body
change from elastic deformation to plastic deformation.
When the drilling is finished, the stress distribution will keep
balance again. If the initial gas pressure is greater than the
surrounding rock mass, the coal body is in an elastic state;
otherwise, the coal body becomes an elastic-plastic state
[28, 29]. Assuming that the surrounding rock of the bore-
hole is a continuous, homogeneous, and isotropic
completely linear elastic body, any section of the borehole
is taken for study:

3.1.1. Balance Equation.

∂σρ
∂ρ

+ 1
ρ

∂τρθ
∂θ

+
σρ − σθ

ρ
+ f ρ = 0,

∂τρθ
∂ρ

+ 1
ρ

∂σθ
∂θ

+
2τρθ
ρ

+ f ρ = 0,
ð1Þ

where σρ is the radial normal stress; σθ is the annular nor-
mal stress; τρθ is the shear stress; ρ is the radial coordinates;
θ is the toroidal coordinates; f ρ is the radial force compo-
nent; and f θ is the circumferential force component.

3.1.2. Geometric Equations.

ερ =
∂uρ
∂ρ

,

εθ =
uρ
ρ

+ 1
ρ

∂uθ
∂θ

,

γρθ =
1
ρ

∂uρ
∂θ

+ ∂uθ
∂ρ

−
uθ
ρ
,

ð2Þ

where ερ is the radial linear strain; εθ is the circumferential
linear strain; γρθ is the tangential strain; uρ is the radial dis-
placement; and uθ is the circumferential displacement.
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3.1.3. Constitutive Equation.

ερ =
1 − μ2

E
σρ −

μ

1 − μ
σθ

� �
,

εθ =
1 − μ2

E
σθ −

μ

1 − μ
σρ

� �
,

γρθ =
2 1 + μð Þ

E
τρθ,

ð3Þ

where E is the modulus of elasticity.
According to Saint Venant’s Principle, a square bound-

ary can be simplified to a circular boundary, which is
regarded as a cylinder under pressure both inside and out-
side. In Figure 1(a), stress state of drilling hole is

σρ = −
R2/ρ2 − 1
R2/r2 − 1

P −
1 − r2/ρ2
1 − r2/R2 · λ + 1

2 σz ,

σθ =
R2/ρ2 + 1
R2/r2 − 1 P −

1 + r2/ρ2
1 − r2/R2 · λ + 1

2 σz ,

τρθ = 0,

ð4Þ

where R is the radius of the cylinder.
Also according to Saint Venant’s Principle, square

boundary is simplified to circular boundary, and the stress
state of Figure 1(b) is obtained by semi-inverse solution:

σρ = −
λ − 1
2 σz 1 + 3r4

ρ4
−
4r2
ρ2

� �
cos 2θ,
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λ − 1
2 σz 1 + 3r4

ρ4

� �
cos 2θ,
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λ − 1
2 σz 1 + 2r2
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−
3r4
ρ4

� �
sin 2θ:

ð5Þ

The total stress state of drilling hole is
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The stress state at the hole wall ðρ = RÞ is

σr = −P,

σθ =
R2/r2 + 1
R2/r2 − 1

P −
λ + 1

1 − r2/R2� � · σz + 2 λ − 1ð Þσz cos 2θ,

τrθ = 0:
ð7Þ

3.2. Gas Occurrence State. In addition, the occurrence state
of coal seam gas mainly includes adsorption and dissocia-
tion, which exist in a dynamic adsorption-desorption equi-
librium state. The adsorbed gas generally accounts for
80%–90% of the total coal seam gas. Because the effective
area of directional drilling on coal seam is large, the original
stress distribution of coal body can be changed in a large
range, and the dynamic equilibrium of adsorption and
desorption can be broken, so that the gas is transformed
from adsorption state to free state. After the coal body is
drilled under the combined action of stress, gas pressure,
and negative pressure, the free gas continues to flow into
the borehole under the action of pressure gradient. The coal
gas is effectively extracted and extracted, and the coal body
shrinks and deforms. The permeability of the coal body
increases, and the stress and gas pressure decrease. The
influence radius of the gas extraction in the directional long
borehole expands, and the gas extraction effect is signifi-
cantly improved, so as to realize the large-scale effective
extraction of coal seam gas [30].

4. Numerical Simulation

In order to further study the influencing factors of direc-
tional drilling in the working face 81306 of Baode Mine,
combined with the geological conditions of the working face,

r

θ

P

(a)

r

θ

(b)

Figure 1: Stress analysis around borehole.
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a numerical model was established by COMSOL software to
analyze the influence of different factors on directional dril-
ling. The geometric model of gas extraction by directional
drilling is shown in Figure 2(a), and the simulation grid is
shown in Figure 2(b). The length and width of the model
are 400m × 200m. The gas pressure of coal body is
2.5Mpa, the negative pressure of extraction is 33KPa, and
the permeability is 3.85mD. The simulation object is two
groups of directional drilling holes, each group of drilling
end consists of 8 branch holes, and the length of sealing hole
section is 8m. This model is used to study the effects of
extraction time, gas pressure, negative pressure of extraction,
and permeability of coal body on the extraction effect.

4.1. Different Extraction Time. Figure 3 shows the change of
gas pressure in borehole after 10 d, 100 d, 200 d, 400 d, 600 d,
and 800 d of drainage. It can be seen from the figure that in
the initial stage of drainage, the influence radius of borehole
is small, and the gas pressure around borehole basically
maintains at about 2.5Mpa. With the continuous pumping,
the influence radius increases and the pressure value
decreases. At the same time, the decrease of gas pressure in
the early stage is larger than that in the later stage. After
about 800 days of continuous pumping, the intermediate
area between the two boreholes was effectively pumped.
However, as shown in Figure 4, there are weak areas of
extraction at the corner of the borehole and between the
two boreholes with large spacing. These areas should be
eliminated by increasing the extraction time or improving

the borehole design to achieve effective extraction of all coal
bodies.

4.2. Different Gas Pressure. The coal extraction process
under three gas pressures (1.5MPa, 2.5MPa, and 3.5MPa)
was simulated and analyzed. Figure 5 shows the gas pressure
changes on the pressure monitoring line under three differ-
ent original pressures. It can be seen that on the one hand,
the gas pressure around the borehole continues to decline
with the progress of extraction. On the other hand, when
the coal gas pressure is 1.5Mpa, after a period of extraction,
the area with pressure less than 0.74Mpa around the bore-
hole is the largest, followed by 2.5Mpa coal body and
3.5Mpa coal body. When the gas pressure of coal extraction
is 1.5Mpa after 400 days, most pressure values around the
borehole are less than 0.74MPa and after 800 days are less
than 0.74MPa. When the coal gas pressure is 2.5Mpa, most
of the pressure around the borehole is less than 0.74Mpa
after 800 days of extraction except for the most middle posi-
tion of the monitoring line. When the gas pressure of coal
body is 3.5Mpa, after 800 days of extraction, the area with
gas pressure less than 0.74Mpa around the borehole is less
than 2.5Mpa. The above analysis shows that the higher the
gas pressure of coal body, the longer the time required for
extraction to reach the standard. When the gas pressure is
high, it is suggested to take permeability enhancement mea-
sures to improve the permeability of coal body and shorten
the extraction time.

No flow

No flow

No
flow

Pressure
boundary

200 mDirectional drilling

400 m

(a) Geometrical and dimensional drawings

Coal

Directional drilling

p = 2.5 × 106 pa
pn = 3.3 × 104 pa
k = 3.85 × 10−15 m2

μ = 1.8 × 10−5 pa·s
φ = 0.01

(b) Grid drawing

Figure 2: Geometric diagram and grid diagram of gas extraction model in directional borehole.
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Figure 3: Borehole gas pressure variation under different extraction time.
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Figure 4: Weak zone of directional drilling extraction.

5Geofluids



4.3. Different Suction Negative Pressure. At present, the neg-
ative pressure of drainage used in directional drilling in
Baode Mine is about 33KPa, and 13KPa, 23KPa, and
43KPa are selected for comparative analysis. Figure 6 shows
the gas pressure changes under different negative pressure
conditions after 400 days of drainage. It can be seen that
the increase of the negative pressure of drainage will make
the gas pressure around the borehole decrease greatly. How-
ever, the above effects are limited, mainly because of the low
permeability of coal seam itself. According to Darcy’s Law,
although the greater the negative pressure of extraction, the
greater the differential pressure power of gas flow, the low per-
meability limits the positive effect of the increase of differential
pressure on gas flow. At the same time, if the negative pressure
value is too large, it will aggravate the degree of air leakage in
the borehole sealing section and reduce the concentration and
efficiency of gas extraction. So there is no need to increase the
suction negative pressure excessively.

4.4. Different Coal Permeability. The gas extraction process
of directional drilling was analyzed under three different coal
permeability (0.385mD, 3.85mD, and 38.5mD). Figure 7

shows the gas pressure changes after 100, 200, 400 and 800
days of extraction. It can be seen that the reduction range
and degree of gas pressure around the borehole are posi-
tively correlated with the permeability value. When the per-
meability is 0.385mD, the influence range of drainage is the
smallest. Until 800 days after drainage, the drainage stan-
dard is still not achieved. However, when the permeability
is 38.5mD, the gas around the borehole decreased greatly,
and the gas pressure decreases rapidly during the whole
extraction process. After 800 days, the extraction standard
is basically achieved, and the area of weak extraction area
also drops to the lowest value. Therefore, for the coal body
with high permeability, the design time of extraction can
be appropriately shortened. For the coal body with low per-
meability, pressure relief and permeability enhancement
measures such as hydraulic slit and loose blasting are needed
to improve the pumping effect.

5. Field Test

81306 working face extraction boreholes include conven-
tional boreholes and directional boreholes. This experiment
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Figure 5: Comparison of extraction effects under different original gas pressures.
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mainly focuses on the comparative analysis of the drainage
effect of two different hole distribution methods at the work-
ing face 81306 of Baode Mine. Figures 8 and 9, respectively,
show the gas drainage diagram of directional borehole in the
main drainage channel and the gas drainage diagram of con-
ventional borehole in return air passage and glue transport
passage. In the main air withdrawal channel, a 1000-meter
directional borehole is adopted to extract gas. 81306 return
air passage and 81306 glue transport passage are extracted
by conventional boreholes. The extraction data of the two
boreholes are collected and compared to analyze the advan-
tages and disadvantages of the two boreholes.

A total of 30 months of gas extraction data from April
2011 to October 2013 were collected for analysis. The com-
parative analysis of the average extraction concentration
and the pure extraction amount of the two boreholes is
obtained:

5.1. Comparative Analysis of Average Extraction
Concentration of Two Boreholes. The gas concentration
extracted by directional drilling and conventional drilling
in working face 81306 was compared and analyzed by draw-
ing a contrast diagram as follows (Figure 10):

Directional drilling can be seen from the above; the aver-
age concentration of extraction in the extraction of gas in
this period of time of attenuation is lesser, which can keep
better extraction concentration. Even in the late state of
extraction, extraction concentration remains at about 50%,
while the return air and glue transported by conventional
drilling along the through have different degrees of attenua-
tion in the late stage of extraction. The extraction concentra-
tion of borehole in the No. 1 return air passage decreases
rapidly, and the average extraction concentration in the later
period decreases to about 10%. The extraction concentration
of borehole in the glue transport passage also decreases sig-

nificantly. It is found that the directional borehole has a bet-
ter stability of extraction concentration and can still
maintain a better extraction concentration in the later period
of gas extraction. Therefore, under the condition of permit-
ting, directional drilling is designed and constructed as
much as possible for gas extraction.

5.2. Comparison and Analysis of 100m Hole Extraction Pure
Cumulative Quantity. The extraction effects of the two bore-
holes were compared through the comparative analysis of
the 100-meter cumulative extraction pure amount of direc-
tional drilling and conventional drilling. The cumulative
extraction purity of 100-meter boreholes in two boreholes
is shown in the following (Figure 11):

From the above, we can see clearly that with the increas-
ing number of extraction from drilling time, hundreds of
meters drilling accumulative extraction from scalar are also
increasing. However, compared with directional drilling
and conventional drilling hundreds of meters total extrac-
tion from scalar, directional drilling still had better extrac-
tion effect. Compared with the conventional drilling,
directional drilling has a more stable extraction concentra-
tion, Therefore, more pure gas can be extracted.

By preserved Baode Mine 81306 working face of the
Lord from directional drilling and return air channel and
glue along the trough of normal drilling analysis and com-
parison, normal drilling extraction concentration is gener-
ally lower than the directional drilling; only just started
extraction, the draining directional borehole extraction and
extraction of normal drilling concentration are higher than
that of directional drilling, and conventional drilling attenu-
ated rapidly. With the progress of drainage, the extraction
concentration of conventional boreholes has been decreased.
Just from the point of extraction concentration, if conditions
are available, directional drilling can be used for gas
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Figure 6: Gas pressure changes under different negative pressures (after 400 d).
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Figure 7: Gas extraction process diagram under different permeability.
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preextraction as far as possible, so as to ensure good extrac-
tion effect. The reason why the cumulative pumping amount
of directional drilling is larger than that of conventional dril-
ling is that directional drilling has a deeper hole sealing
depth and better hole sealing effect, which can maintain a
good pumping concentration for a long time. At the same
time, directional drilling can constantly adjust drilling angle
according to the occurrence of coal seam, directional drilling
can keep a high proportion of coal detection rate, and
branch drilling can also continue to penetrate into the depth
of coal seam gas extraction.

Directional drilling is generally superior to the extraction
effect of normal drilling, but normal drilling also has its own
advantages. Normal drilling rig is small, convenient to move,
and easy to operate., The construction time of a drilling is
shorter, and the problems of construction are easier to deal
with. Some problems are relatively short in hole sealing dis-
tance of directional drilling, and the requirements for nega-
tive pressure of extraction are smaller. And directional
drilling has some defects in these aspects, such as directional
drilling, construction requires a relatively large space, dril-

ling operation is more complex than conventional drilling,
sealing hole length is generally longer than conventional
drilling, and pumping negative pressure is about twice the
conventional drilling. Therefore, the best drilling method
should be selected according to the actual situation.

6. Conclusion

(1) Through the collection and comparison of field
experimental data of 81306 working face, it is found
that although directional drilling is more difficult to
operate than conventional drilling and requires
greater space and cost, directional drilling has better
gas extraction stability than conventional drilling.
The gas extraction concentration of the conventional
boreholes in the return air passage and glue trans-
port passage of the working face 81306 began to
decline after 150 days of extraction and sharply
decreased to less than 25% after 200 days, while the
gas extraction concentration of the directional bore-
holes continued to increase. At 200 days, the gas

Directional drilling
20 L

Figure 8: Gas drainage from directional boreholes in the main drainage channel.

Conventional drilling
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Figure 9: Conventional gas drainage from boreholes in the return air passage and glue transport passage.
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extraction concentration of directional drilling is
about 44%, and at 350 days, the gas extraction con-
centration of directional drilling is about 61%. The
gas extraction concentration was originally higher
than that of conventional drilling in the same period.
After 800 days of gas extraction, the gas extraction
concentration of conventional drilling has decreased
to about 14%, while the gas extraction concentration
of directional drilling can still be maintained at about
50%. Compared with conventional drilling, direc-
tional drilling has longer service life, less attenuation
of gas extraction concentration, higher stability, and
better sealing effect. Even in the late stage of extrac-
tion, it can still maintain a good extraction concen-
tration, greatly improve the extraction efficiency,
and shorten the outburst elimination time. Com-
pared with directional drilling, it has a more promi-
nent advantage than conventional drilling

(2) The gas extraction effect under different extraction
time, different gas pressure, different negative extrac-
tion pressure, and different coal permeability was
analyzed. It was found that with the increase of
extraction time, the influence range of directional
drilling gradually increased and the pressure gradu-
ally decreased. After 800 days, the middle area of
the two boreholes was basically effectively drained.
However, there are weak areas in the corner of the
borehole and between the two boreholes with large
spacing. It is necessary to increase the extraction
time or improve the borehole design to eliminate
these areas so as to achieve effective extraction of
all coal. In addition, the simulation analysis of coal
extraction process under three kinds of gas pressure
(1.5MPa, 2.5MPa, and 3.5MPa) shows that when
the gas pressure is 1.5MPa, after a period of extrac-
tion, the area with pressure less than 0.74MPa
around the borehole is the largest, followed by
2.5MPa coal and 3.5MPa coal. Therefore, the higher
the coal gas pressure, the longer the time required to
reach the standard of extraction

(3) The negative pressure of extraction was analyzed by
numerical simulation. The negative pressure of
extraction used in directional drilling of Baode Mine
is about 33KPa, and 13KPa, 23KPa, and 43KPa
were selected for comparative analysis. The results
show that the increase of negative drainage pressure
will make the decrease range of gas pressure around
borehole become larger, but because of the low
permeability of coal seam itself, the above effect is
limited, so there is no need to pursue excessively
large negative drainage pressure. Meanwhile, the
gas extraction process of directional drilling was
simulated with three different coal permeability
(0.385mD, 3.85mD, and 38.5mD). When the per-
meability was 0.385mD, the influence range of gas
extraction was the smallest. Until 800 days after
extraction, the gas extraction still failed to reach the

standard. However, when the permeability is
38.5mD, the gas around the borehole decreases
greatly, and the influence range of extraction
increases rapidly. Therefore, for the coal body with
high permeability, the extraction time can be appro-
priately shortened
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In order to study the seepage failure mechanism of roadway filling medium consisting of cohesive soil under complex
hydrogeological conditions, a large-scale triaxial stress-seepage test system was utilized to investigate the influence of kaolin
content and seepage loading rate on the seepage characteristics of filling medium. Through the analysis on the variation rules
of sand loss and particle size distribution, the seepage characteristics and whole process of seepage instability of filling medium
were explored in depth. It is concluded that (1) The seepage instability process of filling medium can be categorized into three
stages: the initiation loss of fine clay, the accelerating loss of soil, and the stable status of soil loss. (2) The seepage failure
process rate is proportional to the seepage loading rate and inversely proportional to the content of kaolin. (3) The kaolin and
sand content of remaining mixture presented initial>bottom>middle>top status. The research results have guidance value for
exploring the instability evolution mechanism of filling medium in deep roadway.

1. Introduction

Since the 21st century, especially with the implementation
of the China Western Development and The Belt and
Road Initiative, the focus of coal mining engineering or
tunnel construction in China is gradually shifting to the
western mountainous and karst areas with extremely com-
plex terrain and geological conditions. Moreover, mine
roof water inrush has been identified as one of the most
serious dangers to mining safety and production in China
[1–3]. Owing to various hydraulic and geological condi-
tions and complex tectonic structures in deep coal mine
roadway, causes and evolutionary mechanisms of mine
water inrush vary significantly. [4, 5] The occurrence of
mine water-mud inrush disasters in deep roadway has
crypticity and burstiness, water-bearing structure(such as

water-mud filling karst conduit) has the characteristics of
large amount of water and sufficient water supply [6–9].
Mine water inrush disasters induced by water-bearing struc-
tures may cause casualties, economic losses, and project
delay. If it is not effectively controlled, it is easy to induce
environmental geological disasters such as water resources
depletion and ground collapse, which seriously threatens
social stability and economic development [10, 11].

At present, the key problem why mine water inrush
disasters are difficult to forecast and control is that the geo-
logical conditions and catastrophic evolution process are
extremely complex, which may cause that the catastrophic
evolution mechanism of water inrush has not been systema-
tically revealed. Through the case analysis of mine water
inrush disasters in recent years, it is shown that the seepage
instability of filling medium in fault, karst pipeline is one of
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the main causes of water-mud inrush disasters in coal mine
[12–14] and most of them occur in the high permeability
sandy-clay filling medium. Under the action of strong seep-
age, the continuous erosion of the filling medium makes the
seepage channel appear, gradually extends then through, and
the stability of the filling medium is constantly reduced,
finally resulting in the occurrence of mine water inrush
disasters [15, 16].

Previous studies on mine water inrush of deep roadway
have focused on the water inrush mechanism and a large
amount of research has been conducted through theoretical
analysis, numerical simulation, and laboratory tests [17–20].
In terms of numerical simulation, Islam and Donnelly [21,
22] established a seepage-damage coupling model to reveal
that mine water inrushes are related to the action of strong
seepage and stress. Yang et al. [23] developed a flow erosion
model for mine water inrush to reveal variation characteris-
tics of the pressure field, velocity field, and porosity. In the-
oretical analysis, Yao et al. [24] established a deformation-
seepage-erosion coupling model to explore the evolutionary
rules of permeability characteristics of karst collapse col-
umns in deep roadway. Li et al. [25] put forward stress-
seepage-damage coupling equation before and after damage
of filling medium to reveal the catastrophe evolution mech-
anism of mine water inrush in filling fault. However, the
aforementioned research results could hardly simulate the
actual water inrush process and elucidate the physical
phenomenon.

In recent years, laboratory tests play a vital role in coal
mining. Scholars around the world have gained plentiful
and substantial achievements in the study of seepage charac-
teristics of cohesionless soils by means of seepage instability
tests. For example, Skempton and Brogan [26] carried out
the experiments to reveal the critical hydraulic gradient of
fine particle migration and instability in cohesionless soils
under different particle size distributions. Su et al. [27],
Tomlinson and Vaid [28], and Fannin and Moffat [29] have
successively adopted large-scale permeameters to carry out
the internal seepage test and studied the influences of parti-
cle size distribution, permeability, and confining pressure on
the seepage instability process of cohesionless soil. However,
the research results mentioned above were only limited to
study on seepage characteristics of cohesionless soil and
there are few large-scale experimental studies on seepage
instability of cohesive soil. In order to explore evolutionary
rules of internal erosion instability of cohesive soil, Bendah-
mane carried out seepage tests to analyze the influence of
hydraulic gradient and clay content on the cohesive soil ero-
sion mechanism [30–32]. Liang and Fan [33] investigated
and analyzed the important reasons for the influence of pore
size on clay seepage characteristics of tiny-particle clay.
Richards and Reddy [34] conducted clay seepage erosion
tests in a new true-triaxial pipeline test apparatus to explore
three kinds of pipeline seepage failure modes under different
fine particle contents and types. Mao and Akihiro [35] car-
ried out the permeability test of cohesive soil, using a triaxial
permeability tester to explore the influence of initial fine
particle content on the seepage instability process. Meng
et al. [36] employed the three-dimensional model test system

of mine water inrush to analyze the structural instability
characteristics and seepage laws of karst conduit fillings with
different permeability coefficients. However, the aforemen-
tioned research results mainly focus on the study of the seep-
age characteristics of cohesiveless soil. Moreover, in terms of
the seepage characteristics and evolution rules of cohesive
soil, no in-depth studies have been conducted.

In this study, from the perspective of mine water inrush
disaster characteristics of filling structures in deep roadway,
a large-scale triaxial stress-seepage test system was utilized to
carry out seepage instability test on filling medium. The
effects of kaolin content and loading rate on seepage charac-
teristics and the evolution rules of grain size distribution
before and after seepage are investigated, so as to reveal the
variation rules of permeability characteristics and seepage
instability mechanism in filling medium.

2. Preparation of Similar Materials for Seepage
Failure Test

2.1. Similar Materials of Surrounding Rock

2.1.1. Primary Components of Similar Materials of
Surrounding Rock. In order to simulate factual evolution
process of water-mud inrush induced by seepage instability
of filling medium under the in situ stress state in deep road-
way, similar materials consist of fine sand, calcium carbonate,
iron powder, white cement, chlorinated paraffin, and silicone
oil, which satisfy strength, deformation, and permeability of
native rock. Then, a large amount of similar material ratio
tests were conducted to select the ideal mix proportion of
similar materials. Finally, the composition ratio of various
ingredients is determined and the basic parameters of sur-
rounding rock similar materials are obtained. The specific
basic parameters are shown in Table 1.

In Table 1, S: Ca: Fe: Ce: Cp: So denote, respectively,
sand: calcium carbonate: iron powder: white cement: chlori-
nated paraffin: silicon oil. ρ represents the density, σc repre-
sents the compressive strength, E represents the modulus of
elasticity, k represents the permeability coefficient, and K
represents the softening coefficient.

2.1.2. Preparation of Surrounding Rock Specimen. In this
paper, the mold for the preparation of surrounding rock
specimen is designed into a detachable iron mold. Rectangu-
lar blocks can meet the requirements of the precast rectan-
gular structure in the specimen, providing convenience for
sample processing. The outer diameter and height of the
large-diameter specimen prepared by the mold can reach
300mm and 300mm, respectively. The rectangular piping-
type disaster-causing structure is simplified and prepared
by rectangular precast components to penetrate. The length
and width of the rectangular section are both 80mm.

The production of surrounding rock specimen is an
important link of the test, which has significant influence
on the test results. Therefore, in terms of physical, mechani-
cal, and hydraulic properties, it is required that the specimen
has stable properties, certain strength, low permeability,
and is convenient for large-scale preparation at room
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temperature. The basic components of surrounding rock
similar materials are shown in Figure 1.

The preparation process is divided into five steps.

Step 1. The aggregate and cementing agent were prepared
according to the ideal mix proportion of similar materials
in Table 1.

Step 2. Four fine-grained materials including sand, calcium
carbonate, iron powder, and cement were mixed evenly,
and then, the appropriate amount of water was added into
mixture by a mixer. Subsequently, the silicone oil and chlo-
rinated paraffin were stirred in the mixture for 8-10 minutes.

Step 3. The stirred similar materials were added to the mold
above and the single-layer cylindrical compaction was used
to achieve a surrounding rock specimen.

Step 4. The specimen needed to be maintained at room tem-
perature for 7 days, till then, the preparation of a large-
diameter surrounding rock specimen containing disaster-
causing structure was completed.

2.2. Similar Materials of Filling Medium

2.2.1. Primary Components of Filling Medium Similar
Materials. With the water-bearing structures and unfavour-
able geological bodies exposed, the water-blocking structure
consisting of cohesive soil, fine sand, and gravel is consid-
ered as the filling medium [25, 37]. Filling medium structure
of deep roadways is the last barrier water-mud inrush disas-
ter, the composition characteristics and mechanical proper-
ties are the key factors to affect its stability. However, the
gushed filling medium is significantly different from initial
fillings in physical and mechanical properties. Moreover,
there are difficulties in sampling and maintaining for gushed
filling medium, which is hard to apply to a large number of
laboratory tests.

The penetration of filling medium induced by the contin-
uous loss of clay and sand under seepage leads to the instabil-
ity of filling medium structure and water-mud inrush disaster.
Through the analysis of the samples of mud and sand gushed
from the water-mud inrush cases, the gushed filling medium
are mainly composed of gravel, fine sand, and clay. Therefore,
the fine sand and clay with different grain compositions, used
as filling particles of different grain sizes, are mixed uniformly
to serve as filling material in the disaster-causing structure.
Furthermore, the particles of which grain size is finer than
0.075mm were replaced by kaolin.

2.2.2. Essential Properties of Filling Medium Similar
Materials. The permeability and mechanical properties of

filling medium play a key role and have a significant effect
on the formation of internal seepage channel and instability
evolution process. Therefore, in order to simulate the filling
medium with different mechanical and permeability charac-
teristics, three different mix proportions of filling medium
similar materials were used to carry out seepage tests by
adjusting the content of kaolin and sand. As is shown in
Figure 2, the filling medium similar materials were prepared
in this paper according to material composition and grain
size distribution. The specific grain size distribution is
shown in Table 2.

3. Test on Seepage Failures of Filling Medium

3.1. A Large-Scale Test System for Coupled Seepage and
Triaxial Stress. As is shown in Figure 3, a self-developed
large-scale triaxial stress-seepage test system was adopted to
conduct permeability characteristics test on filling medium
in rectangular disaster-causing structure. This test system
consists of a visualization triaxial press chamber, particle loss
collecting system, and a real-time data acquisition and mon-
itoring system. Then, a visualization triaxial press chamber,
which can truly simulate triaxial compression and hydraulic
state of filling medium, includes confining pressure, axial
pressure, and seepage pressure loading system. The pressure
chamber, equipped with a real-time camera, adopts transpar-
ent acrylic material to realize high visual degree, which can
meet the requirement of real-time monitoring of sample
changes during test.

3.2. Test Scheme and Procedures

3.2.1. Design of Test Scheme. In order to explore the evolu-
tion rules of internal strength, permeability, and mechanical
properties of fillings in the process of seepage instability, the
tests focus on the influence of two parameters (kaolin con-
tent in the filling medium and seepage pressure loading rate)
on the seepage instability of filling medium. As shown in
Table 3, the tests are divided into six working conditions.

According to Table 2, the sand and kaolin are mixed
together to prepare the corresponding gradation filling
medium. As Tests 1, 3, and 5, the seepage pressure loading
rate is fixed and the content of kaolin is adjusted. In rectan-
gular cross-section karst pipeline of internal size 80mm ×
80mm × 300mm, the influence of kaolin content on the per-
meability of filling medium is analyzed under the condition
of 100 kPa axial compression and 200 kPa confining pressure.

Meanwhile, the seepage rate has a great influence on the
seepage failure of the filling medium, so it is vital to investi-
gate the influence of seepage pressure loading rate on the
seepage process in the experimental process. As Tests 1
and 2, filling medium with the same particle size distribution

Table 1: Mix proportion of surrounding rock similar materials and its basic parameters.

S:Ca:Fe:Ce:Cp:So ρ/(g·cm-3) σc/(MPa) E/(GPa) k/(cm·s-1) K

1 : 0.08: 0.07: 0.25:
0.1 : 0.02

2.48 0.92 0.10 3.55× 10-6 0.69
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White cement Chlorinated Paraffin Silicon oil

Sand Calcium carbonate Iron powder

Figure 1: Basic components of similar material of surrounding rock.
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Figure 2: Grading curves of filling medium with different kaolin contents.

Table 2: Basic components of clay-sand-type filling medium.

Grain size composition
Kaolin Sand

<0.08mm 0.08-0.1mm 0.1-0.2mm 0.2-0.4mm 0.4-0.5mm 0.5-1mm 1-2mm

30.0% 3.5% 10.5% 10.5% 3.5% 14.0% 28.0%

20.0% 4.0% 12.0% 12.0% 4.0% 16.0% 32.0%

10.0% 4.5% 13.5% 13.5% 4.5% 18.0% 36.0%
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was prepared, by changing seepage pressure loading rates,
the permeation characteristics of filling medium were going
to be analyzed under the condition of 100 kPa axial com-
pression and 200 kPa confining pressure. The loading
schemes of permeability tests are shown in Table 4.

Having the seepage test completed, the remaining filling
medium in the rectangular mold is analyzed. The top, mid-
dle, and bottom parts of the fillings are sampled, respec-
tively, to analyze the changes of particle size distribution
before and after the seepage failure of the filling medium.

3.2.2. Model Test Procedures. The permeability test process is
summarized below.

Step 1. Preparation of test system. Firstly, the preparation of
the triaxial stress-seepage test system is installed; then, a
2mm filter is laid on a funnel-shaped particle loss collecting
device. The sealing ring is placed around the large diameter
of the rectangular base and the funnel to isolate the water
and air in the confining pressure system and the specimens

prepared by similar materials of surrounding rock are placed
on the top.

Step 2. Construction of the filling material. The filling mate-
rial is prepared on the basis of grain size composition in
Table 2, and then, the filling material with uniform mixing
is packed into the precasted structure in the light of 20-
30mm per layer. Each layer of filling medium is separately
paved and compacted. When the filling medium height
reaches 150mm, Φ0.6mm glass beads are laid at the top of
the filling medium to form a uniform flow of injected water.

Step 3. Seal the test system. Subsequently, installing cover
and round seal ring under it is to seal visual pressure cham-
ber. In order to seal the whole device, the upper and lower
cover plates are pressed by setting up four pull rod bolts.
The automation control system is operated to load axial
compression to design value, which completes the sealing
of upper and lower cover plate and specimen.

Step 4. Saturate the specimen and sample. In order to make
the specimen saturated, the water pressure loading system is
adjusted to 10 kPa for some time to discharge air in the sam-
ple. When the sample is saturated, computer system is oper-
ated for loading confining pressure to the design value at a
certain rate. The schematic diagram of a test system is shown
in Figure 4.

Step 5. Loading of seepage pressure. So far, the preparation
work in the early stage of the test is completed. Then, the
permeability test of fillings for rectangular disaster-causing
structure is conducted. The computer system is operated to
start seepage pressure loading on the basis of loading scheme
in Table 4. To ensure the seepage instability failure of the fill-
ing medium, the final pressure is set to 2MPa.

Step 6. Collection and sampling of mixture. Water bottles are
used to collect the sandy-clay mixture at the bottom of the
device and replaced every minute to ensure that the mixture
is collected at the same time interval. After completing the
seepage test, the top, middle, and bottom parts of the filling
medium are sampled, respectively.

4. Result Analysis of the Test

When the rectangle structure is filled with 10%, 20%, and
30% kaolin, the collected mixture condition is shown in
Figure 5.

4.1. Effect of Kaolin Content on Permeability Characteristics

4.1.1. Sand and Clay Loss Analysis. In the process of perme-
ability instability test on filling medium, water flowing from
the bottom of the sample is collected every 60s, and the
sandy-clay mixtures of the six groups of tests are loaded into
transparent plastic bottles at the same time interval. Further-
more, in order to carry out wet and dry separation, the sand
and clay effluent in each bottle is poured into disposable
paper cup and then put into an oven adjusted to 50°C for

Confining pressure
loading system

Seepage pressure
loading system

Particle loss
collecting system

Axial compression
loading system Automation

control system

Sample

Figure 3: A large-scale triaxial stress-seepage test system.

Table 3: Test conditions.

Test number
Kaolin content Loading rate

% MPa/min

1 30 0.01

2 30 0.08

3 20 0.01

4 20 0.08

5 10 0.01

6 10 0.08
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24 h, to ensure that the water in the mixture has been
completely removed and the mass of it in each stage is
weighed. The specific amount of sandy-clay mixture is
shown in Table 5.

Figure 6 shows the variation curves of cumulative sand
inflow versus time for three kinds of kaolin content in the
sandy-clay type filling medium. With the development of
the seepage failure process of filling medium, the cumulative
sand loss with the increasing of time shows “S” growth
curve, and ultimately, the sand loss rate is reduced to zero.
In terms of 20% or 30% kaolin content samples, in the first
stage, some fine particles begin to flow out. Meanwhile, the
sand inflow and growth rate are very low and the water qual-
ity is clear (see bottles 1 and 2 in Figures 5(a) and 5(b)). In
the second stage, the cumulative sand-clay mixture loss
shows a steep increase trend in 2~ 3 minutes. The water
quality has changed from clear to turbid, as shown in bottles
3 and 4 in Figures 5(a) and 5(b). With a sandy-clay mixture
inflow increasing sharply, the growth rate also becomes very
large. The fine particles gush out of the filling medium with
the flow, so as to decrease its permeability. Further, the
larger particles inside filling medium began to slip, and the
fine particles have been exhausted. In the third stage, the
water quality gradually recovers from turbidity to clarity 4
minutes, as shown in bottles 5 to 8 in Figures 5(a) and
5(b). Compared with the high sand and clay loss rate in
the initial stage, with the most fine sand and clay flowing
out in the filling medium, only large skeleton sand is left.

Eventually, the sand and clay loss rate decreases close to
zero. The cumulative sand inflow curve of the water inrush
process is close to the level, and the total amount of sand
and clay loss tends to be stable. However, under the condi-
tion of kaolin content of 10%, the variation trend of cumula-
tive sand inflow also presents the same trend, but the
variation trend is not that obvious. As a result of low content
of fine particles and large distance between soil particles, the
interaction force is small, which slightly hinder the perme-
ability process. Therefore, the filling medium in the structure
is easy to be carried by the water to form a complete seepage
channel, which leads to seepage instability and failure in
advance.

Through comparative analysis, it can be concluded that
the accumulative loss amounts of sandy-clay mixture in fill-
ing medium increase with the increase of time, and finally,
the growth rate decreases close to zero. With the increase
of kaolin content, the cumulative and ultimate amount of
clay-sand increased in the same time period. With the
decrease of kaolin content, the time point of sharp increase
of sand and clay loss is advanced, which accelerates the pro-
cess of seepage failure and destruction of filling medium.

4.2. Effect of Seepage Pressure Loading Rate on
Permeability Characteristics

4.2.1. Sand and Clay Loss Analysis. Figure 7 shows the vari-
ation curve of cumulative sand-clay loss with time under two

Table 4: Loading schemes of permeability tests.

Type of loading Loading pressure (kPa/min) Pressure type Loading mode

Axial compression 14 Hydraulic fluid Continuous loading to the design value

Confining pressure 30 Water hydraulic Continuous loading to the design value

Seepage pressure 10/80 Water hydraulic Gradually applied load to the failure of filling medium

Sample

Sensor

Glass sphere

Filling medium

Visualization triaxial
press chamber

BracketBracket

Hydraulic jack

Base

Confining pressure
intake

Seepage pressure
intake

Reaction beam

8 cm
15

 cm
 1

5 
cm

Φ2 mm Filter netParticle loss
collection system

Figure 4: Schematic diagram of a test system.
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seepage pressure loading rates. The loading seepage pres-
sure is comparatively small at 1min, so the sand and clay
loss remains at a very low level and only a few fine sand
and clay gush out in the course of the test. It can be
inferred that the finer particles are easier to reach the initial
migration speed at the same seepage pressure loading rate.
When the time is 2min, as seepage pressure increases, the
amount of gushing sand and clay begins to increase gradu-

ally. As fine particles continue to lose, the permeability
increases, and the internal seepage channel begins to
expand gradually; then, the relatively large particles begin
to leave the filling medium, which represents the end of
the first stage of the whole process. The second stage shows
in 2-4min that the sand and clay losses begin to accelerate
significantly due to the expansion of seepage failure process.
Meanwhile, the difference of cumulative sandy-clay mixture

2 3 4 5 6 7 81

(a) seepage pressure loading rate 10 kPa/min (30% kaolin content)

654321 7 8

(b) seepage pressure loading rate 80 kPa/min (30% kaolin content)

21 3 4 5 6 7 8

(c) seepage pressure loading rate 10 kPa/min (20% kaolin content)

1 2 3 4 5 6 7 8 9 10

(d) seepage pressure loading rate 80 kPa/min (20% kaolin content)

1 3 4 652

(e) seepage pressure loading rate 10 kPa/min (10% kaolin content)

1 2 3 4 5 6

(f) seepage pressure loading rate 80 kPa/min (10% kaolin content)

Figure 5: Water quality condition during the process of water inrush from filling medium.

Table 5: Statistics of sand production in each bottle.

Test number
Seepage pressure
loading rate

Kaolin content
Loss amounts of sandy-clay mixture Total amounts of

sandy-clay mixture1min 2min 3min 4min 5min 6min 7min 8min
MPa/min % g g

1 0.01 30 6.5 17.8 43.0 14.9 8.6 5.2 4.2 3.9 104.1

2 0.08 30 8.4 25.6 61.0 15.7 6.5 6.6 4.8 2.4 131.0

3 0.01 20 3.4 15.7 41.4 6.8 5.1 3.0 2.0 / 77.4

4 0.08 20 2.5 14.0 54.9 9.6 8.3 7.9 3.2 / 100.4

5 0.01 10 0.1 16.0 10.0 2.0 1.0 0.1 / / 29.2

6 0.08 10 0.1 24.2 25.0 11.0 7.0 2.0 / / 69.3
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loss under different loading rates is expanding, which indi-
cates that the seepage channel is gradually formed in filling
medium. However, with the continuous loss of fine parti-

cles, the loss rate decreases sharply. Then, the third stage
begins at 4min, the sand and clay loss rate slowly decreases
and the curve tends to be horizontal, which means the
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Figure 6: Variation curves of cumulative sandy-clay mixture loss for different kaolin contents.

0 2 4 6 8
0

25

50

75

100

125

150

Cu
m

ul
at

iv
e c

la
y-

sa
nd

 m
ix

tu
re

 lo
ss

 (g
)

Time (min)

10 kPa/min
80 kPa/min

(a) 30% kaolin content

0 2 4 6 8
0

25

50

75

100

125

150
Cu

m
ul

at
iv

e c
la

y-
sa

nd
 m

ix
tu

re
 lo

ss
 (g

)

Time (min)

10 kPa/min
80 kPa/min

(b) 20% kaolin content

0 2 4 6 8
0

25

50

75

100

125

150

Cu
m

ul
at

iv
e c

la
y-

sa
nd

 m
ix

tu
re

 lo
ss

 (g
)

Time (min)

10 kPa/min
80 kPa/min

(c) 10% kaolin content

Figure 7: Variation curves of cumulative clay-sand mixture loss for different seepage pressure loading rates.
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whole mixture of filling medium is lost except for large
skeleton sand, a complete seepage channel network has
formed.

Based on the analysis, the following conclusions can be
drawn: firstly, with the increase of the seepage loading rate,
the cumulative amount of mixture loss in the same period
and the final state are greater; secondly, with the increase
of seepage loading rate, the time point of sharp increase of
mixture loss is advanced, which accelerates the process of
seepage damage of filling medium.

4.3. Analysis on Particle Size Distribution of Filling Medium.
Due to the migration of particles in the filling medium, the
materials composed of still existing soil particles in the rect-
angular piping-type structure are called remaining mixture.
At the end of the experiment, samples from remaining mix-
ture of six tests are taken from the top, middle, and bottom
of the structure. They are, respectively, put into disposable
paper cups and then placed in the oven adjusted to 50°C
for 24 hours to make sure the water is completely removed.
Subsequently, the screening test is carried out on the dried
sample. The pore sizes of sieve set are 0.08mm, 0.1mm,
0.2mm, 0.4mm, 0.5mm, 1mm, and 2mm, respectively.
After setting the sleeve into a shaker for 10min, the weight
of each sieve is to be weighed. The particle grading variation
curves of remaining filling medium are shown in Figures 8–
13. In this paper, the particle sizes (0~ 0.4mm) are defined
as fine particles and the particle sizes (0.4 ~ 2mm) are
defined as coarse particles. The content of particles repre-
sents weight percentage in a certain particle size range.

4.3.1. Analysis on Particle Size Distribution of Remaining
Mixture with a 30% Kaolin Content. According to
Figures 8 and 9, the particle gradation curves of the remain-
ing mixture compared with those of initial status, the fine
particle contents all decrease and the content of particles
larger than 0.4mm all increases.

When the seepage pressure loading rate is 10 kPa/min,
the contents of particle sizes smaller than 0.08mm, 0.08-
0.1mm, and 0.1-0.2mm decrease, and the other particle size
contents increase at the top, middle, and bottom parts of
remaining mixture. As shown in Figure 8, the amount of
particle size smaller than 0.08mm in the top and middle of
the filling medium decreases significantly. On the contrary,
the contents of coarse particles apparently increase. The
content of fine particles in the filling medium decreases
slightly, which has little effect on the particle size composi-
tion of each part. When loading the seepage pressure at
80 kPa/min, similar to the loading rate of 10 kPa/min, the
contents of particle size smaller than 0.2mm also decrease
and the other particle size contents increase as well. How-
ever, the difference is that the particle size of 0.4mm-
0.5mm, 0.5mm-1mm, and 1-2mm increase more dramati-
cally than that of 10 kPa/min.

On the whole, the permeation process of filling medium
with high clay content is most significantly affected by fine
particles. In the initial stage of water seepage in filling
medium, the clay and fine sands start to move in the pores
shaped by coarse sand, leading to the reduction of the cohe-

sion between particles. As more and more fine particle loss,
the permeability and the pore water pressure increase,
resulting in the expansion of the internal seepage channel
of the filling medium. Migrated particles at the middle and
bottom parts of the sample are fewer and relatively stable
than the top part. The clay and fine sands in the top part
are easier to lose under the action of seepage; hence, the loss
amounts of migrated fine particle are the largest, which is
contrary to coarse particles. Along with the gradual expan-
sion of the seepage channel and water flow rate increases,
the stability of the whole specimen is greatly weakened, mak-
ing it more difficult to resist the seepage. Under the action of
their own gravity and seepage, the fine particles at the top
and middle parts of filling medium start moving to bottom
part of kaolin-sand mixture and replace lost fine particles
to form ‘supplying-particles’ at the bottom of filling
medium. Except for a large number of fine particles, only a
small number of coarse particles begin to gush out from
the mixture and the seepage channel has formed. Therefore,
the loss of fine particles in the top remaining mixture is the
most, the coarse particles is the least, and the loss of fine par-
ticles in the lower part is the least.

Through comparative analysis above, it can be summa-
rized as follows: (1) Compared with the initial status of
filling medium, the fine particle content of the remaining
mixture decreases and the content of coarse particles
increases. (2) With other conditions unchanged, when
the seepage loading rate is greater, the content of coarse
particles in each part is higher; conversely, the fine particle
content is lower. (3) With the increase of loading rate, the
seepage failure process of filling medium is aggravated. It
can be inferred that the loss of fine particles leads to the
decrease of internal cohesion and the loss of coarse particles
is relatively increased. (4) With other conditions unchanged,
contrary to 0.4-2mm coarse particles, the change of fine par-
ticles content of remaining mixture presents initial>bot-
tom>middle>top status.

4.3.2. Analysis on Particle Size Distribution of Remaining
Mixture with a 20% Kaolin Content. According to
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Figure 8: Test number 1 particle grading variation curves before
and after seepage.
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Figures 10 and 11, the particle gradation curves of the
remaining mixture in tests 3 and 4, compared with those
of initial status, the fine particles contents all decrease and
the content of coarse particles all increases.

When the seepage pressure loading rate is 10kPa/min, the
contents of particle sizes smaller than 0.08mm, 0.08-0.1mm,
0.1-0.2mm, and 0.2-0.4mm all decrease and the other particle
size contents increase at the top, middle, and bottom part of
remaining mixture. As can be seen from Figure 10, the content
of particle sizes smaller than 0.08mm decreases dramatically
and particle sizes of 0.4mm-0.5mm and 0.5mm-1mm are
opposite at the top and middle of remaining mixture. When
the seepage pressure is 80kPa/min, similar to the loading rate
of 10kPa/min, the contents of particle size smaller than
0.2mm also decrease and contents of coarse particles increase
as well. The distinction is that the particle size smaller than
0.1mm lower and 0.4mm-0.5mm, 0.5mm-1mm increases
more dramatically than that of 10kPa/min.

As can be seen from Figures 10 and 11, there is a cross-
over phenomenon in the particle gradation curves regarding

to the top and middle remaining mixture, indicating that
low seepage loading rate and the bonding effect between par-
ticles prevent initially internal fine particles from moving.
With the increase of seepage loading rate, the seepage water
fails to flow out from the seepage channels in time, which
leads to local collapse of filling medium and block the orig-
inal seepage channel. Hence, the seepage water with fine
particles gushes out of the new seepage channel, resulting
in the decrease of the content of fine particles, and conse-
quently, the phenomenon above occurs.

Moreover, under the circumstance of local collapse of
filling medium, particles of a certain size have been flushed
with seepage water no matter how large they are. Conse-
quently, gap-graded remaining mixtures have appeared in
lack of particles of a certain size.

4.3.3. Analysis on Particle Size Distribution of Remaining
Mixture with a 10% Kaolin Content. According to
Figures 12 and 13, the particle gradation curves of the
remaining mixture in Tests 5 and 6, compared with those
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Figure 9: Test number 2 particle grading variation curves before
and after seepage.
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Figure 10: Test number 3 particle grading variation curves before
and after seepage.
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Figure 11: Test number 4 particle grading variation curves before
and after seepage.
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Figure 12: Test number 5 particle grading variation curves before
and after seepage.
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of initial status, the fine particle contents all decrease and the
loss is more uniform. Similarly, the contents of particles
larger than 0.5mm all increase.

When the seepage pressure loading rate is 10 kPa/min,
the contents of particle sizes smaller than 0.08mm, 0.08-
0.1mm decrease and the contents of particle sizes 0.1-
0.2mm, 0.2-0.4mm, and 0.4-0.5mm show no significant
change at the top, middle, and bottom part of remaining
mixture. Furthermore, the contents of other particle size
increase. Combined with Table 2, it can be inferred that
the contents of particle sizes smaller than 0.1mm reduce
evenly and 1-2mm rises dramatically. While loading rate is
80 kPa/min, the contents of fine particles all decrease, 0.4-
0.5mm has no significant change and the contents of other
particle size increase.

Given the above, the fine particles of filling medium
with low clay content have no significant influence on
the seepage instability process. Due to the low kaolin con-
tent, the cohesion of filling medium with many large pores
is comparatively small. Only a few fine particles gush out
from the mixture, seepage channel has formed and seep-
age instability process is completed. Hence, compared with
those of initial status, the tendency of particle size distri-
bution curves of the top, middle, and bottom part of
remaining mixture is basically consistent. Furthermore,
the contents of particle size in each part have no signifi-
cant changes.

Through comparative analysis above, it can be summa-
rized as follows: (1) As the content of kaolin decreases, the
content of fine particles in the remaining mixture also
decreases and the distribution is more uniform. (2) The
content of coarse particles drops more significantly as
the content of kaolin decreases. (3) With the decrease of
kaolin content, the effect of loading rate on particle size
distribution is weakened. (4) With other conditions
unchanged, contrary to coarse particles, the change of fine
particles content of remaining mixture presents initial>
bottom>middle>top.

5. Conclusions

A large-scale triaxial stress-seepage test system was utilized
to conduct the seepage instability tests of filling-type
disaster-causing structures. The changes of sand and clay
loss and particle size distribution in the process of seepage
instability were investigated in depth. The variation rules
of seepage characteristics and the evolutionary process of
seepage instability were revealed. Based on the aforemen-
tioned analysis, the results obtained in this paper can be
summarized as follows.

(1) According to the evolution rules of clay-sand mix-
ture loss, the seepage instability process of filling
medium can be categorized into three stages: the ini-
tial seepage stage with very small number of fine par-
ticles loss, the accelerating seepage stage with large
number of fine particles loss, and the stable stage
with the whole sample collapse

(2) The effects of kaolin content and seepage pressure
loading rate on the permeability of filling medium
were investigated in depth. The seepage failure pro-
cess rate is proportional to the seepage loading rate
and inversely proportional to the content of kaolin

(3) The mutual promotion between stress-seepage ero-
sion and particle loss is the internal cause of seepage
instability. And the seepage instability process of fill-
ing medium with different kaolin contents is most
significantly affected by fine particles. The change
of fine particle contents of remaining mixture is con-
sistent, presenting initial>bottom>middle>top sta-
tus. Under higher seepage pressure loading rate, the
lower kaolin content in the filling medium is , the
more obvious phenomenon of fine particles loss in
the remaining mixture is.
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In order to study the water inrush mechanism of faulted rock mass, a series of erosion seepage experiments were carried out to test
the non-Darcy hydraulic properties of a limestone and mudstone mixture. The test results are employed to verify and modify a
classic permeability prediction model. Based on the evolution of mass loss rate, the erosion process can be divided into four
stages, i.e., particle rearrangement, severe erosion, mild erosion, and stable seepage. During the erosion, the sample height
decreases gradually, the water pressure at outlet grows first and then keeps stable, and the porosity and permeability decrease
slightly first, then grow gradually and finally keep stable. The hydraulic properties show a more significant variation in the
sample within high mudstone particle contents. Through the comparison of test results and the predicted results by the classic
Carman-Kozeny model, it is found that the accuracy of the model is greatly affected by lithology. Based on this investigation, a
revised model is proposed which introduces a proportional coefficient related to the rock composition, so as to increase the
predicted precision in variable rock composition. The forecast accuracy of the revised model is much higher than the classical
one in permeability although it decreases with the increase of mudstone content.

1. Introduction

Fault is a sort of common encountered geological body
which is generated by tectonic movement [1]. The interior
of a fault is composed of broken rock masses with different
lithologies, and the rock stratum on both sides of this geo-
logical structure generally has large dislocations [2–4]. Faults
create discontinuities in the stratum and are usually
regarded as water channels that connected the aquifer and
underground space. During the mining process, under the
water pressure, and mining disturbance, the groundwater is
prone to pass through the fault rocks and arrive in the work-
ing face, causing water inrush disasters [5–8]. In this process,
a part of fine rock particles inside the fault rocks will migrate
with the groundwater. This phenomenon is called the ero-
sion behavior, which is catastrophic in underground con-
struction: First, under the effect of erosion, rock particles

and mud would enter the underground space, leading to
equipment damage and personnel being buried [9, 10]. Sec-
ond, the erosion effect causes the increase of rock mass
porosity and permeability, leading to more groundwater
influx [11, 12]; Last but not the least, the erosion effect
reduces the strength of the fault rock mass, resulting in
structural instability and damage [13, 14]. Therefore, it is
of great significance to study the hydraulic characteristics
of fault rock masses during the erosion process to prevent
and control fault water inrush disasters [15, 16].

In the process of groundwater seepage, the fluid pressure
gradient and the fluid velocity are considered to have a cer-
tain relationship. Back in the 19th century, Darcy discovered
that the fluid pressure gradient and the fluid velocity obey a
linear relationship. Subsequently, this linear seepage law
(Darcy’s Law) has been widely applied in a variety of studies
[17, 18]. However, Darcy’s law assumes that the fluid regime
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is dominated by viscous resistance. When the fluid flows at a
higher flow rate (e.g., when groundwater flows in a fractured
rock mass), the inertial resistance can no longer be ignored,
and the water pressure gradient and the flow velocity gradu-
ally shows a nonlinear relationship [19, 20]. In this case,
doubling the water pressure can not obtain a doubled fluid
velocity, which results in the inaccuracies of Darcy’s law in
the calculations and evaluations of water inrush [21, 22].
To end this, Darcy’s law is usually replaced by Forchheimer
equation when the seepage was researched in a high flow
rate, which includes a quadratic term of fluid velocity,
reflecting the effect of inertial resistance on the fluid regime
[23, 24]. Many experimental studies [25–28] have verified
the applicability of Forchheimer equation in different condi-
tions, and the Forchheimer coefficient (the coefficient for the
quadratic term) for various media forms (e.g., porous media
and fractures) is also estimated.

From then on, based on the Forchheimer equation, a lot of
scholars have conducted testing or numerical studies on the
non-Darcy hydraulic properties of broken rocks. Through fluid
testing of sandstone fractures, Zimmerman et al. [28] found that
the fluid regime follows the Forchheimer equation when the
Reynolds number is higher than 20. And this result is consistent
with that of their high-resolution Navier-Stokes simulations.
Zeng and Grigg [27] modified the Forchheimer coefficient
and adopted this modified parameter as the standard for iden-
tifying non-Darcy seepage in porous media. Based on seepage
experiments in three different rocks, the critical Forchheimer
coefficient is calibrated. Zhou et al. [22] proposed a semiempir-
ical prediction model for tunnel water inflow based on the For-
chheimer equation. And the effectiveness of the semiempirical
model is verified through numerical calculation results. Chen
et al. [21] proposed a framework that combines the estimation
of aquifer properties with numerical simulation to more accu-
rately evaluate the flow rate and seepage erosion risk caused
by tunnel construction in karst aquifers. This research results
show that the predicted flow rate based on the Forchheimer
equation agrees better with measured value than that in line
with Darcy’s law. Ma et al. [29] studied the nonlinear seepage
characteristics of granular gangue during the filling process
through laboratory and in situ tests and evaluated the reutiliza-
tion of gangue in protecting overlying aquifers.

However, the above studies did not consider the erosion
behavior during seepage. In fact, the erosion effect is a common
encountered phenomenon during seepage. Since the 1980s, a
series of experiments and numerical studies conducted in-
depth research on the sand production phenomenon (oil and
natural gas flows that drive the movement of fine particles in
the rock mass) caused by the oil extraction stage [30, 31]. Var-
doulakis et al. [32, 33] proposed an erosion model of broken
rock mass based on the equivalent continuum theory. In this
model, the broken rockmass is divided into three phases, which
are rock skeleton, water, and fine rock particles. The skeleton
particles do not shift during the seepage process, and the fine
particles and water flow out at the same speed under the action
of water pressure. After entering this century, the erosion prob-
lem in the process of underground water inrush has gradually
attracted attention [34, 35]. In order to study the erosion phe-
nomenon in the process of water inrush, Ma et al. [17, 36]

developed a set of erosion seepage devices to realize the free
migration of fine rock particles in the broken rock mass
medium. The porosity and permeability of the rock increase
rapidly and then gradually stabilize. Based on the test results,
the influence mechanism of erosion on the nonlinear seepage
characteristics of fluids is also analyzed. Yao et al. [37] studied
the evolution characteristics of the water inrush channel under
the influence of particle migration, and based on the established
fluid-solid coupling control equation, predicted the water
inrush time under different geological conditions.

Although there have been many studies simulating the
process of water inrush from faults, most of these studies
only study the erosion effect of a single kind of rock and
do not research the hydraulic characteristics of the mixture
by different lithology rocks. In fact, almost all fault rocks
are composed of two or more lithologies [38, 39]. The inter-
action between different lithologies and water is very differ-
ent, so the hydraulic characteristics of mixed lithologies will
be different from that of single lithology [40].

In the no. 4 normal fault of the Buliangou mine, the fault
rock mass is a mixture of mudstone and limestone (see
Figure 1). This fault is in the northeast to southwest direc-
tion, with a dip angle of 60-70° and a drop range of 30-
50m. It is located in the middle of the mine field with an
extended length of 815m. In line with the previous research
[41], the erosion effect of mudstone after encountering water
is significantly stronger than that of limestone. Therefore,
studying the influence of different rock components and
their mixing ratios inside faults on their hydraulic character-
istics is of great significance for preventing water inrush haz-
ards that may occur in faults.

In this paper, limestone and mudstone mixtures in dif-
ferent proportions were selected as experimental materials
to test the non-Darcy hydraulic evolution characteristics
and porosity evolution of the samples under erosion. Based
on the experimental results, a method for predicting the per-
meability of a limestone and mudstone mixture is proposed.
The research results can provide a basis for the prevention
and treatment of fault water inrush disasters.

2. Testing Methods

2.1. Testing Material. The test materials are limestone and
mudstone sampled from Buliangou Mine. The dry density
of limestone is 2.42-2.71 g/cm3, and the dry density of mud-
stone is 2.35-2.61 g/cm3. Since the difference in dry density
between the two is small, we approximate both as
2.5 g/cm3. Rocks are crushed into 0-20mm crushed particles
first and then divide the crushed particles into five groups by
diameter, namely, Group A (0-2mm), Group B (2-5mm),
Group C (5-10mm), Group D (10-15mm), and Group E
(15-20mm). Before the test, these particles are mixed
according to the continuous gradation ratio (Equation (1))
and take into account the different ratios of the two rocks
(denoted by the mass content of mudstone).

Pα =
dα
dmax

� �β

× 100%, ð1Þ
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where α is the group number of crushed particles, dα is the
largest particle diameter in the Group α, dmax is the largest
diameter of all groups, Pα is the mass proportion of the
groups which size is smaller than dα, and β is gradation
parameter denoting the gradation properties of mixed rock
samples, which is set as 0.5 in this study.

The sample mass is set as 4300 g and the mixing scheme
is shown in Table 1, and the continuous grading curve of the
sample is shown in Figure 2.

2.2. Testing System. In order to carry out erosion tests on the
limestone mudstone mixture, the following test system is
designed to carry out experiments on the limestone mud-
stone mixture samples. As shown in Figure 3, the test system
is composed of the fluid supply system, the data acquisition
system, the particle collection system, and the seepage ero-
sion unit.

2.2.1. Fluid Supply System. It is mainly composed of the oil
pump, the water pump, the double-acting hydraulic cylin-
der, the connected pipelines and valves. The double-acting
hydraulic cylinder consists of two cavities, and the volume
of the cavities is controlled by the piston. Before the test,
valve 1 is closed and valve 2 is opened, the water is injected
into the lower cavity of the hydraulic cylinder through the
water pump. After the test begins, valve 2 is closed and valve
1 is opened. When the oil pump is started, hydraulic oil is
injected into the upper cavity, driving the piston to compress

downward, so that provides stable water pressure to the ero-
sion unit.

2.2.2. Erosion Unit. It comprises the piston, the cylinder, the
upper and lower seepage plate, the conical bottom plate, the
base and other parts. At the beginning of the test, the fluid
supply device provided water pressure to the piston inlet.
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Figure 1: The diagram of limestone and mudstone mixture in no. 4 normal fault of Buliangou mine.

Table 1: Mixing scheme of LP and MP for different samples (LP: limestone particles; MP: mudstone particles).

Sample no.
Content of
MP (%)

Weight of each particle group (g)
A (0-2mm) B (2-5mm) C (5-10mm) D (10-15mm) E (15-20mm)

LP MP LP MP LP MP LP MP LP MP

1 0 1359.8 0 790.2 0 890.6 0 683.4 0 576.1 0

2 25 1019.8 339.9 592.7 197.6 667.9 222.6 512.5 170.8 432.1 144.0

3 50 679.9 679.9 395.1 395.1 445.3 445.3 341.7 341.7 288.0 288.0

4 75 339.9 1019.8 197.6 592.7 222.6 667.9 170.8 512.5 144.0 432.1

5 100 0 1359.8 0 790.2 0 890.6 0 683.4 0 576.1
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Figure 2: The gradation curve of the limestone and mudstone
mixture.
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Small holes of 2mm in diameter are arranged on the upper
seepage plate to disperse the water flow. And small holes
with a diameter of 10mm are arranged on the lower seepage
plate to facilitate the flow of broken rock particles with a
diameter of less than 10mm. The conical bottom plate can
collect the fine particles from erosion outflow and then lead
them to the particle collection system.

2.2.3. Data Acquisition System. It is composed of a linear
variable differential transformer (LVDT), a water pressure
gauge, a flow gauge, a recorder and a computer. LVDT is
arranged at piston and floor to monitor the collapsed height
of rock mass during erosion. Two water pressure gauges are
arranged at the inlet and outlet of the erosion unit to moni-
tor the water pressure at the water inlet and outlet, respec-
tively. The flow meter is arranged at the entrance of the
erosion unit to measure the fluid flow during the test. Each
instrument is connected with the recorder and computer to
record and output the measured data in real time.

2.2.4. Particle Collection System. It is composed of a particle
collector, a filter screen, an electronic scale, and a water tank.

This system can collect and weigh the fine particles flowing
from the rock sample in real time. The reading of the elec-
tronic scale is zero at the beginning of the test, so the reading
of the electronic scale records the mass change of the collec-
tion tank during the test. The fine particles will discharge the
same volume of water when they flow into the collection tank.
Because the density of fine particles is greater than the density
of water, based on the mass change of the collection tank, we
can calculate the volume of the fine particles by the density dif-
ference between the fine particles and the water.

2.3. Test Procedures. The test process can be divided into the
following procedures:

2.4. Calculation of Non-Darcy Hydraulic Characteristics

2.4.1. Mass Loss Rate. The fine rock particles migrate into the
particle collector under the action of water flow. The reading
of electronic scale at time ti is mi. The volume of the fine
particles collected at ti time can be obtained as

Vi =
mi

ρr − ρw
, ð2Þ
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Figure 3: Test system. Note: (a) fluid supply system, (b) erosion unit, (c) data acquisition system, and (d) particle collection system.

Test preparation: First, the seepage pipeline is connected, and the data acquisition system is adjusted to make it work normally. After
this, the double-acting hydraulic cylinder is filled with water. Then, the broken sample is put into the erosion unit, and the water is
injected into the pipeline to exclude air in the pipeline and saturate the sample. Subsequently, the piston is placed and the initial
height of the sample is recorded.

Procedure 1

Water pressure loading: the oil pump is started, and water is injected into the erosion unit, the data from the electronic scales in the
particle collection system and the data measured by the acquisition system and are monitored.

Procedure 2

Posttest treatment: oil pump is turned off first, and then stop the water flow. Finally, the sample is taken out from the erosion unit.

Procedure 3
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where ρr is rock dry density, ρw is water density, and the
accumulated mass loss is

Mi = ρrVi =
miρr

ρr − ρw
: ð3Þ

The mass loss at time interval i, ΔMi, can be calculated
by

ΔMi =Mi −Mi−1: ð4Þ

And the mass loss rate _Mi, which denotes the mass loss
in unit time, can be acquired by the following equation:

_Mi =
ΔMi

Δt
: ð5Þ

2.4.2. Sample Height. As shown in Figure 4, the dimensions
of each part of the test instrument are piston height h1 =
100mm, cylinder upper edge thickness h2 = 15mm, perme-
ability plate thickness h3 = 10mm, and cylinder height h4
= 350mm. According to the geometric relationship in
Figure 4, we can get

hs + 2h3 + h1 = h − h2 + h4, ð6Þ

where hs is the sample height and h is the measured height
through LVDT. Substituting the dimension data of each
part, the sample height at time ti can be obtained by the
measured value of LVDT:

hsi = hi + 215: ð7Þ

2.4.3. Porosity. Based on mass loss results, the porosity of
sample at time i is

ϕi = 1 − M0 −Mi

πr2ρrhsi
, ð8Þ

whereM0 is the initial sample mass andM0 = 4300 g and
r is the radius of the cylinder and r = 50mm.

2.4.4. Permeability. According to the fluid flow Q measured
by flow gauge, the flow velocity v can be calculated by the
following equation:

v = Q
πr2

: ð9Þ

In line with Forchheimer’s equation [27, 36], there is a
well-known relationship between water pressure gradient
and flow velocity:

−∇p = μ

k
v + ρwβv

2, ð10Þ

where μ is the viscosity of fluid, k is the permeability, and β
is the non-Darcy factor.

Assuming that the water pressure is linearly distributed
in the sample, the water pressure gradient can be expressed
as

∇p = pB − pA
hs

, ð11Þ

where pA and pB are the water pressure at fluid inlet and out-
let, respectively. According to the test principle, pA is a con-
stant and pA = 1:5MPa, and pB is a variable changing with
time, which can be measured by the pressure gauge. Com-
bining Equations (10) and (11), there is

pA − pB
hs

= μ

k
v + ρwβv

2: ð12Þ

For each moment ti, Equation (12) can be written as

pA − pBi
hsi

= μ

ki
vi + ρwβivi

2: ð13Þ

According to previous studies [29, 42], the permeability
at time interval i could be approximated to the average value
of that at time interval i and i + 1, so that the permeability
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Figure 4: The structure of erosion unit. Note: ① piston, ② upper seepage plate, ③ cylinder, ④ sample, ⑤ lower seepage plate, ⑥ conical
bottom plate, and ⑦ base.
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can be calculated by Equation (14).

ki =
μvivi+1hsihsi+1 vi − vi+1ð Þ

pA − pBi+1ð Þhsiv2i − pA − pBið Þhsi+1v2i+1
: ð14Þ

3. Test Results and Discussions

3.1. Variation of Non-Darcy Hydraulic Characteristics

3.1.1. Mass Loss Rate. The variation of the sample mass loss
rate is shown in Figure 5. According to the variation trend of
the mass loss rate, the entire erosion process can be divided
into four stages, i.e., particle rearrangement, severe erosion,
mild erosion, and steady seepage.

(1) Particle rearrangement: in the initial stage of the test,
under the action of water flow, fine particles are
dragged into the pores of large particles to form a
more stable structure. At this stage, fewer particles
are discharged. The amount of quality loss is small

(2) Severe erosion: in this stage, a large number of rock
particles flow out of the sample under the action of
water pressure, which is manifested as a rapid
increase in mass loss

(3) Mild erosion: in this stage, only a small part of the
rock particles migrate under the dragging action of
water flow, and the mass loss fluctuates within a
small range

(4) Stable seepage: at this stage, as all rock particles flow
out, a stable seepage channel is formed in the rock
mass, and the mass loss rate drops to 0

In the comparison of samples under different mudstone
contents, it can be found that in samples with higher mud-
stone content, the particle rearrangement stage is shorter
and the peak mass loss rate is more significant, and it enters
the stable seepage stage soon after the severe erosion, which
means there is a shorter mild erosion stage. This result man-
ifests that the erosion effect of mudstone is stronger than
that of limestone. Under the action of water flow, mudstone
particles are more prone to migrate.

3.1.2. Sample Height. The evolution of the sample height
during the seepage is shown in Figure 6. The height of all
the samples has decreased under the action of erosion. The
sample heights show a sharp decline in the early stage of
the erosion test, which is because the rock particles are redis-
tributed under the effect of water flow, and lots of fine parti-
cles are filled in the pores between the large particles,
contributing to the rapid decreases in sample height. Then,
the fine particles move and under the effect of the water flow,
and finally flowed out from the bottom, so that the sample
structure collapsed and the height declines. In these stages
(severe erosion and mild erosion), the drop rate of the sam-
ple height gradually slows down. Finally, and sample height
remained stable, which indicates that the erosion effect has
terminated.

For the height before erosion, it can be observed that the
heights of the samples with different rock composition ratios
are the same. This shows that lithology has almost no effect
on the natural accumulation height of the samples. As the
erosion process progresses, it is found that the more mud-
stone content is, the height of the sample drops faster. This
shows that under the action of water flow, the higher the
mudstone content, the more significant rearrangement and
erosion in the sample.
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3.1.3. Sample Porosity. Figure 7 illustrates the porosity evolu-
tion of the sample. It can be found that in the first stage of
erosion, i.e., the particle rearrangement stage, the porosity
of the sample keeps stable or decreased slightly. This tiny
decline in porosity is because there are a lot of small rock
particles filled into the pore of large rock particles under
the effect of water flow. In the second and third stages, a
substantial increase in the porosity of samples can be
observed. This corresponds to the phenomenon discussed
earlier in which particles flow out of the sample in large
quantities. Finally, the porosity of each sample has fallen
into a stagnant stage, and the pore structure of the sample
stays in a stable state, which indicates that most of the
flowing particles have left the sample, and the migration
of fine particles has not been observed. Comparing the
porosity evolution curves of different samples, it is found
that in samples with higher mudstone content the porosity
has increased significantly, and the final porosity of the
rock mass is also greater. This indicates that the erosion
effect is stronger in these samples.

3.1.4. Water Pressure at the Outlet. The evolution curves of
water pressure at the outlet are drawn in Figure 8. It is noted
that in previous studies, the water pressure at the outlet of
the sample is often regarded as connected to the atmospheric
pressure and assumed to be 0. The results of this test show
that the water pressure at the outlet of the sample is much
greater than 0. Such an effect of water pressure at the outlet
can not be ignored, especially when the water pressure at the
inlet is small, improperly neglecting the hydraulic power at
the outlet will harm the precision of the test results. In addi-
tion, the water pressure at the outlet is not a stable value:
with the progress of the erosion, it can be found that all
the samples have the phenomenon of rising water pressure

at the outlet. This is because, under the erosion effect, the
fine particles in the sample gradually flow out, and the resis-
tance to the fluid decreases, resulting in a drop in the water
pressure difference between the two ends of the sample.
Comparing different samples, it can be found that although
the outlet water pressure of each sample is almost the same
at the initial moment; in the samples with more mudstone
content, the outlet water pressure has increased on a larger
scale. This is due to the more significant erosion effects that
appear in these samples.
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3.1.5. Permeability. Figure 9 describes the variation in the
permeability of the sample. It can be observed that the per-
meability of the sample has a similar variation trend com-
paring with the porosity of the sample, that is, the
permeability of the sample decreases slightly with the prog-
ress of erosion, then gradually increases and finally trend
plateau. The highest permeability can be observed in sam-
ples with higher mudstone content, and the time required
for the increase in permeability in these samples is shorter
than that in other samples, which means more severe perme-
ability changes and a higher risk of water inrush.

3.2. Prediction Model of Permeability

3.2.1. Permeability Prediction Model Based on Porosity. In
the process of underground water inrush, an important issue
is to determine the permeability change of the rock mass.
Unfortunately, due to the influence of the geological envi-
ronment, direct measurement of permeability of fault bro-
ken rocks is a challenging task [43, 44]. Therefore, many
previous studies have used other properties of the rock mass
to indirectly predict its permeability [45, 46]. For example, in
the well-known Carman-Kozeny model [47, 48], permeabil-
ity is described as a cubic function of porosity. Based on this
model, the permeability can be calculated when the porosity
of the rock mass is obtained. On the basis of non-Darcy
hydraulic characteristics of the limestone and mudstone
mixture, the Carman-Kozeny model is employed to predict
the permeability in this research, and the predicted results
are compared with the testing results to verify the reliability
of the equation.

The Carman-Kozeny model is as follows:

k = kR
ϕ3

1 − ϕð Þ2 , ð15Þ

where kR is constant, and in the initial time, there is

k0 = kR
ϕ0

3

1 − ϕ0ð Þ2 : ð16Þ

If k0 and ϕ0 are known, combining Equations (15) and
(16), we get

k = k0 1 − ϕ0ð Þ2
ϕ0

3
ϕ3

1 − ϕð Þ2 : ð17Þ

To evaluate the model’s accuracy, the average percentage
error (APE) is induced to describe the difference between
testing and predicted values in each data point:

APEi =
kpi − kti
�� ��

kti
× 100%, ð18Þ

where kpi and kti are the testing and predicted values of
the plot i (i = 1, 2⋯ n). And the mean average percentage
error (MAPE) is employed to describe the mean difference
between testing and predicted values in a certain sample.
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MAPE = 1
n
〠
n

i=1
APEi: ð19Þ

Based on Equation (17), the predicted curves are
obtained as shown in Figure 10. It is obvious that the trends
of the predicted and measured results are semblable; that is,
as the porosity increases, the permeability of the rock mass
gradually increases. As the porosity increases, the prediction
curve gradually deviates from the measured value point,
which indicates that the prediction performance becomes
worse when the porosity is large. By observing the APE dis-
tribution, the APE shows a high dispersion under different
porosity conditions. According to the MAPE value of the
model, it is indicated that the accuracy of the model is poor,
the maximum MAPE value reached 32.25% (sample 5),
which means that the model is not suitable for predicting
permeability.

Comparing the predicted results in different samples (see
Figure 10(b)), it is seen that in the sample with a 1 : 1 ratio of
mudstone to sandstone, the prediction accuracy of the
model is the highest, and the MAPE value is only 5.2%, while
for samples with other mixed ratios, the MAPE is much
higher. This phenomenon shows that the accuracy of the
model is greatly affected by the lithology of the sample,
and there is a certain relationship between the predictive
performance of the model and the composition of the rock,
which is worthy of further study.

3.2.2. Modified Prediction Model Based on Porosity and
Mudstone Content. Based on the analysis in Section 3.2.1,
to further study the relationship between the predictive per-
formance of the model and the rock mixed ratios of the sam-
ple, the fitting lines between testing values and predicted

values in different samples are drawn and shown in
Figure 11. In Figure 11, the abscissa represents the predicted
value, and the ordinate represents the testing value. When
the predicted value is the same as the testing value, their
fitted straight line is the equality line, and there is no error
in the model at this time. When the fitted line deviates from
the equality line, it means that the model has an error in this
prediction, and the closer the fitting slope is to 1, the better
the model’s predictive effect. From this figure, it is clear that
for samples with high mudstone content, the fitting line’s
slope exceeds 1, which means the predicted value is lower
than the testing value and the model underestimates the test-
ing results. On the contrary, in the samples containing more
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limestone, the fitting line’s slope is lower than 1; that is, the
model overestimated the experimental value. In addition,
according to the R2 value of fitting curves, it can be found
that the fitting accuracy of each sample is high, indicating
that the predicted value of the model and the experimental
value present an obvious linear relationship.

Due to the linear relationship between the predicted
value and the testing value, this research tries to add a scale
factor to modify the Carman-Kozeny model. By introducing
the variable of mudstone content, the modified model could
consider the effect of variation in the proportions of different
rock components on permeability prediction. Figure 12
shows the relationship between the slope of the fitting line
ξ and the mudstone content c. It can be found that the slope
of the fitted line and the mudstone content present an expo-
nential distribution, and the fitting equation is given below:

ξ = 0:58423 + 0:18908e0:01567c: ð20Þ

Based on the above discussion, we propose the following
modified formula to predict the influence between perme-
ability and porosity of limestone mudstone mixture:

k = 0:58423 + 0:18908e0:01567c
� � k0 1 − ϕ0ð Þ2

ϕ0
3

ϕ3

1 − ϕð Þ2 : ð21Þ

The above prediction equation fully considers the influ-
ence of mudstone content. According to the modified model
(Equation (21)), we have predicted the permeability of the
limestone mudstone mixture. In order to describe the accu-
racy of the predicted surface, the MAPE of the total sample
is introduced and can be obtained by Equation (22):

MAPEtotal =
1
5〠

5

j=1
MAPEj, ð22Þ

where j is the number of samples.
The prediction results of the modified model are shown

in Figure 13. In the comparison of the predicted value and
the measured value, it can be found that the testing value
point is very close to the predicted surface. Through the pre-
dicted surface, it is observed that as the porosity and the
mudstone content increase, the permeability of the rock
mass increases. As shown in Figure 13(b), although the dis-
persion of APE is still high, according to MAPE results, the
accuracy of the modified model has been significantly
improved. The MAPE of all samples is within 6%, and the
MAPE of the total sample is 4.46%. Comparing the results
of different rock samples, it can be found that as the mud-
stone content increases, the accuracy of the model gradually
decreases (except when comparing samples 3 and 4). This
may be due to the formation of more argillaceous material
in the sample with higher mudstone content, which blocked
the seepage channel, resulting in much higher uncertainty
during the erosion process.

4. Conclusions

In this article, a series of erosion seepage experiments are
carried out to investigate the non-Darcy hydraulic character-
istics (e.g. mass loss rate, sample height, porosity, water pres-
sure at the outlet, and permeability) of the limestone and
mudstone mixture were studied. The test results are adopted
to evaluate the accuracy of a classic permeability prediction
model and then put forward a modified model considering
the lithology of the medium. The main conclusions are as
follows.

The erosion process can be divided into four stages: par-
ticle rearrangement, severe erosion, mild erosion, and stable
seepage. The higher the mudstone content in the sample, the
stronger the erosion effect in the sample. Under the action of
erosion, the height of the sample decreases rapidly and then
remains stable. The higher the mudstone content, the faster
the height of the sample decreases under the effect of ero-
sion, and the greater the decline. The porosity of the sample
increases first and then remains stable. The higher the mud-
stone content, the more significant the increase in porosity.
The water pressure at the outlet gradually increases with
the erosion effect. The higher the mudstone content, the
more obvious the increase. Permeability and porosity growth
have a similar trend; that is, it increases first and then stabi-
lizes under erosion. A higher porosity growth is observed in
samples with high mudstone content.

Through the same test results and Carman-Kozeny
model prediction results, it is found that the prediction per-
formance of the classic model is unaccepted, the maximum
MAPE is more than 32%, and the accuracy of the model is
greatly affected by lithology. Further analysis of the model
results shows that there is an obvious linear relationship
between the predicted value and the test value. Based on this
phenomenon, a proportional coefficient related to the rock
composition is introduced to improve the Carman-Kozeny
model. By comparing the test and calculation results, the
prediction accuracy of the modified model is much higher
than that of the classic one, and the MAPE values are within
6%. In addition, the predicted accuracy decreases with the
increase of mudstone content. This phenomenon may be
related to the clogging effect of muddy substances on the
water conducting pathway.
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The medium-sized Daping gold deposit is located in the middle Xuefeng Mountain area of Southern China with gold ores hosted in
sericite phyllite, sericitolite, and mylonite. The auriferous quartz-carbonate-sulfide veins and adjacent alteration rocks are structurally
controlled within the NE (northeast) shear zone with NE, NNE (north-east-east), and NW (northwest) trending at high inclination
angles. The petrogeochemistry analysis results show that the gold ores are characterized by high content values of SiO2, S, and As and
low content values of Al2O3 and Na2O and display strong enrichment of LREE with δEu values ranging from 0.54 to 0.75. Four stages
of mineralization/alteration were identified: the first stage has mineral assemblages of quartz+pyrite+arsenopyrite±carbonate minerals,
the second stage has mineral assemblages of quartz+polymetallic sulfide minerals (pyrite, arsenopyrite, chalcocite, galena, chalcopyrite,
tetrahedrite)±chlorite±carbonate minerals, the third stage has mineral assemblages of quartz and carbonate minerals, and the
supergene stage is characterized by limonite±patina which were formed by the oxidation of metal sulfides. Among them, the first stage
and the second stage are the main gold mineralization stages. The ore-forming fluid inclusions in quartz are mainly composed of
liquid phase (H2O) and gas phase (H2O and CO2), and based on the microthermometric analysis, the first metallogenic stage and
second metallogenic stage yielded average homogenization temperature of 184.5 and 255.8°C and average salinity of 7.64wt.% NaCl
eqv. and 11.35wt.% NaCl eqv., respectively. Thus, the ore-forming fluids belong to H2O-CO2-NaCl, medium-low temperature, and
medium-low salinity fluid. The δDH2O and δ18OH2O values of auriferous quartz are from -51‰ to 62‰ and from -1.44‰ to 5.42‰,
respectively, indicating that the ore-forming fluids may belong to mixing fluids of the magmatic fluid and meteoric hydrothermal
fluid. The values of δ34S of metal sulfides range from -0.94‰ to 1.98‰ (-0.131‰ in average), implying that sulfur may source from
the concealed granite and/or basement metamorphic strata. The Daping gold deposit formed in the Indosinian period under the
tectonic environment of compression between the Cathaysian plate and Yangtze plate and may belong to orogenic gold deposits.

1. Introduction

As one of the crucial gold producers of south China, the
Jiangnan Orogen Belt (JOB) has a total gold reserve of >970
tons [1] and thus attracted more and more attention from

the metallogeny geologists. The middle Xuefeng Mountain
which belongs to the western section of the Jiangnan Orogen
is located in the transitional region between the Cathaysia
plate and the Yangtze plate (Figure 1(a)) [1–8]. At present,
21 gold deposits (points) have been discovered, and among
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them, the Chanziping gold deposit [9–13] and the Daping
gold deposit [14] have a scale of large size and medium size,
respectively. The exploration of the Daping gold deposit
began in 1987 [15] and has proved gold reserves of more
than 10 tons. Previous studies on the geological character-
istics and metallogenic chronology indicate that the Dap-
ing gold deposit belongs to the shear zone type [16, 17]
with ore-forming age of 204.8Ma which belongs to Indo-
sinian [18]. However, the ore-forming fluids, geochemical
characteristics of the main and trace elements, rare earth

elements, and isotopes of the deposit have not been sys-
tematically studied, and its metallogenic mechanism and
process are still unknown.

This paper attempts to reveal the source of metallogenic
materials, metallogenic mechanism, and deposit type of the
Daping gold deposit by petrogeochemistry, H-O-S isotopes,
and ore-forming fluids and provide more metallogenic
information for further exploration and prediction of the
Daping gold deposit and other similar gold deposits with
the same metallogenic characteristics.
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Figure 1: (a) Major tectonic blocks of China. (b) Regional geological sketch map of the middle Xuefeng Mountain (modified after [6–8]): 1:
Quaternary (Q); 2: Palaeogene (E); 3: Ordovician (O); 4: Cambrian (Є); 5: Sinian and Nanhuan (Z+Nh); 6: Gaojian Group (QbG); 7: Early
Triassic granite rocks; 8: Mafic-ultramafic rocks; 9: shear zone; 10: auriferous vein; 11: gold occurring spot; 12: study area.
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2. Regional Geological Setting

Daping gold deposit which is located in the transitional zone
between Yangtze plate and Cathaysia plate belongs to the
middle Xuefeng metallogenic belt (Figure 1(a)). The regional
strata are composed of Quaternary, Palaeogene, Ordovician,
Cambrian, Sinian, Nanhua System, and Gaojian Group of
Qingbaikou System (Figure 1(b)). Among these strata, the
Gaojian Group of the Qingbaikou System and the Nanhua
Systems which belong to low-grade metamorphic greens-
chist facies clastic rocks with high gold-bearing background
values are the main ore-bearing strata in the gold metallo-
genic belt of the middle Xuefeng Mountain [19]. Frequent
acid magmatic activities occurred in this area during the
Indosinian period (e.g., Zhonghuashan granite and Huang-
maoyuan granite, Figure 1(b)). In addition, six NE-

trending or NNE-trending ductile shear zones cross the
middle Xuefeng Mountain gold field with length of 10–
25 km and width of 0.5–2 km.

3. Geological Characteristics of Daping
Gold Deposit

3.1. Deposit Features. The stratum of the Daping gold
deposit is composed of the Gaojian Group of the Qingbai-
kou System and Changan Formation of the Nanhua System,
and the gold-bearing faults are NE-trending, NW-trending
[20, 21], and NNE-trending. Crossing through the middle
part of the study area (Figure 2), the NE-trending ductile-
brittle shear cleavage zone may serve as the ore-forming
fluid passageways as well as auriferous host structures.
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Figure 2: Geological sketch map of the Daping gold deposit (modified after [59]): 1: unconformity boundary; 2: conformity boundary; 3:
Changan Formation (Nhc); 4: Yanmenzhai Formation (Qbym); 5: Jiajiantian Formation (Qbj); 6: Zhuanqiangwan Formation (Qbz); 7:
ductile-brittle shear zone; 8: auriferous vein; 9: sample location; 10: prospecting line. Due to all the samples coming from diamond drills,
only the horizontal positions are shown.
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3.2. The Orebody Characteristics. At present, 23 auriferous
veins were found out with a length of 120–2100m and a
width of 1.30–70m. The auriferous veins which occurred
in the ductile shear zone or adjacent fault segments are
NW-trending of I6, I7, I9, I12, and I19 or NE-NNE-trending
of I17, I20, I21, and I26. The NW-trending veins intersect
the NE-trending vein at a large angle, and both the NE-
trending and NW-trending auriferous veins have inclination
angles of above 70° (Figure 3). At present, 38 ore bodies have
been found out between the elevation of -40m and 340m,
and among them, 7 main ore bodies have lengths of 170–
470m with an average thickness of 1.36–4.85m and an aver-
age grade of 1.63–25.80 ppm. The alteration types of the
Daping gold ores include silicification, sericitization, chlori-

tization, carbonization, and clayization (Figures 4(a), 4(c),
and 4(h)). The intensity of silicification, pyritization, and
sericitization has positive relations with the intensity of gold
mineralization.

3.3. Ore Characteristics. According to the differences of gold-
bearing structures, the Daping gold ores can be divided into
quartz vein type (gold mineralization mainly occurred in
quartz veins and nearby metal sulfides), altered rock type
(gold mineralization mainly occurred in alteration rocks),
and tectonic breccia type (gold mineralization mainly
occurred in tectonic breccia rocks) (Figure 5). The metal
minerals of ores are composed of pyrite, arsenopyrite, chal-
copyrite, galena, sphalerite, and stibnite, and among them,
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Figure 3: Geologic cross-section (prospecting line 135) of the Daping gold deposit (modified after [59]).
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(cross-polarized light). (b) Tensile ductile deformation of the phyllite breccia (cross-polarized light). (c) The silicification belt around the
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Figure 5: Macroscopic images of auriferous veins and deformation characteristics of the Daping gold deposit. (a) Field image of the NW-
trending veins of I12. (b) Macroscopic image of the NE-trending veins of I17 shows distinct features of sinistral shear deformation. (c)
Irregular quartz breccia and sericite slate breccia of I21 vein formed in the tectonic shearing environment. (d) The schistose foliation
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veins. (f) Quartz-carbonate veins show undulating edge of ductile deformation.
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pyrite and arsenopyrite are the main gold-bearing minerals.
The gangue minerals are mainly including quartz, carbonate
minerals, albite, sericite, and muscovite.

According to the mineral assemblages, the metallogenic
process of the Daping gold deposit can be divided into two
periods (metallogenic period and supergene period) and
four stages (Table 1, Figure 4). The first stage has mineral
assemblages of quartz+pyrite+arsenopyrite±carbonate min-
erals and the second stage has mineral assemblages of
quartz+polymetallic sulfide minerals (pyrite, arsenopyrite,
chalcocite, galena, chalcopyrite, tetrahedrite)±chlorite±car-
bonate minerals which are the main gold mineralization
stages. The third stage has mineral assemblages of quartz
and carbonate minerals. The supergene stage is character-
ized by the mineral of limonite±patina which is formed by
the oxidation of metal sulfides.

4. Sampling and Analytical Methods

4.1. Samples. The nineteen samples which were collected
from drill holes are used for the geochemical and metallo-
genic study of the Daping gold deposit. Samples H3, H6,
H7, and H8 from auriferous vein I6 are sericite phyllite with
gold content of 0.26–1.19 ppm. Samples H5, H40, H52, H43,
H46, H62, and H84 from auriferous vein I17 are sericite
phyllite with gold content of 0.61–2.94 ppm. Samples H28,
H34, H51, H22, H10, H16, H26, and H9 from auriferous

vein I21 are sericite phyllite, sericitolite, and mylonite with
gold content of 1.47–10.77 ppm. For detailed sample infor-
mation, see Table 2 and Figure 2.

4.2. Analytical Methods. The major elements and trace ele-
ment of whole rock were tested in samples H3, H5, H6,
H7, H8, H26, H28, H34, H40, H43, H46, H51, H52, H62,
and H84. Hydrogen and oxygen isotopes of mineral quartz
were tested in samples H28, H34, H22, H10, H16, H26,
H9, and H46. Sulfur isotope of arsenopyrite and pyrite was
tested in samples H34, H22, H16, H26, H7, and H46. The
homogenization temperature, freezing temperature, and
laser Raman spectra of the ore-forming fluid inclusions were
tested in samples H7, H10, H21, H28, and H43.

The major elements, trace element, and isotopes of sul-
fur, hydrogen, and oxygen of the Daping gold ore samples
were measured in the Australian Real Analysis Test (Guang-
zhou) Co., Ltd. The major elements were tested by the X-ray
fluorescence instrument of ME-XRF26d with precision and
accuracy better than ±5%. The trace elements and the rare
earth elements are measured by instruments of M61-MS81,
and the relative error is less than 10%. Sulfur isotope was
measured by an instrument of S-ISTP01L with accuracy of
better than 0.02%. Hydrogen isotope was tested by the
instrument of H-ISTP01 with accuracy of better than 0.3%.
The oxygen isotope was measured by the instrument of O-
ISTP01 with accuracy of better than 0.03%. δ18OH2O were
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Figure 6: Primitive standard spider graph of trace elements of Daping gold deposit. The values for primitive mantle are from [62].
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calculated according to the equation suggested by Clayton
et al. [22]: δ18OQ – δ18OH2O ≈ 3:38 × 106/T2 − 3:40.

The homogenization temperature and freezing tempera-
ture testing of the ore-forming fluids were conducted by the
instrument of LINKAMTHMSG600 in the Fluid Inclusion
Laboratory of Chengdu University of Technology with tem-
perature accuracy of ±0.1°C. The salinities of the metallo-
genic fluid inclusions were calculated by using the equation
of [23]: W = 0:00 + 1:78Tm − 0:042Tm

2 + 0:000557Tm
3,

where W is the weight percentage of NaCl (0–23.3% NaCl)
and Tm is the freezing point depression (°C). The laser
Raman spectra of single fluid inclusion were measured by
the instrument of HORIBA LabRAM HR Evolution in the
Raman Lab of Chengdu University of Technology with spa-
tial resolution of 1μm.

5. Analytical Results

5.1. Major Elements. The test results of the major elements
illustrate that the Daping gold ores have a high content of
SiO2 and S and low content of Al2O3, TiO2, CaO, Na2O,
MnO, and K2O (Table 3). With the increasing of gold min-
eralization, the intensity of silicification alteration and sul-
fide mineralization increased significantly.

5.2. Trace Element. The trace element analysis results
(Table 4) show that the samples have w ðUÞ/w ðThÞ ratios
of 0.18–0.24 (0.20 in average), w ðRbÞ/w ðSrÞ ratios of
0.35–1.15 (0.68 in average), w ðCoÞ/w ðNiÞ ratios of 0.45–
0.93 (0.68 in average), and w ðZrÞ/w ðHfÞ ratios of 32.50–
34.26 (33.47 in average). The content values of U, Rb, and
Co in the ores of Daping gold deposit are smaller than Th,
Sr, and Ni. The content value of Zr is greater than Hf. The
original mantle-standardized spider map shows that the ele-
ments of Li, Cr, Ni, Zn, Rb, Th, and Sr enriched obviously,
and on the contrary, the elements of Sc, Co, Cu, Ga, Cs,
Tl, and Zr were depleted (Figure 6).

5.3. Rare Earth Element. Rare earth elements are important
indications for the analysis of the ore-forming material
sources due to their stable chemical properties and the
specificity of distribution [24]. REE testing results
(Table 5) show that the total amount of rare earth element
(ΣREE) of the Daping gold ores is 98.20–218.76 ppm

(160.58 ppm in average), the total amount of LREE is
88.38–192.36 ppm (142.38 ppm in average), the total
amount of HREE is 9.82–26.40 ppm (18.20 ppm in aver-
age), the ratio of w ðLREEÞ/w ðHREEÞ is 6.91–9.00 (7.82
in average), and the ratio of w ðLaÞN /w ðYbÞN is 6.78–
10.20 (7.95 in average). The δEu values ranging from
0.54 to 0.75 and the δCe values ranging from 1.05 to
1.09 show positive Ce anomaly and negative Eu anomaly.
All of the samples have a similar REE pattern of right-
dip type indicating that they may have homologous ori-
gins (Figure 6) [25].

5.4. Hydrogen and Oxygen Isotope. The hydrogen and oxy-
gen isotope testing results (Table 6) of quartz mineral sam-
ples show that the value of δDH2O is from -51‰ to 62‰

(-58.6‰ in average), and the value of δ18OH2O is from
-1.44‰ to 5.42‰ (1.92‰ in average).

5.5. Sulfur Isotope. The sulfur isotope is important for study-
ing the source of ore-forming materials [26, 27]. Six sulfur
isotope samples of metal sulfides (pyrite or arsenopyrite)
were tested, and the testing results (Table 7) show that the
value of δ34S is from -1.00‰ to 1.98‰ (-0.13‰ in average),
which are close to the average S isotope of the magmatic
hydrothermal deposit of 1.68‰ [28, 29].

5.6. Ore-Forming Fluid Inclusion Testing. According to the
microscope observation, the ore-forming fluid inclusions
are in the shape of circle, ellipse, or irregular. The metallo-
genic period of the Daping gold deposit can be divided into
three stages. The inclusions of stage one are two-phase inclu-
sions and liquid phase inclusions. The inclusions of stage

Table 6: Isotopic values of D and O of the Daping gold deposit. The values of the δOH2O are yielded by the equation: δ18OQ – δ18OH2O
≈ 3:38 × 106/T2 − 3:40 [22].

Sample Mineral δD (‰) δOV-SMOW (‰) δOH2O (‰) T (°C)

H28-OH1 Quartz -62 11.4 2.72 255.8

H34-OH1 Quartz -59 14.1 5.42 255.8

H22-OH1 Quartz -61 10.1 1.42 255.8

H10-OH1 Quartz -60 11.3 -1.44 184.5

H16-OH1 Quartz -53 12.9 0.16 184.5

H26-OH1 Quartz -62 16 3.26 184.5

H9-OH1 Quartz -61 13.6 0.86 184.5

H46-OH1 Quartz -51 15.7 2.96 184.5

Table 7: Isotope values of δ34S in the arsenopyrite or pyrite of the
Daping gold deposit.

Sample Mineral δ34S (‰)

H34-S1 Arsenopyrite -0.94

H22-S1 Arsenopyrite -1

H16-S1 Arsenopyrite -0.76

H26-S1 Arsenopyrite -0.67

H7-S1 Pyrite 1.98

H46-S1 Pyrite 0.23
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two are two-phase inclusions, liquid phase inclusions, and
gas inclusions. The inclusions of stage three are two-phase
inclusions and gas phase inclusions. Based on the laser
Raman spectra testing, the composition of the liquid phase
inclusions is H2O, and the composition of the gas phase
inclusions is H2O and CO2. For detailed characteristics of
the fluid inclusions, see Table 1 and Figures 7 and 8.

The first stage of the ore-forming fluid yielded homog-
enization temperature of 218.0–293.1°C (255.8°C in aver-
age) and salinity of 4.98–17.94wt.% NaCl eqv.
(11.35wt.% NaCl eqv. in average). The second stage of
the ore-forming fluid yielded homogenization temperature
of 159.3–240.6°C (184.5°C in average) and salinity of 5.28–
10.59wt.% NaCl eqv. (7.64wt.% NaCl eqv. in average).
The third stage of the ore-forming fluid yielded homogeni-
zation temperature of 138.5–177.1°C (157.3°C in average)
and salinity of 0.71–7.78wt.% NaCl eqv. (4.82wt.% NaCl
eqv. in average). For details of the fluid inclusion testing,
see Table 8 and Figure 9.

6. Discussion

6.1. Source of Ore-Forming Materials and Fluids. The Pre-
Cambrian basement of the middle Xuefeng Mountain area
is composed of Lengjiaxi Group, Gaojian Group, and Nan-
hua System which have average gold content of 19.46 ppb,
41.86 ppb, and 20.51 ppb, respectively [30–32]. The gold
content of the base rocks is 6.5–14 times than the average
bulk continental crust of 3.0 ppb [33] and thus can provide

an abundant initial gold source for the formation of the gold
deposits in the middle Xuefeng Mountain area.

Trace element studies show that the Daping gold ores
enrich in Li, Cr, Ni, Zn, large ion lithophile elements of Rb
and Sr, and high field strength element of Th and deplete
in elements of Sc, Co, Cu, Ga, Cs, Tl, and Zr (Figure 6).
The chondrite standard distributions of REE curves of gold
ores have similar patterns of right-dip indicating that they
probably have the same material sources and origins [25].
The rare earth elements of the gold ores are characterized
by the strong enrichment of LREE (Figure 10). The δEu
values range from 0.54 to 0.75 which show negative Eu
anomaly, indicating that Daping gold deposit may form in
the reducing environment [24, 34].

On the diagram of δ18OH2O vs. δDH2O (Figure 11), aurif-
erous quartz of the Daping gold ores is mainly located
between the magmatic water and meteoric water and partly
located at magmatic water, which indicates that the metallo-
genic fluids may be the mixing fluids of magmatic waters
and meteoric water. Considering that the Zhonghuashan
granite and Huangmaoyuan granite (belonging to Baima-
shan complex granites) (Figure 1) are only a few kilometers
away from Daping gold deposit and have δ18O value of
9.74–11.2‰ [35] which overlap partially with δ18O value
of 10.1–15.7‰ of the Daping gold-bearing quart, this indi-
cates that the metallogenic fluids may partly come from
the deep concealed granite with mixing of the meteoric
water, which is similar to the Chanziping deposit
(Figure 12). The δ34S‰ values of sulfide isotope from metal
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Figure 7: Photomicrographs of the typical fluid inclusions of the Daping gold deposit. (a) Two-phase and liquid phase of the first ore-
forming stage. (b) Two-phase inclusions of the first ore-forming stage. (c) Two-phase, liquid phase, and gas phase inclusions of the
second ore-forming stage. (d) Two-phase and gas phase inclusions of the third ore-forming stage. Abbreviation: LH2O: liquid H2O; GH2O:
vapor H2O; GCO2

: vapor CO2.
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sulfides of the Daping gold deposit range from -1 to 1.98,
which are consistent with the granite; Gaojian Group
(Figure 12) implied that both the granite and Gaojian Group
may contribute to the sulfur sources.

Most granites in middle Xuefeng Mountain and adjacent
regions belong to S-type granites [35–37] and have low gold
contents (e.g., the Baimashan complex granites have average
gold content of 1.25 ppb [38]). Considering that the magma
source of the granites have gold contents of 19.46–41.86 ppb
which are much higher than the 1.25 ppb of granites, thus,

the gold element may aggregate in the magmatic hydrother-
mal fluids and may partly contribute to the formation of
Mesozoic regional gold deposits.

6.2. Metallogenic Mechanism. Based on Rb-Sr dating of
quartz, the Daping gold deposit and Chanziping gold
deposit occurred in 204.8Ma and 205.6Ma, respectively
[18]. Large-scale regional thrusting nappe structures and
associated acid magma intrusion activities occurred at 225–
201Ma of the Indosinian period [18, 36, 37]. Thus, the

Table 8: Microthermometric data of fluid inclusions of the metallogenic period in the Daping gold deposit.

Stage
Host

mineral
Counts Th (°C)

Average Th
(°C)

Tm (ice) (°C)
Average Tm
(ice) (°C)

Salinity (wt.%
NaCl eqv.)

Average salinity (wt.%
NaCl eqv.)

The first
stage

Quartz 9
218.0–
293.1

255.8
From -13.7 to

-3.0
-7.6 4.98–17.94 11.35

The second
stage

Quartz 39
159.3–
240.6

184.5
From -7.0 to

-3.2
-4.8 5.28–10.59 7.64

The third
stage

Quartz 8
138.5–
177.1

157.3
From -4.9 to

-0.4
-2.9 0.71–7.78 4.82

Th: homogenization temperature; Tm (ice): melting temperature of ice. The salinity and density of the fluid inclusions are calculated by the equation of [23].
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Figure 8: Microstructures and laser Raman spectra for fluid inclusions in Daping gold deposit.
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metallogenic epoch of regional gold mineralization is a little
younger than the intrusion time of granites.

The tectonic schistose foliation developed in auriferous
veins (for example, I17 and I21) and ductile deformation of
auriferous quartz veins (Figures 5(b), 5(d), and 5(e)) pro-
vides important evidence for the existence of brittle and duc-
tile shear zones. The development of tectonic schistose
foliation structure provides a migration channel for ore-
forming fluids and serves as the main place for the precipita-
tion and enrichment of ore-forming materials [39]. Driven
by the thermal gradient of concealed granite, the gold metal-
logenic fluids migrate along the brittle and ductile shear
zones, and in this process, the gold element of the adjacent

stratum also adds to the fluids. When the ore-forming fluids
reach the shallow stratum, and under the environment of
depressurizing and fluid immiscibility, the thermodynamic
equilibrium of CO2 and oxygen fugacity were destroyed,
and thus, the gold element precipitated in the quartz and
metal sulfides to form the gold ores [16].

6.3. Ore Genetic Type. As an important type of gold deposits
in the world, the orogenic gold deposits provide at least 30%
of global gold reserves [40], and 17 giant gold deposits
(>500 t Au) around the world belong to the orogenic gold
type. Since the evolutionary history of the orogenic belt
can be recorded in the formation of the orogenic gold
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Figure 9: (a) Frequency histogram of the homogenization temperature of the Daping metallogenic fluids. (b) Frequency histogram of the
freezing temperature of metallogenic fluids. The homogenization temperature data and freezing temperature data are from
microthermometric analysis of the fluid inclusions (this study).
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deposits [41], the study of the ore-forming process and gen-
esis of the orogenic gold deposits can provide valuable infor-
mation of metamorphism and uplift-erosion process of the
orogenic belt and thus attracted more and more geologists
to conduct research on such type of gold deposits. Before
the jargon of orogenic gold deposits was proposed, the clas-
sification of the gold deposits which occurred in the orogenic
belts or greenstone belts was in chaos. For instance, based on
the differences of the surrounding rocks, the gold deposits
were classified into green belt type, turbidite type, and BIF
(banded iron formation) type [42]; based on the differences
of mineralization characteristics, the gold deposits were clas-
sified into quartz vein type, altered rock type, and breccia
type [43]; based on the differences of ore-controlling factors,
the gold deposits were classified as shear zone type [44].
Groves et al. [45] proposed that the gold deposit formed in
the tectonic environment of the squeezing or compression
in the convergence region of the plates and has close genetic
relationship with the orogenic process which can be classi-
fied as orogenic gold deposit, and thus, the gold types men-
tioned above should be classified as one type of orogenic
gold deposit.

The middle Xuefeng Mountain area is located in the
transition zone between Cathaysian plate and Yangtze plate
and had undergone many periods of crustal tectonic move-
ment and forms a large number of faults and folds as well

as a series of ductile-brittle shear zone structures and multi-
ple metallogenic episodes including Paleozoic (e.g., Zixi gold
deposit of 425Ma [46]) and Late Triassic (e.g., Chanziping
and Daping gold deposit). In the Indosinian period, due to
the strong NW-SE compression tectonic activities and the
intrusion activities of regional acidic magmas, the magmatic
hydrothermal fluids upwelled along the shear zone, and the
gold elements in the stratum were activated, migrated, and
gradually precipitated and enriched in the proper weak tec-
tonic structures (for instance, ductile-brittle shear
structures).

Similar Mesozoic gold deposits were also reported in the
Jiangnan Orogen, e.g., Yanlinsi, Hengjiangchong, Wangu,
Huangjindong, Jinjing, Mali, Fenshuiao, and Dayan [1, 4,
47–52]. And generally speaking, its gold mineralization has
close spatial relations with regional granitic intrusions [1].
H–O–C–S–Pb isotopic data of ore-forming fluids indicate
that its ore-forming materials mainly source from granitic
magma and minor from basement metamorphic stratum
([1] and references therein). The ore-controlling structure
of the shear zone of Daping gold deposit is similar to many
world typical orogenic gold deposits [53–58]. In addition,
the Daping gold deposit has many similar characteristics to
the typical orogenic gold deposits (Table 9), for instance,
the tectonic background of orogen, the ore-bearing rocks
of semideep sea or deep sea sediments, the ore-type of quartz
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vein with metal sulfides, the alteration of silicification and
carbonization, and the ore-forming fluids of CO2-H2O-
NaCl. In summary, the Daping gold deposit may belong to
an orogenic type.

7. Conclusions

(1) The Daping gold ores have features of high content
values of SiO2, S, and As and low content values of
Al2O3 and Na2O and have intense alteration of silic-
ification and sericitization. The gold ores are
enriched in Li, Cr, Ni, Zn, Rb, Th, and Sr and
depleted in Sc, Co, Cu, Ga, Cs, Tl, and Zr. The chon-
drite REE distribution patterns of the gold ores dis-
play strong enrichment of LREE with δEu values
ranging from 0.54 to 0.75

(2) Four ore-forming stages were identified: the first
stage has mineral assemblages of quartz+pyrite
+arsenopyrite±carbonate minerals, the second

stage has mineral assemblages of quartz+polyme-
tallic sulfide minerals (pyrite, arsenopyrite, chal-
cocite, galena, chalcopyrite, tetrahedrite)±chlorite
±carbonate minerals, the third stage has mineral
assemblages of quartz and carbonate minerals,
and the supergene stage is characterized by limo-
nite±patina which were formed by the oxidation
of metal sulfides. Among them, the first stage
and the second stage are the main gold mineral-
ization stages

(3) The ore-forming fluid inclusions from quartz are com-
posed of liquid phase (H2O) and gas phase (H2O and
CO2). The main gold mineralization stages of the first
stage and second stage yielded average homogenization
temperature of 184.5 and 255.8°C and average salinity
of 7.64wt.% NaCl eqv. and 11.35wt.% NaCl eqv.,
respectively. Thus, the ore-forming fluids may belong
to H2O-CO2-NaCl, medium-low temperature, and
medium-low salinity fluids

Table 9: The comparison of geological features between the Daping gold deposit and typical orogenic gold deposits.

Geological features
Typical orogenic gold deposits (Groves et al. [45]; Wang
et al. [46]; Qiu et al. [60]; Xu et al. [1]; Lu et al. [61])

Daping gold deposit

Tectonic
background

Tectonic compression environment of the orogenic belt
The Daping gold deposit is located in the transitional
region of Xuefengshan orogenic belt between the

Cathaysia plate and the Yangtze plate

Ore-bearing rocks

Most of the Archaean gold deposits occur in greenstone
belts, and the ore-hosting rocks are mainly tholeiitic
volcanic rocks. Phanerozoic gold deposits are mainly
hosted in semideep sea or deep sea turbidite. The host

rocks generally underwent shallow-medium
metamorphism of greenschist facies and amphibolite

facies

The wall rocks of the Daping gold ores are deep sea and
semideep sea tuffaceous flysch formations of the

Qingbaikou System with lithology assemblages mainly
including slate, sandy slate, and sericite slate

Ore-controlling
structure

The first-level fault is a large tectonic belt which cuts
through the crust with a length of more than 100 km; the
second-level fault has length of 1–10 km, and gold ore
bodies are often located in the secondary level tectonic
zones. The gold mineralization often occurred in the

shear fracture and tension fracture

The Daping gold deposit is located in ca. 10 km southeast
of the first-level deep fault of Anhua-Liping (about
350 km long). And second-level tectonics of the NE-
trending ductile-brittle shear deformation zone of F8
(about 20 km long) cross through the Daping gold

deposit from the middle. The mineralization structures
are shear fracture of NW trend and tension fracture of

the NE trend

Ore-type
The gold mainly occurred in the quartz veins with 3–5%

metal sulfides

The gold mineralization mainly occurred in quartz veins
and nearby metal sulfides, alteration rocks, and tectonic

breccia rocks

Alteration type
K-feldspathization, silicification, sericitization,

carbonization, and sulfidation
Silicification, sericitization, chloritization, carbonization,

clayization, and sulfidation

Ore-forming fluids
Mantle-derived fluid, magmatic fluid, metamorphic

fluid, and atmospheric water. The ore-forming fluids are
characterized by CO2-H2O-NaCl±CH4 and rich in CO2

Magmatic fluid and atmospheric water. The ore-forming
fluids are characterized by CO2-H2O-NaCl

Metallogenic
temperature of the
ore-forming fluids

150°C–700°C 157.3°C–255.8°C

Salinity of the ore-
forming fluids

3–10 wt.% NaCl eqv. 4.57–10.93% (NaCl eqv.)

Assemblage of the
metal elements

Au, Ag, ±As, Sb, Te, W, Bi Au, As, ±Sb, ±Cu, ±Pb

Metallogenetic era From the Neoarchaean to the Cenozoic era The gold mineralization occurred in Indosinian era
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(4) The values of δ34S of metal sulfides in Daping gold
deposit range from -0.94‰ to 1.98‰ (-0.131‰ in
average), the δDH2O and δ18OH2O values of aurifer-
ous quartz are from -51‰ to 62‰ and from
-1.44‰ to 5.42‰, respectively, indicating that the
sulfur may source from the concealed granite and/or
Gaojian Group, and the ore-forming fluids may
belong to mixing fluids of the magmatic fluid and
meteoric hydrothermal fluid

(5) The Daping gold deposit formed in Indosinian
period under the tectonic environment of compres-
sion between the Cathaysian plate and Yangtze plate
and has similar features of the ore-bearing rocks,
ore-controlling structures, alteration, and minerali-
zation styles with typical orogenic gold deposits
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The advanced mining stress on a large working face can easily lead to the failure of the roof and coal mass; coal wall spalling and
roof caving occur. The degree of coal wall failure and the depth of the plastic fracture zone are closely related to the advanced
mining stress. The mechanical analysis model is established, and the stress distribution in the fracture and plastic zone is
analyzed by the elastic-plastic theory, and the depth function expressions of two zones are determined. Comparative analysis of
the factors affecting mining strength shows that the mining depth, mining height, and strength of coal are the key factors
affecting the stability of the coal wall. The A1 coal of Zhangji mine in Huainan is soft and thick, and the direct roof is easily
separated by the organic membrane, which is easy to form arc-shaped sliding instability. The increase in the unsupported roof
area causes the direct roof caving and reduces its bearing capacity and stiffness. It is unable to provide enough support for the
broken block of the overlying key stratum, which makes the broken block reverse rotation and further aggravate the roof fall;
the synchronous instability of the coal wall and direct roof is formed.

1. Introduction

A large mining height working face has large stope space, the
scope of roof collapse and the movement range of fractured
rock strata will be greatly increased, the filling degree of goaf
is reduced, and it has an impact on the fracture law and
structural characteristics of overburden. In particular, when
the roof has multilayer thick and hard rock and one or both
sides of the working face are empty, it will lead to abnormal
pressure such as spalling and roof caving, which has been
proven in the previous mining practice of 4~6m mining
height[1–4]. With the increase in mining height, the depth
and frequency of coal wall spalling will undoubtedly be
increased, and the leakage of the broken roof will be intensi-
fied, which will seriously limit the advancing speed of the
working face and form a vicious circle.

The influence of overlying rock structure on the stabil-
ity of surrounding rock in large mining height has hanged
fundamentally, and the surrounding rock control mecha-
nism will also change. Professor Wang Jiachen [5, 6] car-

ried out mechanical analysis and experimental research on
the occurrence conditions of “two hard” coal seams, estab-
lished the elastic thin plate mechanical model of the first
roof caving, studied the characteristics of sectional weight-
ing of roof strata in different areas along the length direc-
tion of the working face, and analyzed the reasons of roof
stratum migration and weighting. Yan et al. [7] established
the “short cantilever beam+hinged rock beam” model of a
rock layer fracture in a large mining height working face
by means of numerical simulation and theoretical analysis.
Through field observation, theoretical analysis, and numer-
ical simulation analysis of the large mining height working
face, Yan et al. [8, 9] studied the law of mine pressure
behavior, the influence range of advanced abutment pres-
sure, and the position of the peak point in the fully mech-
anized mining face and considered that the basic roof
weighting of the fully mechanized mining face with large
mining height is more severe than that of the ordinary
fully mechanized mining face, and the coal wall spalling
and roof caving are more serious, and the hydraulic
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pressure is more serious; there is a common phenomenon
of dynamic load impact on the support. Based on the D-
P-Y criterion and limit equilibrium theory of plasticity
mechanics, Bo et al. [10, 11] analyzed the width of the
plastic failure zone and stress distribution of the coal wall,
obtained the calculation method of the width of the plastic
failure zone of the coal wall and abutment pressure in
front of the working face, and analyzed the failure process
and control measures of the roof and wall of “three soft
coal seams”. Fang et al. [12] established the mechanical
model of surrounding rock hydraulic support structure,
analyzed the whole process of coal wall deformation-rup-
ture-failure-instability, analyzed the arc sliding instability
process of the upper part of the coal wall by the stability
coefficient method, and calculated the critical height of
coal wall stability. There are mainly four methods [13,
18] to control the stability of the coal wall and roof of
the large mining height working face. Change the stress
environment of the working face, and appropriately
improve the support resistance. Through the coal wall
and roof grouting, use an anchor rod (such as bamboo
anchor rod) and other means to improve the coal and
rock rest cohesive force. A step coal wall mining method
reduces the time of coal wall stability maintenance and
reduces the mining height. Improve mining technology
to speed up the advance, reduce the length of the working
face, use the bow mining, improve the speed of the
shearer, and reduce the cutting depth and other measures.
Based on the elastic-plastic theory, this paper analyzes the
stress distribution law of coal and rock mass and the
depth of the plastic failure zone under the action of
advanced mining stress and defines the main control fac-
tors affecting the failure of the coal wall with large mining
height. Combined with the occurrence conditions of spe-
cific coal seam, the synchronous instability mechanism of
the coal wall and roof in the large mining height working
face of soft coal is expounded, and the main control mea-
sures are proposed.

2. Advanced Mining Stress Distribution Law of
the Large Mining Height Working Face

With the mining of the working face, the goaf will be
formed; the stress load of the overlying strata gradually
transfers to the coal and rock mass around the working face.
According to the stress redistribution characteristics, the
stress completely acts on the coal and rock mass in front
of and on the side of the working face, thus forming a large
range of stress concentration in these areas. In general, the
stress concentration factor is k = 2 ~ 4. Under the influence
of the advance pressure, mining stress increasing and reduc-
ing area is formed in the coal body and its roof and floor,
and they move forward continuously with the mining.
According to the total stress-strain curve of coal and rock,
its deformation can be divided into three stages: elastic stage,
plastic stage, and failure residual stage. When the abutment
pressure does not exceed the ultimate bearing capacity of
coal, the coal body is in AN elastic state; when the coal mass
reaches the yield condition but fails to meet the fracture

requirements, the coal mass is in the plastic stage; when
the deformation of the coal body reaches the fracture condi-
tion, the coal mass is in the fracture state. The fracture zone,
plastic zone, elastic zone, and original rock stress zone can
be produced in coal mass, as shown in Figure 1.

3. Mechanics Analysis of the Coal Wall of the
Large Mining Height Working Face

3.1. Mechanics Analysis of the Coal Wall of Stability. The
failure degree of the coal wall and the width of the plastic
fracture zone are closely related to the magnitude of mining
advance stress. As shown in Figure 2, the mechanical analy-
sis model of the coal wall is established, xb is the boundary
between the broken zone and the plastic zone, and xp is
the boundary between the plastic zone and the elastic zone.

As shown in Figure 2(b), considering the vertical stress
σy, horizontal resistance Pi, horizontal stress σx, and shear
stress τ caused by upper and lower boundary dislocation,
the microelement equilibrium equation is established:

−m σx + dσxð Þ +mσx + 2τdx = 0, ð1Þ

where m is the coal thickness.
Shear stress τ caused by upper and lower boundary dis-

location is

τ = f dσy , ð2Þ

where f is the friction resistance coefficient of upper and
lower boundary dislocation.

Equation (3) can be obtained through [8] and [10]:

dσx =
2f
m

σydx, ð3Þ

namely, β = 2f /m. The above formula is as follows:

dσx = βσydx: ð4Þ

In the broken area (0 ≤ x ≤ xb), the medium of coal and
rock mass meets the following requirements:

σby = Kpσ
b
x + σ∗

c , ð5Þ

where C∗ is the medium cohesion in the broken zone and φ
is the internal friction angle, namely, Kp = ð1 + sin φÞ/ð1 −
sin φÞ and σ∗

c = 2C∗ cos φ/ð1 − sin φÞ.
Equation (5) is substituted into equation (3) to obtain

dσb
x = βKpσ

b
x + βσ∗c : ð6Þ

The general explanation is

σb
x = −

σ∗c
Kp

+ C1e
βKpx: ð7Þ
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When x = 0, σbxjx=0 = Pi, and substitute it into equation
(7) to obtain

C1 = Pi +
σ∗
c

Kp
: ð8Þ

The stress of coal mass at the edge of the fracture area is

σbx = −
σ∗
c

Kp
+ Pi +

σ∗c
Kp

 !
eβKpx,

σby =
dσx
βdx

= Kp Pi +
σ∗c
Kp

 !
eβKpx,

0 ≤ x ≤ xbð Þ:

8>>>>><
>>>>>:

ð9Þ

In the plastic zone (xb ≤ x ≤ xp), the medium of coal
mass meets the following requirements:

σpy = Kpσ
p
x + σc −M0εp, ð10Þ

where M0 is the softening modulus of coal and Sz is the
strain gradient of coal in the plastic zone, namely, Sz = tan
ðαÞ and εp = ðSz/mÞðxp − xÞ. α is the sum of deformation
angles of the coal roof and floor in the plastic zone.

The above formula is

σp
y = Kpσ

p
x + σc −

M0Sz
m

xp − x
� �

: ð11Þ

Equation (11) is substituted into equation (4) to obtain

dσpx = βKpσ
p
x + β σc −

M0Sz
m

xp − x
� �� �

: ð12Þ
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Figure 1: Stress distribution of stope.

0.
5 
h

O

A

B

C

D

τxy

σx

σy

kγH

γH

y

x
Pi

xexb xp

0.
5 
h

(a) The stress distribution

σx

σx
σx

σy

σy

x dx

d𝜎x

C + fσy

C + f𝜎y

dx
dx

+

m

x
O

y

(b) Mechanical model

Figure 2: Stress analysis model of coal mass.
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Therefore, the stress state of coal in the plastic zone can
be expressed as

σpx =
M0Sz/mð Þ xp − x

� �
Kp

 !
−

β M0Sz/mð Þ + β2Kpσc

βKp

� �2 + C2e
βKpx xb ≤ x ≤ xp

� �
,

σpy = −
M0Sz
mβKp

+ C2Kpe
βKpx:

8>>>>>>>>>><
>>>>>>>>>>:

ð13Þ

At the boundary of the plastic and elastic zone (x = xp),
the destruction of coal is subject to

σp
y

���
x=xp

= Kpσ
p
x + σc, ð14Þ

where σc is the residual strength of coal, namely, σc = 2C
cos φ/ð1 − sin φÞ, and C is the cohesion.

When x = xp, σ
p
yjx=xp = KγH, where K is the stress con-

centration factor and γH is the original rock stress.
Equation (14) is written as

C2 =
M0Sz/mβKp

� �
+ KγH

Kp
e−βKpxp : ð15Þ

The stress state of coal in the plastic region can be
expressed as

σp
x =

M0Sz/mð Þ xp − x
� �

Kp

 !
−

β M0Sz/mð Þ + β2Kpσc

βKp

� �2
 !

+

β M0Sz/mð Þ + β2KpKγH

βKp

� �2
 !

eβKp x−xpð Þ xb ≤ x ≤ xp
� �

,

σp
y = −

M0Sz
mβKp

+
M0Sz/mð Þ + KpβKγH

βKp

 !
eβKp x−xpð Þ:

8>>>>>>>>>>>><
>>>>>>>>>>>>:

ð16Þ
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When x = xb,

σby

���
x=xb

= Kpσ
b
x

���
x=xb

+ σc −
M0Sz
m

xp − xb
� �

, ð17Þ

so

Kp Pi +
σ∗c
Kp

 !
eβKpxb = Kp −

σ∗
c

Kp
+ Pi +

σ∗c
Kp

 !
eβKpxb

" #

+ σc −
M0Sz
m

xp − xb
� �

:

ð18Þ

The solution of equation (18) is

xp − xb =
m σc − σ∗

cð Þ
M0Sz

: ð19Þ

When x = xb, σ
b
xjx=xb = σp

xjx=xb .

−
σ∗
c

Kp
+ Pi +

σ∗c
Kp

 !
eβKpxb =

M0Sz/mð Þ xp − xb
� �

Kp

 !

−
β M0Sz/mð Þ + β2Kpσc

βKp

� �2
 !

+
β M0Sz/mð Þ + β2KpKγH

βKp

� �2
 !

eβKp xb−xpð Þ:

ð20Þ

Equation (20) is substituted into equation (19) to obtain

−
σ∗c
Kp

+ Pi +
σ∗c
Kp

 !
eβKpxb = σc − σ∗cð Þ

Kp

−
β M0Sz/mð Þ + β2Kpσc

βKp

� �2
 !

+
β M0Sz/mð Þ + β2KpKγH

βKp

� �2
 !

e−
mβKp σc−σ∗cð Þ

M0Sz :

ð21Þ

(a) Synchronous instability of the coal wall and roof (b) Instability of the coal wall under high shear stress

(c) Instability of the coal wall affected by gangue (d) Instability of the coal wall caused by tensile cracking

Figure 4: Coal wall spalling type.
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The depth of the coal broken and plastic zone is
expressed as

3.2. Case Analysis. The coal mass of group A of Zhangji mine
has low strength, the thick roof layer is directly covered with
fine sandstone, horizontal bedding is developed, the layer is
sandwiched with argillaceous bands, argillaceous inclusions,
and organic membrane, and the relevant parameters are
taken as follows: f b = 0:5, nb = 0:6MPa, f p = 0:25, np = 0:24
MPa, C∗ = 0:2MPa, φ = 22:4°, M0 = 0:1GPa, α = 12°, and
K = 2:3.

(1) When H = 500m, Pi = 0:1MPa, and φ = 24°, as
shown in Figure 3(a), with the same cohesion, the
greater the mining height is, the greater the plastic
zone depth is, and the plastic zone depth is basically
linearly positively correlated with the mining height

(2) When m = 8m, Pi = 0:1MPa, and φ = 24°, as shown
in Figure 3(b), with the same cohesion, the greater
the mining depth is, the greater the plastic zone
depth is, and the relationship between the plastic
zone depth and the mining depth is approximately
hyperbolic, while at the same mining depth, the
greater the coal cohesion, the smaller the plastic zone
width

(3) When H = 500m, Pi = 0:1MPa, and m = 8m, as
shown in Figure 3(c), with the same cohesion, the
greater the internal friction angle, the smaller the
plastic zone depth, but the plastic zone depth
decreases slightly with the increase in the friction
angle; at the same internal friction angle, the plastic
zone depth decreases with the increase in cohesion,
and the reduction amplitude is obvious

(4) When H = 500m, m = 8m, and φ = 24°, as shown in
Figure 3(d), with the same cohesive force, the greater
the applied force is, the smaller the depth of plastic
zone is. The depth of the plastic zone decreases with
the increase in the applied force

The depth of the plastic zone in the coal wall determines
the damage degree. The analysis shows that mining depth,
mining height, and coal strength have significant influence
on the development range of plastic zone. In order to control
the instability of surrounding rock in stope, measures such
as reducing mining height, grouting reinforcement, and
increasing support resistance are adopted in practice.

4. Synchronous Instability Mechanism of the
Direct Roof and Coal Wall

4.1. Failure Mode of the Coal Wall. Practice shows that the
trace of coal wall spalling is closely related to coal hardness,
gangue property, and support strength. If the coal mass is
homogeneous, the joints and fissures are not developed,
the hardness is small, and there is a large vertical stress act-
ing on the coal wall, which is easy to form the arc-shaped
crack to expand to the free surface of the coal wall; then,
the synchronous instability as shown in Figure 4(a) is
formed. When the strength of coal and direct roof is high,
the coal wall is easy to form oblique linear failure trace under
the action of roof high pressure, as shown in Figure 4(b).
When the coal body is homogeneous and has no influence
on the gangue, the joints and fractures are not developed,
the integrity is good, the hardness is large, and the support
of the coal wall is not timely. The vertical stress causes lateral
horizontal displacement of the coal wall, which leads to the
failure of the coal wall to break the groove shape, as shown
in Figure 4(c). When there are gangues in the coal, the spal-
ling extends or interrupts irregularly at the position of the
gangue, thus forming the type as shown in Figure 4(d).
Through years of field observation and theoretical research,
there are two basic types of coal wall failure: shear and ten-
sion, of which (a) and (d) are more than 80%, and type (c)
(16%) (a) and (b) belong to shear failure. Type (c) failure
is due to a layer of relatively strong rock in the coal seam,
and its failure principle is still shear failure. In general, ten-
sile failure often occurs in hard coal seam, and type (d)
failure is very rare.

The coal roof of group A in Zhangji mine of Huainan is
directly covered with medium fine sandstone, as shown in
Figure 5. The horizontal bedding is developed, and there
are argillaceous bands in the layer, containing argillaceous
inclusions and organic membrane, as shown in Figures 6
and 7. The average thickness of coal seam is 7.2m, the
strength of the coal body is low, and the hardness is 0.8~1.
During the mining process, the roof caving and coal wall
spalling are serious, and it is difficult to give full play to
the supporting role of the bracket. After the coal wall spal-
ling, the unsupported roof area increases. Under the action
of the advanced bearing pressure, the roof is easy to leak
and fall, which further weakens the support function of the
roof. It is difficult to use shearer or air pick to directly crush
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the gangue due to its large size falling from the roof. It must
be treated by drilling and blasting. The influence time is
long, which further slows down the pushing progress of
the working face, thus forming a vicious circle.

4.2. Synergistic Relationship Between Coal Wall Spalling and
Roof Caving. Numerical and similar simulation tests show
that the roof of the large mining height working face forms
the overburden structure as shown in Figure 8. The stability
of block B requires the support to provide supplementary
load. The temporary balance of the structure just makes each
working procedure of the mining operation successfully
completed. Therefore, the stability of the overburden struc-
ture is determined by the large resistance of the support,
especially for the working face with the mining height of
7~8m. Due to the insufficient support force, the key blocks
are prone to large swing or even sliding instability, which
will lead to strong ore pressure appearance.

Due to the effect of advanced mining stress, the coal wall
of soft and thick coal seam is prone to spalling, thus increas-
ing the unsupported area. As shown in Figure 9, when the
comprehensive roof control measures such as roof reinforce-
ment and pressure relief are not adopted, the weak cohesive
layer is separated by an organic membrane and argillaceous
inclusion, and the open roof area exceeds the limit of stable
span, and the composite layered roof falls in front of the
support.

The support force is transmitted through the direct roof
to control the change of overburden structure. When the
roof caving height is large, the direct roof will be broken
and the bearing capacity and stiffness will be reduced. As
shown in Figure 10, the direct roof cannot transmit enough
support force to the broken block B in this state, resulting in
its reverse rotation, and the coal wall will not be able to pro-
vide the restraint force too, causing the support movable col-
umn to shrink down; it will aggravate the roof caving.

Lithology Thickness
Coarse

sandstone

Mudstone

Fine
sandstone

Sandy
sandstone

Fine
sandstone

A3 coal

A1 coal
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2.6 m
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Figure 5: Working face layout and lithology histogram.

Figure 6: The sandstone intercalated with organic membrane.
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Figure 7: Argillaceous inclusions in sandstone.

A

B

Figure 8: Normal mining.

A

B

Figure 9: Roof caving caused by coal wall spalling.
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A

B

Figure 10: The change of roof structure aggravates the damage.
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Figure 11: Layout of blasting hole cutting roof.
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5. Control of Coal Wall and Roof
Synchronous Instability

In the process of mining in Group A of Zhangji mine,
synchronous instability and strong ore pressure appear,
which seriously affects the safety of working face. Through
theoretical and practical research, the mechanism of sur-
rounding rock instability in stope is expounded, and the
comprehensive control measures of “cutting up and plac-
ing down” are adopted. Advanced mining stress is the
key factor affecting the stability of the coal wall and roof,
and the formation of mining stress is directly related to
the overburden rock structure. By means of blasting pre-
splitting, the key bearing rock blocks can be broken in
advance, thus leading the advanced mining stress to act
on the higher strata far away from the stope and weaken
the impact on the direct roof and coal wall. According
to the maximum bearing capacity of the support, the
advance breaking distance is designed to make the hydrau-
lic support effectively control the sinking of the direct roof
and avoid the dynamic pressure influence on the coal wall
and roof. According to the column chart, the 16.3m
coarse sandstone at the A3 roof is the key layer to control
the ore pressure appearance, as shown in Figure 11.

In order to improve the strength and enhance its integ-
rity, polymer materials are injected into the cracks or loose
bodies by the pneumatic double liquid synchronous grout-
ing pump, which consolidates and hardens the original
broken, loose, and discontinuous rock mass into continuous
and complete high-strength rock mass in a short time, so as
to repair its defects in structure and improve the mechanical
properties of surrounding rock mass. Through the treatment
measures of “cutting up and pouring down”, the frequency

of roof caving and the depth of coal wall spalling are
significantly improved, as shown in Figure 12.

6. Conclusion

(1) Based on the elastic-plastic theory, the mechanical
model of coal wall stability analysis is established,
and the analytical expressions of the stress and plas-
tic zone about Pi, m, f , σ∗c , C

∗, φ, M0, and Sz are
obtained. Combined with mining conditions of A
coal in Zhangji mine, it is shown that the mining
depth, mining height, and coal cohesion have signif-
icant influence on the range of plastic failure zone,
which directly determines the damage degree of coal
wall spalling

(2) Coal strength of group A is low and easy to slide
instability, thus increasing the unsupported space.
Due to the influence of the mechanical membrane
and argillaceous inclusions, the direct roof is prone
to separation damage and then forms the synchro-
nous instability. With the increase in the height of
roof fall, the bearing capacity and stiffness of the bro-
ken direct roof will decrease, resulting in the reverse
rotation of the broken key block, and the coal wall
will not be able to provide the binding force at the
end of the broken block, which will aggravate the
spalling. The key block rotates and sinks, and roof
caving is more serious

(3) The comprehensive control measures of “cutting up
and injecting down” are adopted to improve the sta-
bility of the coal wall and direct roof. According to
the maximum bearing capacity of the support, the
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Before taking control measures After taking control measures

Synchronous instability of coal wall and roof
Shear sliding instability of coal wall

Figure 12: Comparison of working face control measures before and after.

10 Geofluids



16.3m thick coarse sandstone of A3 roof is pre-
cracked with 10~15m breaking distance from the
two roadways, so that the advance mining stress is
far away from the surrounding rock of the working
face. In order to improve the strength and integrity
of the roof, polymer materials are injected into the
cracks or loose bodies of coal and rock mass to
improve the mechanical properties
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A small-pillar gob-side roadway showed rockburst appearance during the mining of a gob-side working face located in the
Shaanxi-Inner Mongolia mining area. +is study examines the 2202 gob-side working face of a coal mine in Inner Mongolia as a
case study. A stress evolutionmodel was built for the static-stress spatial islands formed by drainage regions and goafs based on the
spatial relationships between drainage regions and goafs. +e average microseismic frequency and energy of the high-stress zone
of spatial islands were at least 1.37 times of those of other zones, validating the presence of spatial islands. +e dynamic and static
load effects of working face squaring were obtained based on the evolution of the stope roof as well as changes in microseismic
data. Microseismically active zones were advanced to 200m–300m on working faces. +e rockbursts induced by high static loads
and dynamic and static loads formed by spatial islands and squaring were calculated. According to calculation results, the critical
stress concentration value under high static loads was 3.27; the critical static stress concentration value under dynamic and static
loads was 1.81. +e superposition of drainage boundary stress, goaf lateral stress, and lead stress might reach the critical stress
concentration under dynamic load disturbances, causing rockbursts. A stress adjustment scheme was established, including
overall hydraulic fracturing of the external roof of the drainage region, reduction of stoping speed, and pressure relief of large-
diameter boreholes. +e stress adjustment scheme was implemented on-site and supplemented by monitoring and early warning
methods to safely advance by the first squaring region.

1. Introduction

Rockbursts are one of the most serious dynamic disasters
threatening coal mine safety. Existing studies have shown
that the primary factors influencing the occurrence of
rockbursts include geological factors (such as faults, folds,
hard roofs (squared), coal seam attitude, and coal mass
properties) as well as mining design factors (such as pillars,
working face shapes, and island working faces) [1–14].

In this study, rockburst manifestations were primarily
related to working face squaring and spatial island working
faces, so we primarily collected and sorted through existing

data related to both spatial island working faces and
squaring. Cao et al. [15] theoretically examined how the
spatial structure and rupture movement of thick and hard
overburden of island working faces would affect mine
earthquake activities. +ey held that the large-scale rupture
movement of the key strata of a working faces’ “T”-shaped
overburden space structure was the primary force source of
mine earthquake activities as well as provided densified
borehole pressure relief in the primary squaring, second
squaring, and third squaring regions of working faces. By
combining the overburden space structure and mine pres-
sure, Jiang et al. [16] investigated the overburden movement
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laws of the “103 upper 02 asymmetric island fully mecha-
nized working face” of the Baodian Coal Mine, explored the
prediction method for “hard rock fracture-type” mine
earthquakes, and identified the “squaring” region of a
working face as its primary rockburst hazard region.

Island working faces are generally classified as either
plane island working faces (formed by goafs on the two sides
of the same coal seam) or spatial island working faces
(formed by goafs on the two sides of different coal seams,
formed by faults and goafs, or formed by drainage regions
and goafs (under investigation in this study)). Many experts
and scholars have extensively studied spatial island working
faces (formed by two goafs of different coal seams or formed
by faults and goafs). Yang et al. [17] proposed putting the
rockbursts of island working faces under “classified control”
and classified island working faces into six types, that is,
island working faces with critical extraction on both sides,
island working faces with subcritical extraction on both
sides, island working faces with critical extraction on one
side, and subcritical extraction on the other side, stereo-
scopic island working faces formed by goafs of different coal
seams, hidden island working faces formed by geological
structures, and composite island working faces formed by a
geological structure-goaf. Cao et al. [18] examined the dy-
namic load mechanism of fault slip in the rockburst ap-
pearance of an island working face adjacent to a fault on one
side and a goaf on the other side and performed a CT-based
back analysis on the rockburst hazard of a working face with
dynamic early warning. Zhu et al. [19] studied the overall
instability type of rockburst in a quasi-island working face
formed by fault cutting. Wang et al. [20] investigated the
mine pressure manifestations of the 220 quasi-island
working face formed by mining of the 3-2 and 4-2 diverged/
converged working section of Xiashijie Coal Mine in
Tongchuan, finding that the dynamic pressure manifestation
of the working face was closely related to periodic weighting
and roof activities.

+e above scholars have extensively studied island
working faces formed by faults and goafs as well as those
formed by goafs of different coal seams. +is study primarily
investigated a type of novel static-stress spatial islands formed
by roof drainage regions and goafs. +ese spatial islands were
formed by drainage stress transfer and goaf lateral stress
transfer in the sandstone aquifers of the Yan’an Formation
and the Zhiluo Formation. +e erratic stress anomaly regions
formed inside working faces inevitably affect production
safety. In particular, the coupling of stress anomaly regions
and working face squaring regions produced abnormal
pressure manifestations on the gob side of the coupling re-
gion. +is is an issue worthy of further research. With regard
to the obvious dynamic phenomena occurring on the gob side
of a spatial island working face, the formation and stress
evolution process of the spatial island working face were
explored using theoretical analysis as well as on-site moni-
toring. +e force sources behind its rockburst appearance
were also analyzed. +e mechanism of rockburst induced by
high static loads and by dynamic and static loads under the
combined action of spatial islands and working face squaring
was clarified, and control measures were prepared.

2. Engineering Background

When the 2202 gob-side working face of a coal mine in the
Shaanxi-Inner Mongolia mining area was advanced to
200m–300m, the gob-side gate road of the working face
experienced frequent coal burst and ejection phenomena as
well as abnormal pressure manifestations in the yellow area
in Figure 1. +e 2202 working face had a burial depth of
731.4m, a dip angle of 0–4, and a coal mass strength of
13.3MPa and was characterized by simple coal seam
structure and small relief. +e effects of geological structures
(such as faults and folds) were not detected. Table 1 provides
the composite columnar section of the 2202 working face.
+e space above the 2-2 coal seam contains alternating sandy
mudstone and medium sandstone. +e relative water-rich
anomaly regions of the Yan’an Formation and the Zhiluo
Formation occur in the roof. +e area filled by the red
transverse lines is the relative water-rich anomaly region of
the Yan’an Formation, 6.87m away from the 2-2 coal seam.
+e area filled by the green transverse lines is the relative
water-rich anomaly region of the Zhiluo Formation, 58.34m
away from the 2-2 coal seam.

3. Mechanism of Rockburst Induced by
Spatial Islands

Island working faces are generally formed by goafs on the
two sides caused by production continuity problems. Pillar-
type islands are also present and are the result of pillar
recycling. As for the spatial islands formed in the 2202
working face in this study, on the one side, there were goafs
formed after mining of the 2201 working face. On the other
side, there were goaf-like stress transfer regions formed by
the relative water-rich anomaly regions of the roof after
dewatering, such as 1# and 3# spatial islands in Figure 2. In
addition, some spatial islands were formed by drainage
regions alone, such as 2# spatial island in Figure 2.

1# spatial island was formed by drainage regions (pri-
marily the drainage region of the Yan’an Formation) and
goafs. After dewatering of the sandstone water-rich region of
the Yan’an Formation, the support of the upper strata was
weakened, and the upper strata settled and deformed. +e
stress transferred towards the drainage region boundary and
superposed with goaf lateral stress, resulting in a unimodal
stress distribution. Depending on the effect of the drainage
region of the Zhiluo Formation on 1# spatial island, 1# spatial
island was divided into two zones, i.e., zone 1 and zone 2.
Zone 1 was located below the drainage region of the Zhiluo
Formation. +e decline in coal seam stress in the drainage
region of the Zhiluo Formation lowered the stress level of the
spatial island, as illustrated by the profile in Figure 3. Zone 2
was located outside the drainage region of the Zhiluo
Formation and raised the stress level of the island working
face, as illustrated by the profile in Figure 4.

2# spatial island was formed by the sandstone water-rich
region of the Yan’an Formation after dewatering; however,
the entire spatial island working face was located below the
drainage region of the Zhiluo Formation. As shown in
Figure 5, the mine pressure manifestations of the spatial
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island, affected by interactions between the sandstone
drainage regions of the Yan’an and Zhiluo Formations, were
weak.

3# spatial island was formed by the drainage region of
the Zhiluo Formation and goafs. +e drainage stress transfer
of the sandstone water-rich region of the Zhiluo Formation
superposed with goaf lateral stress, resulting in bimodal
stress distribution as shown in Figure 6. +e stress con-
centration level of 3# spatial island was lower than that of 1#

spatial island. 3# spatial island was formed by the drainage
region of the Zhiluo Formation and goafs. +e drainage
stress transfer of the sandstone water-rich region of the
Zhiluo Formation superposed with goaf lateral stress,
resulting in bimodal stress distribution. +e stress con-
centration level of 3# spatial island was lower than that of 1#
spatial island.

+e breakage degree of coal-rock mass is related to stress
level, and coal-rock mass breakage produces microseismic
phenomena. +us, microseismic energy and frequency can
satisfactorily reflect the stress concentration level of coal-rock

Table 1: Composite columnar section of the 2202 working face.

Strata +ickness (m) Comment
Medium fine sandstone 12.91 +e relative water-rich anomaly region of the Zhiluo Formation
Sandy mudstone 12.45
Medium fine sandstone 13.56
Sandy mudstone 13.90
Medium fine sandstone 11.56 +e relative water-rich anomaly region of the Yan’an Formation
Sandy mudstone 6.87
2-2 coal seam 6.50

3# spatial 
island

2# spatial 
island

1# spatial island

Figure 2: Distribution of spatial island working faces after
dewatering.

Drainage region of
the Yan’an Formation 

Drainage region of the 
Yan’an Formation

Stress transferred

Stress transferred

Goaf lateral
stress

Total stress

Figure 3: Stress distribution of zone 1 of 1# spatial island.
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face

�e relative water-rich
anomaly region of the 
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�e relative water-rich
anomaly region of the 
Yan’an Formation

2201 goaf

Abnormal pressure 
manifestations

Figure 1: Spatial relationships and rockburst appearance of working faces.
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masses. +at is, the higher the energy and frequency of
microseismic events, the higher the stress concentration level
within a coal-rock mass [21]. In this study, the presence of
spatial island working faces was validated using “SOS”

microseismic monitoring system software monitoring data.
All microseismic events from the 2202 working face occurring
over cumulative footage of 487m were collected. Events with
an energy level of above 10E3 were screened and projected
onto the layout plan of the working face. Figure 7 shows the
distribution of microseismic events.

+e distribution of microseismic events satisfactorily
reflects the stress concentration levels of different regions of
the working face. +eoretical analysis in this study revealed
that 1# spatial island region had a high-stress concentration
level as well as a significant concentration of microseismic
events.

1# spatial island region was divided into three zones, that
is, zone 1, zone 2, and zone 3. Zone 2 was located below the
drainage region of the Zhiluo Formation. Considering the
wide scope of 3# spatial island, a zone in 3# spatial island
with the same width as 1# spatial island was selected as zone
4 to avoid the effect of goaf distance. +e microseismic data
(see Figure 8) from the beginning of the 2202 working face to
the working face position in Figure 8 were selected. Zone 5
was enclosed by the line from the open-off cut to the working
face position in Figure 8 as well as by the two roadways of the
working face.

+e average frequency of a zone was defined as the ratio
of the total microseismic frequency of the zone to its total
area, and the average energy of a zone was defined as the
ratio of the total microseismic energy of the zone to its total
area (the two special events with an energy level of 10E6 were
excluded in statistics), as provided in Table 2.

+e average frequencies of zones 2 and 3 were 2.04–2.41
times of those of other zones.+e average energies of zones 2
and 3 were 1.37–2.04 times of those of other zones. +ese
results validated the presence of 1# spatial island. Zones 4
and 5 had similar average frequencies and average energies,
which verified the conclusion that the stress transferred from
the drainage region of the Zhiluo Formation was not in-
tensified by superposition with 2201 goaf lateral stress. +e
average frequency and average energy of zone 2 were 0.92
and 0.78 times of those of zone 3, respectively, which
confirmed the protective effect of the drainage region of the
Zhiluo Formation for its underlying spatial islands.

4. Mechanism of Rockburst Induced by
Squaring Effect

Starting with the open-off cut, goaf area increased linearly as
the working face advanced. +e squaring position was the
dividing line marking the transition from short edge change
to long edge change for the goaf. Before squaring, the two
long edges of the goaf remained constant, while its two short
edges continuously increased. Upon squaring, the short and
long edges became equal in length. After squaring, the two
short edges of the goaf remained constant, while its two long
edges continuously increased. +e roof stratum of the coal
seam can be regarded as a constantly changing rectangular
plate. In this case, identifying the distribution pattern of a
coal mass stress under the action of the rectangular plate is of
vital significance for clarifying the essence of the dynamic
pressure of working face squaring as well as understanding

Drainage region of 
the Yan’an Formation

Drainage region of the 
Yan’an Formation

Stress transferred

Stress transferred Total stress

Goaf lateral 
stress

Figure 4: Stress distribution of zone 2 of 1# spatial island.

Drainage region of 
the Yan’an Formation

Drainage region of the 
Yan’an Formation 

Stress transferred

Total stress

Figure 5: Stress distribution of 2# spatial island.

Drainage region of the 
Yan’an Formation

Total stress

Stress transferred

Figure 6: Stress distribution of 3# spatial island.
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in depth the effect of overburden space structure on the
evolution of coal mass stress.

For a rectangular stope, the advance distance and length
of the working face are assumed to be a and b, respectively.
According to existing studies [22–24], before squaring
(a< b), the bending moment distribution, coal mass plastic
zone, and coal mass stress of the roof rectangular plate all
indicate that the long edges of the rectangular plate have a
relatively large moment load bearing capacity. +e lead
abutment stress of the working face increases with its
advance.

When advance distance is equal to the length of the
working face (a� b) [25], the working face was in the
squaring stage, and σZ reaches its maximum value as shown

in Figure 9.+eoretically, the abutment pressure of the stope
is highest when the working face advances to “squaring.”
Clearly, working face squaring commonly produces stress
anomaly regions, which can easily trigger the occurrence of
rockbursts.

+e squaring stage is the formation stage of stope
overburden space structure, and the gob-side working face
produces an “S”-shaped stope overburden space structure.
+e initial fracture of high-level strata produces dynamic
loads, which commonly causes dynamic disasters in coal
seams [27, 28].

When the 2202 working face advanced to 210m without
any significant change in mining velocity, microseismic
event count and maximum energy increased rapidly, so the
2202 working face produced a significant squaring effect,
using “origin” analysis software to make Figure 10.

5. Mechanism of Rockburst Induced by Spatial
Islands and Squaring

5.1. Mechanism of Rockburst Induced by Static Stress.
High static load stress is the stress path that leads to the
occurrence of rockburst. When the static load reaches the
critical rockburst load (i.e., when the static load exceeds 1.5
times of the comprehensive compressive strength of the coal
mass), a high rockburst hazard occurs [29, 30].

Ic �
σ

μ σc 
≥ 1.5, (1)

where μ is the average comprehensive compressive coeffi-
cient of the coal mass, set as 1–5; (σc) is the uniaxial
compressive strength of the coal mass.

+e 2202 working face had a burial depth of 731.4m and
a gravity stress of

σz � cH �
2.5MPa

100m × 731.4m
� 18.285MPa, (2)

where σz is the gravity stress; c is the stress gradient, set as
2.5MPa/100m; and H is the burial depth of the working
face.

+e 1# spatial island region demarcated in the 2202
working face is affected by lead abutment pressure, 2201 goaf
lateral pressure, drainage boost region, and squaring-in-
duced static load increase. +e static load σj of the coal mass
can be calculated using the following formula:

σj � kσz,

α + β(or λ) + υ≤ k≤ α + β + λ + υ,
(3)

where k is the static load concentration coefficient of 1#
spatial island; α is the lead abutment pressure concentration
coefficient; ß is the lateral pressure concentration coefficient
of the 2201 goaf; λ is the stress concentration coefficient of
the drainage boost region; and υ is the squaring-induced
static load concentration coefficient.

+e average comprehensive compressive coefficient μ of
the coal mass ranges from 1 to 5 and is set as 1 in the vicinity
of roadway surface as well as 3–5 in three-dimensional stress

1#spatial island

3# spatial
island

Figure 7: Distribution of microseismic events.

Working 
face 
position

1234

5

Figure 8: Statistical zoning of microseismic data of spatial islands.

Table 2: Average frequency and energy of each zone.

Zone Average frequency
(event count/1000m2) Average energy (J/m2)

1 7.34 21.51
2 15.36 29.88
3 16.77 38.46
4 6.94 21.80
5 7.52 18.82
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state. In this study, 1# spatial island region was 75m in width,
and the width of pressure relief was 20m. μ was set as 3.

When the static load is equal to or greater than 1.5 times
the comprehensive compressive strength of the coal mass, 1#
spatial island working face may experience a static load
rockburst; that is,

k≥
1.5μ σc 

σz

≈ 3.27, (4)

and when the superposed sum of the stress concentra-
tion coefficients of the lead abutment pressure, 2201 goaf
lateral pressure, drainage boost region, and squaring-in-
duced static load increase is equal to or greater than 3.27,
spatial island regions may experience static load rockburst.

5.2. Mechanism of Rockburst Induced by Dynamic and Static
Loads. When the superposed sum is less than 3.27, the
critical static load for rockburst is not reached. When the

dynamic load produced by the initial fracture of high-level
overburden is transferred to the coal mass, a rockburst may
be triggered.

Related studies have revealed that rockbursts are trig-
gered by mine earthquakes or blasting under highly con-
centrated loads, that is, by superposition of dynamic and
static loads [31–35], as expressed by the following formula:

σj + σd ≥ σb, (5)

where σj is the static load on the coal-rock mass; σd is the
dynamic load produced by mine earthquakes or blasting;
and σb is the ultimate load in case of a rockburst.

+e deep coal mass of the working face exists in a triaxial
stress state. +e comprehensive compressive strength of
deep coal mass is far greater than that of roadway surface
coal mass, and the critical rockburst load of deep coal mass is
also far greater than that of roadway surface coal mass (see
Figure 11).
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Figure 10: Microseismic energy, event count, and mining velocity curves of the 2202 working face.
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+e dynamic load in the abnormal mine pressure
manifestation region of 1# spatial island working face is
primarily the dynamic load produced during spatial struc-
ture formation in the squaring period. Spatial structures are
formed by fracturing of high-level rock beams, which
produces a dynamic load greater than the first-weighting
and periodic-weighting dynamic loads of the working face
[28]. In this study, the periodic weighting dynamic load
coefficient of the 2202 working face fell within the range of
1.00–1.80. When the dynamic load coefficient in the
squaring period was set to 1.80, the static load stress con-
centration coefficient required by rockburst induced by
superposition of dynamic and static loads would be �3.27/
1.80≈1.81. Under the combined action of lead abutment
pressure, 2201 goaf lateral pressure, drainage boost region,
and squaring-induced static load increase, the squaring
region was exposed to rockburst induced by the superpo-
sition of dynamic and static loads.

6. Rockburst Control Measures

According to the force sources for rockbursts identified in
the above analysis, a control scheme was prepared, including
overall hydraulic fracturing of the external roof of the
drainage region, reduction of stoping speed, and pressure
relief of large-diameter boreholes. 2202 working face adopts
pressure relief measures such as large-diameter drilling and
hydraulic fracturing along the goaf. +e number and energy
of microseismic events increase obviously during the square
period. 4 events with energy above 10E5J were detected by
microseismic monitoring system (coal stress, drilling cut-
tings method does not monitor the data exceeding the
standard).

6.1. Overall Hydraulic Fracturing of the External Roof of the
Drainage Region. In roof hydraulic fracturing, a directional
initial crack was made in the roof, and high-pressure water
was continuously injected into the crack, in order to
propagate the roof crack until it connected with adjacent
cracks and damaged roof integrity [36]. +e fracture

characteristics and 3D fractal fracture of solid-fluid coupling
have been studied [37, 38].

Rockburst in the drainage region was primarily induced
by drainage stress transfer, but the transferred stress
remained in the working face and affected the safe stoping of
the working face. 1# spatial island working face formed
because the drainage region transferred stress to a more
dangerous area. As a result of roof hydraulic fracturing
outside the drainage region, the drainage region and the
hydraulic fracturing zone formed an overall regular pressure
relief protection layer (see Figure 12), which could reduce
static loads in the fracturing zone as well as at the drainage
boundary and weaken the fracturing dynamic loads of high-
level strata.

6.2. Pressure Relief of Large-Diameter Boreholes (Triaxial
Transfer of Stress and Reduction of Static Loads on Roadway
Surrounding Rock). In pressure relief of large-diameter
boreholes, boreholes distributed at small spacings connected
the cracks in coal mass to relieve and transfer coal mass
stress. In this way, they modified the mechanical properties
of the coal mass and weakened the ability of coal seams to
store elastic energy, mitigating rockburst within the coal
mass [39].

Large-diameter boreholes formed a pressure relief belt
around the roadway and kept coal mass stress away from the
roadway (see Figure 13). +e comprehensive compressive
strength and the critical rockburst load of the deep coal mass
were far greater than those of the coal mass near the
roadway, mitigating the chance of a rockburst.

6.3. Reduction of Stoping Speed. +e aim of reducing stoping
speed is to lower lead abutment pressure and reduce the
effect of stoping on overburden. Studies have shown that a
lower stoping speed leads to smaller peak lead abutment
stress and longer distance of peak position from the working
face. A low stoping speed can reduce the movement of roof
masonry beam structures, lower the level of energy released
by their fractures, and weaken the intensity of mine

�e dynamic load 

�e static load

Total stress
�e critical 
rockburst load

Rockburst appearance

Drainage region

Figure 11: Mechanism of rockburst induced by superposition of dynamic and static loads.
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earthquakes. +ere is a critical stoping speed under specific
stoping conditions. After exceeding the critical stoping speed,
microseismic energy andmajor event frequency both increase

significantly with increasing stoping speed. In contrast, before
reaching the critical stoping speed, microseismic monitoring
data are not responsive to stoping speed [40].

�e static load

Total stress
�e critical rockburst load

Rockburst 
appearance

Drainage region

Eliminate of 
rockburst appearance

Total stress a�er transfer

�e static load a�er transfer

Figure 13: Rockburst reduction principle of large-diameter boreholes.
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In regions facing the rockburst induced by high static
loads and dynamic and static loads, properly reducing
stoping speed helps to mitigate lead stress concentration on
the working face and weaken the intensity of the fracturing
dynamic loads of roof strata, thus achieving the goal of
rockburst control. In the square period of the working face,
the mining speed and the microseismic maximum energy
are shown in Figure 14.

+e microseismic monitoring system begins to detect
large energy events when the mining speed exceeds 3.8m.
+is phenomenon verifies the relationship between the
mining speed and the intensity of roof movement.

7. Conclusions

With regard to the specific conditions of the 2202 working
face, this study explored the static-stress spatial islands
formed by roof drainage regions and goafs as well as the
squaring effect of the working face and analyzed the dynamic
and static load mechanism of the rockburst appearance of
the gob-side roadway of the 2202 working face from stoping
to squaring stage.

+e static load evolution process of drainage regions and
goafs under different spatial relationships was analyzed to
obtain the stress states of various spatial islands. +e
drainage region of the Yan’an Formation and 2201 goaf
formed 1# spatial island (after initial mining). +e average
frequency and average energy of 1# spatial island were
2.04–2.41 times and 1.37–2.04 times of those of other zones,
respectively. +is result validated the presence of spatial
islands in the working face.

Based on the evolution of the roof rectangular plate as
well as existing studies on numerical simulation, it was
found that the lead abutment stress of the squaring region
was 1.2 times of that of the nonsquaring region, and high
static loads existed in the coal wall in front of the working
face during the squaring period.+emicroseismic frequency
and maximum energy of the squaring region of the 2202
working face were both more than three times of those of the
nonsquaring region, so there was a significant squaring-
induced dynamic loading effect.

Following the theory of rockburst induced by super-
position of dynamic and static loads, this study set the
critical stress concentration coefficient for rockburst in-
duced by spatial islands and squaring under high static
loads as 3.27 and the critical static-stress concentration
coefficient for rockburst induced by dynamic and static
loads as 1.81. A control scheme was prepared, including
overall hydraulic fracturing of the external roof of the
drainage region, reduction of stoping speed, and pressure
relief of large-diameter boreholes. +e first squaring region
was advanced safely on-site. +ere were no spatial islands
in the second squaring region, nor were any rockburst
observed.
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In order to obtain the mechanical behavior and permeability characteristics of coal under the coupling action of stress and
seepage, permeability tests under different confining pressures in the process of deformation and destruction of briquette coal
were carried out using the electrohydraulic servo system of rock mechanics. The stress-strain and permeability evolution curves
of briquette coal during the whole deformation process were obtained. The mechanical behavior and permeability coefficient
evolution response characteristics of briquette coal under stress-seepage coupling are well reflected. Research shows that stress-
axial strain curve and the stress-circumferential strain curve have the same change trend, the hoop strain and axial strain effect
on the permeability variation law of basic consistent, and the permeability coefficient with the increase of confining pressure
and decreases, and the higher the confining pressure, the lower the permeability coefficient, the confining pressure increases
rate under the same conditions, and the permeability coefficient corresponding to high confining pressure is far less than that
corresponding to low confining pressure. The confining pressure influences the permeability of the briquette by affecting its
dilatancy behavior. With the increase of the confining pressure, the permeability of the sample decreases, and the permeability
coefficient decreases with the increase of the confining pressure at the initial stage, showing a logarithmic function. After
failure, briquette samples show a power function change rule, and the greater the confining pressure is, the more obvious the
permeability coefficient decreases.

1. Introduction

In mining engineering, high stress and the coupling effect of
karst water pressure and the influence of multiple mining
could lead to the structure change of the surrounding rock
body, which not only could reduce the mechanical proper-
ties of rock itself but also easy to make the surround rock
mass permeability changed significantly; rock permeability
changed lead to mine water inrush, and mine roadway sur-
rounding rock of roadway was one of the main causes of
instability.

The actual underground engineering rock mass exists in
a certain stress environment and is subjected to the dual

action of external stress and internal stress. The stress state
is a major factor affecting the permeability of rock mass
[1]. For this reason, many scholars have conducted in-
depth research on the evolution law of permeability of
underground engineering rock mass with the change of
stress. Xu and Yang [2] measured the permeability of sand-
stone under short-term and long-term compression condi-
tions and analyzed the influence of confining pressure on
sandstone strength and failure mode. Hu et al. [3] conducted
experimental studies on the mechanical behavior and per-
meability of saturated sandstone and obtained the evolution
law of Biot coefficient and permeability with microcrack
propagation. Wang et al. [4] conducted permeability tests

Hindawi
Geofluids
Volume 2021, Article ID 6381549, 11 pages
https://doi.org/10.1155/2021/6381549

https://orcid.org/0000-0003-3184-6466
https://orcid.org/0000-0002-5220-2363
https://orcid.org/0000-0003-1075-524X
https://orcid.org/0000-0002-0892-4166
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6381549


on sandstone under different fluid pressures and concluded
that the evolution of permeability of rock mass was closely
related to the development of microcracks. Jiang et al. [5]
conducted a permeability experimental study on brittle rock
and concluded that the anisotropic damage of brittle rock is
closely related to the change rate of permeability. Based on
field investigations and previous tests on physical model, a
numerical model of an anaclinal slope using the three-
dimension distinct element code software has been built to
simulate the failure process of the physical model [6]. The
permeability evolution of fractal-based two-dimensional dis-
crete fracture networks during shearing under constant nor-
mal stiffness boundary conditions is numerically modeled
and analyzed based on a fully coupled hydromechanical
model. The effects of fractal dimension, boundary normal
stiffness, and hydraulic pressure on the evolutions of
mechanical behaviors, aperture distributions, and perme-
ability are quantitatively investigated [7].

In order to understand the seepage mechanism of frac-
tured rocks under stress, the tests on seepage characteristics
of fractured rocks under varying confining pressures were
carried out, and the law that the flow rate increased with
the increase of the seepage pressure gradient and decreased
with the increase of the confining pressure was obtained
[8]. To study the damage development and permeability
change in the process of rock excavation in roadways, the
permeability evolution and damage for mudstone material
under coupled stress-seepage was analyzed based on the
stress-seepage damage coupling model [9]. The change rules
of permeability, volumetric strain, and porosity under fluid-
solid coupling during coal seam mining were studied based
on the numerical model of a Darcy-Forchheimer flow in
aquifers [10]. The tests of stress-seepage coupling of fracture
of different particle size were carried out using the coupled
shear-seepage test system of JAW-600 rock, and the perme-
ability coefficient of quasisandstone increases exponentially
with the increase of cranny hydraulic pressure [11]. The per-
meability of protected coal seam in the process of protective
coal seam mining was studied; according to the changes of
permeability, the protected coal seam was divided into initial
permeability zone, permeability decreasing zone, and per-
meability increasing zones 1 and 2 [12]. Based on the
Drucker-Prager criterion, the rock elastoplastic damage con-
stitutive model was established aiming at the problem of sur-
rounding rock excavation damage zone of tunneling in the
rich water region, and the fully implicit return mapping
algorithm was adopted to realize the numerical solution
[13]. The relation between the anisotropic permeability
matrix and effective stress was established, and the deteriora-
tion of strength parameters was considered by defining elas-
toplastic damage variables, and the characteristics of seepage
and failure were analyzed by an improved multiphysics cou-
pling model [14]. A stress-seepage-damage coupling model
based on the finite element method was developed and first
applied in HF in concrete dams, the crack propagation pro-
cesses of Koyna dam, and a 1 : 40 scaled model dam using
the coupling model [15].

The correction model of inertial resistance coefficient
and permeability of the goaf was established by introducing

the inertial resistance coefficient and shape factor of perme-
ability, and the inertial resistance coefficient shape factor and
permeability had good power function relationships with
particle size [16]. Qiang et al. used the latest X-ray diffrac-
tion, scanning electron microscopy, and mechanical testing
methods to analyze the physical, mechanical, and seepage
characteristics of the key aquiclude and established the
KAS damage state model for the stress-strain-permeability
correlation of the composite rock mass and the non-Darcy
seepage characteristics of the postpeak fractured rock mass.
The research results have a certain guiding significance for
the prevention and control of water inrush disasters and
the rational development and utilization of coal resources
based on KAS [17]. Dong et al. proposed a new coal quality
characterization and prediction method for the prediction,
early warning, and accurate identification of composite coal
and rock dynamic disasters and concluded that the physical
characteristics of coal in coal and rock dynamic disasters are
between those of gas outburst and rock burst [18]. In order
to study the gas outburst prevention theory of the coal seam
permeability of the lower protective seam, He et al. put for-
ward the basic hypothesis of the gas-solid coupling model of
coal and put forward the permeability increasing coefficient
of equivalent layer spacing by numerical simulation, which
provides a theoretical basis for the gas drainage technology
to prevent coal and gas outburst in the lower protective seam
mining [19]. Zhou et al. analyzed the stress sensitivity of per-
meability and porosity of mudstone, coal, and sandstone
based on Langmuir equation by overburden pressure perme-
ability experiment of coal measures reservoir and concluded
that the initial permeability and initial porosity of coal are
significantly higher than those of mudstone and sandstone,
and with the increase of effective stress, the permeability
and stress sensitivity coefficients of coal, mudstone, and
sandstone decrease in a wavy manner [20]. In order to study
the effect of the difference swelling index on the evolution of
coal permeability, Chuanzhong et al. established the coal
permeability model and proposed the concept of differential
swelling index, which theoretically defined the adsorption
strain relationship of coal body, fracture, and matrix in equi-
librium state, and clarified the effect of differential strain
[21]. Zihao et al. studied the influence of effective stress
and Klinkenberg effect on shale apparent permeability, used
pulse decay permeameter to measure the core of shale for-
mation in situ, and established a multiphysical shale trans-
port model to consider the multiphysical coupling process
in shale, to clarify the effect of bedding orientation on appar-
ent permeability [22]. In order to study the unsteady seepage
solution of hydraulic fracturing around vertical wells in oil
and gas reservoirs, Wu et al. used numerical simulation
method to establish the hydraulic fracturing influence model
of vertical wells under the condition of unsteady seepage in
oil and gas reservoirs and concluded that permeability and
hydraulic gradient are the important factors determining
whether hydraulic fracturing occurs in the rock [23]. In
order to study the height of water flowing fractured zone
in thin bedrock and thick clay coal seam, Hao et al. obtained
the evolution law of coal reservoir in this area by means of
field measurement, theoretical analysis, and numerical
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simulation, which provided an important theoretical basis
for effectively preventing roof water hazards in mines [24].
In the study of permeability of clay-quartz mixture, Lu
et al. used NMR and 40°C evaporation test to predict the
permeability coefficient of quartz-clay mixture based on
Timur-Coates model and obtained a simplified method to
predict the permeability coefficient of quartz-clay mixture
by NMR [25].

Zhou et al. established the model of the influence of
creep deformation and matrix-fracture interaction on the
permeability of deep coal and obtained that the permeability
decreases with the decrease of pore pressure in the secondary
stage and the initial stage of creep by using the fractional
derivative transient pulse method and nonlinear least square
method [26]. In order to study the permeability law of
water-bearing coal seams under the condition of plastic flow,
Guo et al. used the transient method to study the permeabil-
ity changes of water-bearing coal seams and water-free coal
seams and concluded that the internal fracture closure rate
of water-bearing coals is lower than that of water-free coals,
which is conducive to water storage and transportation [27].
Qinghe et al. studied the anisotropic permeability of differ-
ent ranks of coal under the influence of CO2 adsorption
and effective stress, conducted permeability tests under the
conditions of cyclic loading and unloading and supercritical
CO2, and concluded that the permeability of coal seams var-
ies with coal ranks, and the permeability is anisotropic,
showing that the permeability of parallel layers is greater
than that of vertical layers [28]. Haifeng et al. used the
method of pore mechanics test for Biot tensor of argillaceous
rocks to obtain the gas permeability and elastic properties of
clay rock pores and found that gas adsorption-swelling has a
greater impact on the migration and mechanical properties
of argillaceous rocks in the long-term gas migration process
[29]. Ma et al. aimed at the problem of floor water inrush in
deep mining of Dongjiahe Coal Mine, through numerical
simulation and combining with acoustic emission informa-
tion of RFPA software and field microseismic monitoring
data, the permeability characteristics of fractured rock mass
were obtained, which showed that the main direction of per-
meability changed greatly with the change of surrounding
rock pressure when the surrounding rock pressure was dif-
ferent [30]. In the study of permeability damage of coal
under cyclic loading, Long and Shimin adopted pulse atten-
uation method and combined with matrix shrinkage concept
to summarize the evolution law of coal permeability and
concluded that the evolution of permeability directly con-
trolled the seepage behavior of underground fluid, and the
damage of average permeability was affected by loading
and unloading paths [31]. Liang et al. studied the creep char-
acteristics and constitutive model of coal. A series of creep
experiments were carried out under gas pressure and triaxial
compression. It was concluded that the creep deformation
characteristics of coal were related to gas pressure and devia-
toric stress, and the nonlinear model obtained could accu-
rately describe the whole creep stage of coal [32]. Based on
the porosity elasticity theory and uniaxial strain condition,
Mathias studied the gas storage coefficient and permeability
function of coalbed methane mining, established three ana-

lytical models to describe the changes of porosity and per-
meability, and concluded that without considering the gas
adsorption strain, only one of the porosity models can
obtain the correct uniaxial strain storage coefficient equation
[33]. Yu et al. studied the permeability model of fractured
rock mass and derived the formula of fracture permeability
in theory and in combination with field experiments and
concluded that the proposed permeability evolution descrip-
tion method and model can predict laboratory permeability
data [34]. Xiaoyang et al. proposed a simple method of fit-
ting pressure based on fracturing pressure drop under the
condition of dynamic leakage coefficient, chose PKN model
as the expansion model of hydraulic fracture, predicted the
permeability of coal reservoir after fracturing by using the
well test theory of water injection well, and concluded that
the shape of hydraulic fracture is mainly determined by
ground stress [35]. Shuaifeng et al. studied hydraulic fractur-
ing sand-carrying permeability enhancement technology by
high-frequency sand-carrying method and obtained that
there are three stages in the evolution of cracks, and found
that high-pressure fluid “water-sand” injection brings sand
into high-frequency cracks, which produces propping force
on the crack surface, hinders crack closure, and greatly
improves gas permeability [36]. Luo studied the influence
of water on the mechanical behavior of rock surrounding
hard-rock tunnels [37, 38].

At present, the trend of coal mining into the deep is
obvious; the deep coal seam and the surrounding rock of
the roadway are in a complex environment, vulnerable to
the coupling effect of high stress and high karst water pres-
sure, and then easy to cause significant instability deforma-
tion characteristics. Therefore, an in-depth study of the
mechanical behavior and permeability response characteris-
tics and evolution law of coal and rock under stress-seepage
coupling can provide a certain basic theory and basis for coal
and gas outburst, water inrush accident prevention, and con-
trol of deep roadway surrounding rock stability control.

2. Experimental Principle and Methods

There are more than 10 kinds of methods for measuring
rock permeability in the laboratory, which can be roughly
classified into two categories: steady-state method and tran-
sient method. Because of steady-state method requires a
large number of samples, a long test period, high cost, and
confining pressure are not easy to control and other short-
comings. This experiment chooses the transient method to
analyze the rock permeability and should pay special atten-
tion to when testing sample sealing and axial load is not
zero, so the preset first strain value is not zero; confining
pressure is greater than the pore pressure; pore pressure is
higher than of the confining pressure; the plastic insulation
tape and hot shrinkage in the sealed sample will be broken
plastic cover test cannot be performed.

2.1. Experimental Principle. The principle of the water per-
meability test is shown in Figure 1. In the figure, σ1 is the
axial pressure, σ3 is the confining pressure, p1 is the water
pressure at the upper end of the specimen, and p2 is the
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water pressure at the lower end of the specimen. There is a
permeable plate at both ends of the specimen, which is a
steel plate with many evenly distributed holes The upper
part of the permeable plate is the upper pressure head, and
the lower part is the lower pressure head. There is a vertical
hole in the center, and the plastic insulation belt and the
heat-shrinkable plastic sleeve are used to seal the sample
for the water flow channel.

In the test, the seepage flow was constant (1mL/min), and
the permeability pressure difference between the two sections
changed with the deviatoric stress loading. In the process of
specimen deformation and failure, the non-Darcy flow will
occur with the expansion and penetration of microcracks.
The influence of flow velocity on the calculation of permeabil-
ity coefficient should be taken into account. In the whole pro-
cess of the test, the flow velocity through the cross-section of
the sample is small (8:5 × 10−6 m/s), so the Darcy steady flow
method is adopted to test the permeability coefficient of the
sample. That is, the permeability coefficient of the sample is
calculated according to the measurement parameters such as
the flow rate of the fluid through the sample and the perme-
ability pressure difference between the two ends of the sample.
The calculation formula is

k = qLγw
ΔpA

× 10−4, ð1Þ

where k is the permeability coefficient of the sample (cm/s), q
is the seepage flow through the sample (mL/s), L is the length
of the sample (mm), γw is the bulk density of water (kN/m3),A
is the cross-sectional area of the sample (mm2), and Δp is the
permeability pressure difference between the two ends of the
sample (MPa).

2.2. Experimental Apparatus. Using MTS815 rock mechanics
electrohydraulic servo system in the whole stress and strain
in the process of a penetration test, the system has uniaxial
compression, triaxial compression, and pore water pressure
test, water seepage test, and other functions. The sample size
is 50mm × 100mm, the maximum confining pressure is
60MPa, the maximum axial deviatoric stress is 300MPa,
and the maximum pore water pressure is 60MPa. The devia-
toric stress loading can be carried out by controlling the
pressure, displacement, and oil pump flow. Axial strain

and circumferential strain can be measured simultaneously.
The axial strain was measured by two linear displacement
sensors (LVDT), and the circumferential strain was mea-
sured by a circumferential electronic strain gauge placed in
the center of the sample height. The pore water pressure is
applied from the bottom of the sample and is also the source
of the osmotic pressure difference and seepage water. When
the outlet valve connecting the upper end of the sample is
opened, the pore water pressure at the upper end of the sam-
ple becomes 0. Under the action of the pressure difference
between the upper and lower ends, an approximate one-
dimensional seepage flow will be formed in the sample.

2.3. Specimen Preparation. The test samples are taken from
1232(1) working faces of the Panyidong Coal Mine in Huai-
nan. The buried depth of the coal seam is about 720m, the
average dip angle is 5°, and the average thickness is 2.3m.
The coal removed from the working face is packed with plas-
tic cloth and sent to the laboratory. The coal is crushed, and
the particle size of coal with 60~80 mesh is screened. The
briquette is made into briquette samples with a briquette size
of Φ50mm × 100mm after the briquette mold is prepared
on the rigid testing machine of 2000 kN, and the forming
stress is stabilized at 100MPa for 30 minutes. The briquette
sample prepared is placed in the oven to dry and stored in
the drying oven for test after cooling to room temperature.
The prepared briquette samples are shown in Figure 2.

2.4. Experimental Scheme and Procedure. The samples used
in the test are taken from no. 11 coal of Panyidong Coal
Mine in Huainan. The uniaxial compressive strength of the
samples is about 6.5MPa, and the measured porosity is
12%-20%. Before the penetration test, the samples were
immersed in water for 48 h to reach the saturation state, to
ensure that the seepage flow in the samples during the test
was unidirectional.

The test procedure is as follows:

(1) The sample is sealed with a rubber sleeve to ensure
that the oil in the triaxial pressure chamber in the
test does not mix with the water in the sample

(2) Apply a preset confining pressure value to the
sample

Axial compression σ1

Confining pressure σ3

Seaming chuck

Porous plate

Sandstone specimen

p1

p2

�ermal shrinkable sleeve

Figure 1: Sketch of permeability experiment principle.
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(3) Apply pore water pressure in a flow-controlled man-
ner. A reasonable water flow rate can ensure that the
maximum pore water pressure does not exceed the
confining pressure when stable seepage is formed,
and the pore water pressure value of the sample after
destruction is not lower than the instrument range.
The water flow rate used in this test is 1mL/min

(4) Peak strength of the sample and pressure control
(1MPa/min) is applied to load; after that, the oil
pump flow control (0.05mL/min) is applied to load
until the specimen is damaged. The axial pressure
is controlled by graded loading. The next load test
was carried out after the pore water pressure stabi-
lized at each load level

(5) The confining pressure values were applied in the
test. Permeability tests in the process of deformation
and failure were carried out on the samples under
different confining pressure conditions using 2, 4,
6, and 8MPa. To reduce the error caused by the dif-
ference of samples, three samples were selected for
testing under each confining pressure condition.
The test scheme is shown in Table 1

3. Results and Discussion

3.1. Law of Penetration in the Full Stress-Strain Process. Per-
meability coefficient axial strain curves of samples under dif-
ferent constant confining pressures (2, 4, 6, and 8MPa) were
obtained, limited by length. Only the evolution curve of rep-
resentative permeability deformation in the deformation and
failure of each group of samples is listed here (as shown in
Figure 3). Typical permeability test results for samples are
presented in Table 2.

To obtain the coal deformation characteristics and per-
meability evolution response law under the stress-seepage
coupling action, the volumetric strain and permeability
response characteristics during the whole process of bri-
quette deformation under different confining pressures were
analyzed in this paper.

As can be seen from Figure 3 and Table 2, the stress-
strain curve shape trend of briquette samples under different
confining pressures is the same, and all of them have experi-
enced five stages: nonlinear compaction stage, linear defor-
mation stage, yield stage, strain-softening stage, and
residual deformation stage. Under different confining pres-
sures, the curves of permeability coefficient-axial strain are
same, and the permeability coefficient of briquette samples

has experienced a slow decrease stage, an obvious increase
stage, and a steady increase stage.

In the first stage of the stress-strain curve, with the
increase of axial compression, the stiffness of briquette sam-
ples gradually increases, the curve curves upward, and the
initial defects gradually close. This stage is the nonlinear
compaction stage. At the same time, due to the decrease of
porosity in the sample, the channel for fluid flow becomes
narrower, resulting in the decrease of seepage velocity. In
the second stage, the stress-strain curves of briquette sam-
ples all vary approximately linearly. Under the action of
external load, the briquette coal samples are squeezed and
staggered among the pulverized coal particles, the cohesion
decreases, and the deformation cannot be recovered after
unloading. In this stage, the original gap between the pulver-
ized coal particles is filled, and the fluid permeability coeffi-
cient continues to decrease. From the third stage, the
permeability coefficient of briquette samples changed from
a decrease to a sharp increase. With the increase of stress,
the shear movement between the briquette particles began
to promote the stable crack expansion, the stress-strain
curve bent downward, the stiffness decreased, and the bri-
quette entered the yield deformation stage. Under the action
of shear movement, pulverized coal particles squeeze and
dislocate each other, resulting in a large number of cracks
and resulting in a sharp increase in permeability coefficient.
In the fourth stage, the briquette samples developed further
based on the shear failure, and the bearing capacity began
to decline and entered the strain-softening stage. The inter-
nal structure of the briquette determined that no stress drop
would occur, and the seepage velocity of the briquette
increased steadily. In the fifth stage, the axial stress of the
briquette remains unchanged, but its axial strain gradually
increases, and the coal sample begins to creep and enters
the stage of residual deformation. At this point, although
the axial stress is unchanged and the specimen is in axial
compression, the transverse deformation is constantly
expanding, so the seepage velocity is still increasing, but
the growth trend is slow.

Figure 2: Part of briquette samples.

Table 1: Test scheme.

Sample
number

Sample size
Confining pressure/

MPa
Diameter/

mm
High/
mm

ST-2-1 49.6 99.6

2ST-2-2 48.9 100.7

ST-2-3 50.3 99.5

ST-4-1 48.9 99.8

4ST-4-2 49.3 100.5

ST-4-3 50.2 99.6

ST-6-1 49.5 99.7

6ST-6-2 49.8 99.1

ST-6-3 49.3 99.3

ST-8-1 50.3 99.8

8ST-8-2 49.6 100.4

ST-8-3 49.7 100.7
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Under different confining pressures, the permeability
coefficient-axial strain curve has a similar change rule. With
the increase of confining pressure, the permeability coeffi-
cient of briquette samples decreases gradually, and the
higher the confining pressure, the more obvious the decrease
of permeability coefficient is. This is mainly because the
higher the confining pressure, the stronger the radial inhibi-
tion effect on briquette samples, and then, the crack opening
inside the briquette will become smaller, that is, the width of
the seepage throat will become narrower, which will lead to a
smaller permeability value. The above laws indicate that the
confining pressure has a significant effect on the permeabil-
ity evolution of the briquette.

3.2. Analysis of Seepage Characteristics of Different Hoop
Strains. In the process of permeability failure under axial
compression, the circum-axial deformation reflects the evo-
lution law of permeability in the process of yield, weakening,
and failure from another Angle. The stress-circumferential
strain curves and permeability coefficients of the samples
under different constant confining pressures (2, 4, 6, and
8MPa) are shown in Figure 4.
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Figure 3: Variation curve of permeability coefficient during stress-strain process.

Table 2: Results of penetration test.

Sample
number

Confining
pressure/
MPa

Peak
stress/
MPa

Peak
strain%

Maximum
permeability

coefficient/10-7 cm·s-1

ST-2-1 15.2 6.2 621

ST-2-2 2 14.0 5.6 567

ST-2-3 16.1 5.9 651

ST-4-1 18.6 4.8 214

ST-4-2 4 19.3 5.2 236

ST-4-3 17.8 4.9 227

ST-6-1 31.2 5.1 152

ST-6-2 6 32.6 5.5 147

ST-6-3 33.7 6.3 161

ST-8-1 39.8 6.3 97

ST-8-2 8 41.3 5.8 94

ST-8-3 40.8 5.7 91
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It can be seen from Figure 4 that the stress-
circumferential strain curve and the stress-axial strain curve
have the same trend of change, but the circumferential
deformation more fully reflects the process of specimen
yield, weakening, and failure than the axial deformation. In
the process of specimen deformation and fracture, the
change law of the influence of circum-axial strain and axial
strain on permeability is the same, and the change law of
permeability coefficient is basically the same. The permeabil-
ity coefficient decreases with the increase of confining pres-
sure, and the higher the confining pressure, the lower the
permeability coefficient. The permeability coefficient corre-
sponding to high confining pressure is far less than that cor-
responding to low confining pressure.

When the confining pressure is 2MPa, the initial perme-
ability coefficient is 323 × 10−7 cm · s−1, and the maximum
permeability coefficient after failure is 567 × 10−7 cm · s−1.
When the confining pressure is 4MPa, the initial permeabil-
ity coefficient is 191 × 10−7 cm · s−1, and the maximum per-
meability coefficient after failure is 214 × 10−7 cm · s−1.
When the confining pressure is 6MPa, the initial permeabil-

ity coefficient is 98 × 10−7 cm · s−1, and the maximum per-
meability coefficient after failure is 152 × 10−7 cm · s−1.
When the confining pressure is 8MPa, the initial permeabil-
ity coefficient is 47 × 10−7 cm · s−1, and the maximum per-
meability coefficient after failure is 97 × 10−7 cm · s−1.
When briquette samples are subjected to initial stress, the
initial value of permeability coefficient corresponding to
the confining pressure of 2MPa is 6.87 times that corre-
sponding to the confining pressure of 8MPa. After the bri-
quette sample is damaged, the maximum permeability
coefficient corresponding to the confining pressure of
2MPa is 5.85 times that is corresponding to the confining
pressure of 8MPa.

The circumferential strain in the nonlinear compaction
stage and the linear deformation stage is much smaller than
the axial strain, and the circumferential strain deviates from
the linear state more quickly than the axial strain, and the
circumferential strain increases faster in the yield stage.
Compared with the axial strain, the circumferential strain
at the peak strength is smaller, and the increased range of
the circumferential strain from the peak strength to the
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Figure 4: The relationship curve between hoop strain, permeability coefficient, and stress.
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maximum permeability coefficient is obviously larger than
that of the axial strain. The variation law of the circumferen-
tial strain is very similar to that of the permeability coeffi-
cient. In the nonlinear compaction stage and the linear
deformation stage, the circumferential strain increases
slowly, the variation range is small, and the permeability
coefficient decreases. At the yield stage, the circumferential
strain increases rapidly, and the permeability coefficient
increases slightly and then sharply. Thus, compared with
the axial strain, the permeability coefficient is more sensitive
to the change of the circumferential strain.

3.3. Analysis of Permeability Characteristics of Different
Confining Pressures. The test results of stress and permeabil-
ity coefficient of samples in the process of deformation and
failure under different confining pressures are shown in
Table 3.

Under different confining pressures, the samples show
different postpeak variation characteristics. The increase of
confining pressure usually results in the axial stress corre-
sponding to the peak stress of the samples changing greatly,
and the slope of the post-peak curve gradually decreases.
The change of confining pressure also has a strong effect
on the dilatancy behavior of the sample. Under the condi-
tion of low confining pressure, the brittle failure of samples
is accompanied by a large volume expansion. With the
increase of confining pressure, the samples show obvious
shear failure. The influence of confining pressure on the
dilatancy of samples directly results in the difference in the
permeability law of samples under different confining pres-
sures. As can be seen from Table 3, (1) with the increase of
confining pressure, the peak stress and residual strength
increased significantly. (2) Both the initial and maximum
values of the permeability coefficient of the sample
decreased, and the maximum value of the permeability coef-
ficient increased by 2:44 × 10−4 cm/s compared with the ini-
tial value at 2MPa confining pressure. When the confining
pressure increases to 8MPa, the maximum permeability
coefficient only increases by 5:0 × 10−6 cm/s compared with
the initial value. It can be seen that the increase of confining
pressure makes the increase rate of maximum permeability
greatly decrease. It can be seen that the permeability
coefficient-strain curve gradually slows down with the
increase of confining pressure.

In the process of specimen deformation and failure, the
influence of confining pressure on the permeability of the
specimen can be analyzed from two stages: first, the pore is
the main seepage channel stage before the specimen failure;
the second is that the main seepage channel stage is through
fracture after specimen failure. The permeability coefficient
of briquette samples in the initial stage decreases with the
increase of confining pressure, showing a logarithmic func-
tion (see Figure 5(a)). The relationship between permeability
coefficient and confining pressure in the initial stage is
shown in Equation (2). After failure, the permeability coeffi-
cient of briquette samples gradually decreases with the
increase of confining pressure, presenting a power function
(see Figure 5(b)), and the greater the confining pressure,
the more obvious the permeability coefficient decreases.

The relationship between permeability coefficient and con-
fining pressure is shown in Equation (3).

k = 1304:7σ−1:242
3  R2 = 0:9916, ð2Þ

k = −201:4 ln σ3 + 464:38 R2 = 0:9984: ð3Þ
3.4. Discussion. It is relatively easy to make briquette sam-
ples, which are pressed and formed by fine particles. The bri-
quette samples have a standard size, smooth surface, and
uniform texture. According to the mechanical characteristics
of briquette samples, the total stress-strain curve of briquette
samples changes gently, which is different from the existing
mechanical characteristics of raw coal samples to some
degree. The next step is to study the mechanical characteris-
tics and seepage characteristics of raw coal samples under
the coupling action of stress and seepage.

The type of coal samples under the action of stress-
seepage coupling of seepage characteristics shows that the
permeability of specimen under low confining pressure con-
ditions is greater than the high confining pressure perme-
ability; based on the results, in the coal seam gas extraction
in the process, take certain measures, such as hydraulic frac-
turing, and presplitting blasting, making smoke extracting
seam permeability increases advantageous to the coal seam
and efficient gas extraction.

4. Penetration Mechanism in the Process of
Coal Deformation and Failure

Coal is a highly heterogeneous material with multiple cracks,
and its deformation and failure process is essentially a
dynamic evolution process of crack initiation, propagation,
interaction, and finally, coalescence. The stress state of the
coal body has a direct influence on the permeability, which
can be theoretically proved by Lious’s empirical formula

kf = k0e−ασ, ð4Þ

where kf is the permeability coefficient of the crack; K0 is the
initial permeability coefficient; α is constant; and σ is the
normal stress. The above formula reflects that the relation-
ship between the permeability coefficient and the normal
stress is negative exponential. With the increase of the nor-
mal stress, the permeability coefficient also increases.

Table 3: Triaxial permeability test results under different confining
pressures.

Confining
pressure/MPa

Stress/MPa
Permeability

coefficient/10-7 cm·s-1
Peak
value

Residual
value

Initial
value

Maximum

2 14.0 9.5 323 567

4 18.6 15.2 191 214

6 31.2 22.1 98 152

8 39.8 27.1 47 97
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The influence of the change of stress state on the perme-
ability of briquette can be seen directly from the relationship
curves of stress-axial strain, permeability, and stress-
circumferential strain-permeability. When the stress-strain
of briquette goes through five stages, nonlinear compaction
stage, linear deformation stage, yield stage, strain-softening
stage, and residual deformation stage, the permeability of
briquette corresponding to each stage also changes corre-
spondingly. The prepeak change of the briquette is mainly
caused by compression deformation. At this time, the per-
meability of the briquette is relatively low, and the perme-
ability is the lowest in the linear deformation stage, and the
pores and cracks of the sample reach the maximum closure.
With the gradual increase of strain, the crack inside the sam-
ple expands to reach through, and the briquette material
loses its ultimate bearing capacity. In the postpeak stage of
briquette, the strain continues to increase, the crack of the
sample increases steadily, and the permeability coefficient
also increases steadily. In addition, the circumferential strain
can reflect the permeability of the sample more sensitively
than the axial strain.

In fact, the permeability of coal type and the characteris-
tics of coal itself also involve the concept of microscale seep-
age properties, such as topological structure characteristics
of porous media itself medium and pore and fracture distri-
bution, pore surface roughness, and the distribution of pores
and fractures, and a porous media and the relationship
between the fluid, such as surface wettability, adsorption
and desorption characteristics, saturation distribution, and
distribution details between phases.

Besides, in the process of seepage, the maximum perme-
ability coefficient of briquette samples does not appear at the
peak of stress-strain, but near its peak value. In short, the
study of the seepage mechanism in briquette deformation
and failure process has a very important guiding significance
for mining engineering and oil and gas field development.

5. Conclusions

(1) The stress-strain of briquette goes through five
stages: nonlinear compaction stage, linear deforma-
tion stage, yield stage, strain-softening stage, and
residual deformation stage. The prepeak change of
briquette is mainly caused by compression deforma-
tion, and the permeability of briquette is relatively
low, and the permeability is the lowest in the linear
deformation stage. After entering the yield failure
stage, the permeability of the briquette begins to
increase with the expansion and penetration of new
fractures, and the maximum permeability of the bri-
quette is basically near the peak value of briquette
strength. In the residual deformation stage, the new
crack increases slowly, and the briquette permeabil-
ity coefficient changes steadily

(2) The stress-axial strain curve has the same variation
trend as the stress-circumferential strain curve, but
the circumferential deformation more fully reflects
the process of specimen yield, weakening, and failure
than the axial deformation. In the process of speci-
men deformation damage, hoop strain and axial
strain effect on the permeability variation law of
basic consistent, and the permeability coefficient
with the increase of confining pressure and
decreases, and the higher the confining pressure,
the lower the permeability coefficient, the confining
pressure increases rate under the same conditions;
high confining pressure corresponding to the perme-
ability coefficient of permeability coefficient is far
less than the low confining pressure

(3) Confining pressure affects briquette permeability by
affecting briquette expansion behavior. With the
increase of the confining pressure, the permeability
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of the sample decreases, and the permeability coeffi-
cient decreases with the increase of the confining
pressure at the initial stage, showing a logarithmic
function. After failure, briquette samples show a
power function change rule, and the greater the con-
fining pressure is, the more obvious the permeability
coefficient decreases
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Characterization of the mechanical properties of cracked rock masses is essential for ensuring the long-term stability of the
engineering environment. This paper is aimed at studying the relationship between the strength characteristics of specimen
and the angle of precrack, as well as the interaction of cracks under uniaxial compression. To this end, two sandstone
specimens, distinguished with a single and three precracks, were built using the PFC software. For the former case, both the
peak strength and elastic modulus increase to a peak value as the crack angle α gets closer to the forcing (loading) direction.
For the latter case, the strength experiences a trend of increasing-maintaining trend as the crack angle α gets closer to the
forcing direction, and the elastic moduli are barely affected. For the specimens containing a single precrack, their crack
numbers increased approximately in a one-step or two-step stair pattern with increasing axial strain; whereas for the
specimens containing three cracks, their crack numbers all showed a multistep growth trend. Furthermore, the failure mode of
the specimen is closely related to the precrack angle. However, if the precrack distribution does not affect the original crack
propagation path, it will hardly affect the mechanical properties of the specimen.

1. Introduction

Rock is widely distributed on the earth’s surface. As a natural
material, inevitably, there are defects such as cracks inside
the rock which are induced by thermal stress, erosion, earth-
quakes, human engineering disturbances, etc. [1–3]. As an
example, at Hornelen, western Norway, sandstone and
conglomerate fill a fault-enclosed basin, about 70 × 30 km,
which is the remains of a once larger basin. The basin sedi-
ments are about 100~200m thick and are of continuous
transversal cycles, consisting of beds about 2m thick. The
cracks and joints there caused by the long-time affection of
low temperature and ocean erosion have been extremely
developed [4–7], as shown in Figure 1. The existence of
cracks not only reduces the material strength of the rock

but also accelerates the damage process, which poses safety
hazards to the construction of slopes and underground pro-
jects [2, 5, 7, 8]. Therefore, it is of great significance to study
the strength characteristics of cracked specimens and the
interaction of multiple cracks within the specimen.

The mechanical properties of defected rock mass have
been a hot topic in the field of geotechnical engineering,
and rich results have been achieved [2, 9–11]. Differing
in the number of predefects, the current researches can
be mainly grouped into two categories. The first type of
research mainly focuses on rock mass, and the number of
precracks reaches hundreds to thousands [5, 6, 12–14];
the second type of research focuses on laboratory speci-
men, and the number of predefects is generally less than
four [15–17].
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For the first type of research, due to the large size of the
specimen, the current research mainly focuses on the loca-
tion of rock damage [12], the fracture surface roughness
[13, 18], and the specimen heterogeneity [5, 6]. Only a few
studies have looked into the strength characteristics of
specimens [2]. Shi et al. [2, 7] investigated the correspon-
dence between crack distribution modes and rock mechani-
cal properties, as well as the strength damage theory.
However, the number of distributed cracks involved in the
above studies is excessive; the crack propagation is thus
affected by too many factors. As a result, it is hard to identify
the influence of the crack interaction on the strength charac-
teristics of the specimen.

For the second type of research, predefects are mainly
made by hydraulic cutting (experiment) or the particle ele-
ment deleting (numerical simulation). The elastic modulus,
compressive strength, shear strength, and failure mode of
the specimen were analyzed by changing its shape and size
[16, 17], the confining pressure [19], or the angle [20–22]
as well as the combination and number of predefects
[10, 11]. These researches are of great significance for
understanding the mechanical properties of defected rock,
although large defects exist in crack prefabrication—the
width of the cracks is larger than 2mm [10, 14]. Therefore,
the research object of this research in the strict sense is fis-
sured rock mass rather than the commonly observed cracked
rock mass in nature [5, 7]. The mechanical properties of
cracked rock mass are obviously not equivalent to that of
the fissured rock mass, and the research on cracked specimen
is extremely insufficient. Moreover, the current researches on
multifissured rock masses only focus on the combinations of
fissures and lack a comparative analysis, so it is very hard to
understand the specific impact of a fissure on the mechanical
properties of a specimen [10, 23, 24].

In this paper, two sets of sandstone specimens differing
in containing a single crack and three cracks were built using
the PFC software. The relationship between the strength
characteristics of the specimen and the angle of the precrack,

as well as the interaction of cracks under uniaxial compres-
sion, was studied.

2. Numerical Model of Cracked
Sandstone Specimen

2.1. Particle Flow Code (PFC). PFC2D software is very conve-
nient in realizing the crack prefabrication and is outstanding
in simulating the mechanical properties and failure process
of rock and soil medium [23]. Due to these advantages, the
PFC2D software was selected for the simulation in this study.
The particles and the bonds between particles are used to
characterize the medium in the software, where the particles
are simulated with rigid body of unit thickness. Two types of
bonding effects of rock media suitable for this simulation are
selected, namely, contact bond and parallel bond, as shown
in Figure 2. The contact bond reflects the normal and
tangential interactions (forces) between particles (see
Figure 2(a)), while the parallel bond transmits both the force
and the moment (see Figure 2(b)). It is widely accepted that
these two kinds of bonds both exist in the interior of rock
and soil [7], so they are used in this paper.

2.2. Calibration of Sandstone Mesoscopic Parameters. To
ensure the credibility of the simulation, it is necessary to
determine the model parameters for the simulation. For
PFC software, the particles and bonds are used to character-
ize the medium. Therefore, it is necessary to determine
mesoscopic parameters that reflected the physical and
mechanical properties of the particles and bonds. Due to
the limitation in observation techniques, these parameters
can hardly be obtained through laboratory tests. For uniaxial
compression simulation with PFC, the “trial and error”
method is usually used to calibrate the mesoscopic parame-
ters of the specimen. As shown in Figure 3,mi is the strength
parameter of Hoek-Brown [27]. In this method, the full
stress-strain curve and the corresponding failure mode of a
representative specimen need to be firstly obtained through
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Figure 1: Outcrop map of the natural fracture system in the sandstone at Hornelen Basin, western Norway [5–7].
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laboratory tests; next, a numerical model is established, and
the parameters such as the stiffness, elastic modulus, and the
tensile and cohesive strength are adjusted until the numeri-
cal curve is roughly consistent with the experimental curve;
finally, fine-tune the parameters until the failure mode of
the numerical specimen is consistent with that of the exper-
imental specimen [27].

In this paper, the uniaxial compression tests on sand-
stone specimens were performed by the MTS815 test
machine of the State Key Laboratory for Geomechanics
and Deep Underground Engineering, China University of
Mining and Technology, as shown in Figure 4. The size of
the laboratory specimen is 50mm by 100mm (diameter
and height), and the loading was controlled by displacement
with the rate of 0.002mm/timestep [2].

The intact sandstone model with 31190 particles was
established using PFC2D software. The size and loading
strategy of the sandstone model are consistent with that of
the laboratory test. The parameters of the numerical
specimen were calibrated using the “trial and error” method.
Model results are compared with the experimental data,
showing the stress-strain curve and failure mode of the
specimen in Figures 5 and 6, respectively.

As shown in Figures 5 and 6, the full stress-strain curve
and the failure mode of the numerical specimen are qualita-
tively consistent with that of the experimental specimen.
Note that the simulation curves deviate from the experimen-

tal ones in the prepeak stage, which is because that there is
an obvious compaction stage for the laboratory specimen
before the peak. To the best of our knowledge, this stage
cannot be simulated by all numerical software including

Figure 4: MTS815 test machine.
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Figure 3: The “trial and error” method parameter checking process of the PFC model [27].
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Figure 2: Cohesive model and its micromechanical behavior schematic diagram [7, 25, 26]: (a) contact bonds reflect the normal and
tangential interactions (forces) between particles; (b) parallel bonds transmit both the force and the moment.
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PFC software [2, 14]. Currently, there are two main ways to
cope with this problem. The first way is to ensure the consis-
tency of the peak strength and peak strain with that of the
actual specimen but might leave a difference in the elastic
modulus [7, 28–30]. An alternative method is to ensure the
elastic modulus and the peak strength to be consistent with
that of the actual specimen but might lead to a significant
difference in the peak strain [14].

Considering the study of rock strength to be the priory
focus of this research, the first approach was chosen.
Furthermore, the relative errors of peak strength and peak
strain are 1.7% and 3.8%, respectively. The simulation
results qualitatively agree with the experimental results,
and the simulation parameters truly reflect the mechanical
characteristics of the laboratory specimen.

The microscopic parameters of the intact sandstone
specimen determined by the “trial and error” method are
listed in Table 1.

2.3. Numerical Model of Sandstone Specimen with a Single
Crack or Three Precracks. In PFC2D, crack, as a planar and
finite-sized discrete element, is characterized by a segment
with two vertex object ends. The prefabrication of the crack
is realized through the Discrete Fracture Network (DFN). In
the DFN module of PFC software, the input parameters to
realize the prefabrication of each crack are the length, angle,
and center point, with the width of the crack to be insignif-
icant [23, 31–34]. In order to study the relationship between
the strength characteristics and the angle of the precrack, as
well as the interaction of the cracks, two sets of specimens
that contain a single crack and three cracks were established,
as shown in Figure 7.

It can be seen from Figure 7(a) that each specimen in the
first group contains one precrack, and the angle of the crack
is set as 0°, 30°, 60°, 90°, 120°, and 150°, respectively. The
lower left corner of the specimen is set as the coordinate ori-
gin, and the x and y coordinates of the crack center point are
25mm and 50mm, respectively. In the second group, two
extra fixed-angle precracks were added on the basis of the
specimens in the first group, denoted as precracks ② and
③. For cracks ② and ③, their angles are both 45° and their
center points are located at (25mm, 75mm) and (25mm,
25mm), respectively, as shown in Figure 6(b). In addition,
the crack lengths of the precracks in Figure 7 are all
25mm. The smooth joint model was used to describe the
mechanical properties of the crack. The parameters used
for the model are listed in Table 2 [2]. It can be seen from
the table that the existence of cracks weakens the cohesion
on both sides of the crack surface.

3. Simulation Results and Analysis

3.1. Strength Characteristics of the Cracked Sandstone
Specimen. The full stress-strain curve of the cracked speci-
mens is shown in Figure 8, and the extracted variation of
the strength with the precrack angles is shown in Figure 9.

(a) (b)

Figure 6: Failure modes of intact sandstone specimens obtained
through simulation and experiment: (a) experimental failure
mode; (b) numerical failure mode.

Table 1: Mesoscopic parameters of the PFC2D medium.

Parameters Value

Minimum particle size (mm) 0.1

Maximum particle size (mm) 0.3

Density (kg/m3) 2700

Porosity 0.15

Contact bond modulus (GPa) 0.6

Contact bond stiffness ratio 1.0

Friction coefficient 0.8

Parallel bond tensile strength (MPa) 26.5

Parallel bond cohesion (MPa) 32

Parallel bond friction angle (°) 32.5

Parallel bond modulus (GPa) 8.7

Parallel bond stiffness ratio 1.0
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Figure 5: The comparison between the numerical and
experimental stress-strain curves of intact sandstone specimens.
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It can be seen from Figure 8(a) that both the strengths
and the elastic moduli of the specimens containing a single
crack increase first and then decrease with the increase of
the precrack angle. The uniaxial compressive strengths
(UCS) of the specimen with the precrack angle of 0°, 30°,
60°, 90°, 120°, and 150° are 21.79MPa, 26.42MPa,
33.20MPa, 49.49MPa, 40.05MPa, and 26.47MPa, respec-
tively, as shown in Figure 9. Theoretically, the specimens
with the crack angles of 120° and 60°, as well as the speci-
mens with crack angles of 150° and 30°, are not essentially
different, so the elastic moduli of the specimens are almost
the same, as shown in Figure 8(a). However, the strengths
of the specimens with crack angles of 120° and 60° are quite
different, which might be due to the dispersion of the parti-
cle and bond distribution inside the specimen [35–37].

The full stress-strain curve and strength value of the
specimens with three precracks are shown in Figure 8(b).
It can be seen that for the specimen with the precrack angle
of 0°, 30°, 60°, 90°, 120°, and 150°, their strengths are
19.6MPa, 25.4MPa, 29.3MPa, 29.1MPa, 29.10MPa, and

23.39MPa, respectively. Compared with the one-crack spec-
imens, the elastic moduli of the specimens change little with
the crack angle.

In particular, for the specimens with crack angles of 60°,
90°, and 120°, the difference in their strengths is negligible.
Extra uniaxial compression experiments were done on the
double-cracked specimens (only including cracks ② and
③, see Figure 9). Results showed that the difference between
the strengths of the three precrack specimens and the
double-cracked specimen is very small, which indicates that
for the specimens with three precracks, the influence of
crack ① on the mechanical properties of the specimen can
be ignored when the angle of crack ① is in the range of
60° to 120°.

In addition, for both the specimens with a single pre-
crack or three precracks, the smaller the angle between pre-
crack① and the horizontal direction is, the more fluctuation
the full stress-strain curve presents, as shown in Figure 8.

3.2. New Crack Propagation of the Precracked
Sandstone Specimen

3.2.1. Initial Crack Propagation. The initial crack propaga-
tion of the specimen containing a single precrack is shown
in Figure 10. It can be seen that for the specimen with the
precrack angle of 0°, new cracks emerge initially in the
middle and ends of the precrack, and the development of
the new cracks in the middle of the precrack is far quicker
than that at the end of the precrack.

For the specimens with the precrack angles of 30° and
60°, new cracks emerge initially at the ends of the precracks,

𝛼=0° 𝛼=30° 𝛼=60° 𝛼=90° 𝛼=120° 𝛼=150°

A B

25 mm

o x

y

𝛼
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➀
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Figure 7: Sandstone specimens with a single precrack and three precracks: (a) sandstone specimen with a single precrack; (b) sandstone
specimen with three precracks.

Table 2: Mechanical parameters of the smooth joint model [2].

Parameters Value

Normal stiffness per unit area (GPa) 2

Shear stiffness per unit area (GPa) 2

Friction coefficient 0.35

Tensile strength (Pa) 0

Cohesion (Pa) 0
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showing a clear wing expansion. For the specimens with the
precrack angle of 90°, new cracks are randomly distributed
within the specimen, which indicates that a precrack with
the angle of 90° does not cause stress concentration inside
the specimen. This is because, under the uniaxial loading
condition, the strain and stress distributions of the specimen
are uniform on any horizontal section before the specimen is

significantly damaged. The crack distribution of the speci-
mens corresponding to Figures 10(e) and 10(f) is symmetri-
cal to the crack distribution of the specimens corresponding
to Figures 10(b) and 10(c), respectively, so is the initial crack
propagation conditions and thus will not be presented here.
Furthermore, it can be clearly seen that as the precrack angle
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Figure 8: Complete stress-strain curves of the cracked specimens: (a) complete stress-strain curves of the specimens containing a single
precrack; (b) complete stress-strain curves of the specimens containing three precracks.
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Figure 10: Initial crack propagation of the specimens containing a
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increases from 0° to 90°, the temporal development of the
new cracks shows a downward trend, as shown in Figure 10.

The initial crack propagation of the specimens contain-
ing three precracks is relatively more complicated, as shown
in Figure 11. In general, the new cracks are located at the
ends of the precracks, whereas the initial crack distributions
at the C-end of crack ② and the F-end of crack ③ remain
almost unchanged. The change of the angle of crack ①

mainly affects the initial crack propagation of crack ①, the
D-end of crack ②, and the E-end of crack ③.

When the angles of crack ① are 0°, 120°, and 150°, the
ends of crack ① are closer to the D-end of crack ② and
the E-end of crack ③. The two ends of crack ① penetrated
with the D-end of crack ② and the E-end of crack ③, as
shown in Figures 11(a), 11(e), and 11(f). For the specimen
with the crack angle of 30° and 60°, the growth of the initial
crack at each crack end is less affected by crack ① as the
ends of crack ① are far from the ends of crack ② and crack
③, as shown in Figures 11(b) and 11(c).

When the angle of precrack ① is 90°, the internal stress
concentration within the specimen is induced by cracks ②
and ③. Compared with the one-crack specimen (see
Figure 10(e)), the distribution of new cracks in the specimen
is no longer uniform, new cracks of precrack ② of crack ③

penetrate through precrack ①, and there is no new crack
propagated from the ends of crack ①.

3.2.2. Failure Modes. The final failure modes of specimens
containing a single precrack and three precracks are present
in Figures 12 and 13. The final failure modes of the speci-

mens vary substantially with the change of the precrack
angle α.

For the single precrack specimens with 0° crack angle α,
the failure mode is mostly the vertical splitting failure. Three
vertical cracks extended from the two ends, and the middle
of the precrack cut the specimen into strips. Moreover, there
are many accumulated cracks located at the ends of the pre-
crack, denoted by the yellow ellipses in Figure 12(a). For the
specimens with the crack angles of 30° and 60°, their failures
are caused by the gradual expansion of the new cracks along
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Figure 11: Initial crack propagation of the specimens containing
three precracks.
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Figure 12: Failure mode of the specimens containing a single
precrack.
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Figure 13: Failure mode of the specimens containing three
precracks.
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the ends of the precracks. Quite a few new cracks are closely
located at the precrack ends, as highlighted by the yellow
ellipses in Figures 12(b) and 12(c). There are few new cracks
generated in the vertical direction of the precracks, as shown
by the blue ellipses in Figures 12(b) and 12(c). This is agreed
with the finding of Shi et al. [2] that nonvertical cracks will
form a stress shielding circle with the diameter of its own.
For the specimens containing precracks with the angles of
120° and 150°, the failure modes are the same as that of the
specimens with the precrack angles of 60° and 30°, respec-
tively, and will not be repeated here. For the specimens with
the precrack angle of 90°, the effect of precracks on the
failure mode of the specimen is negligible. The failure of
the upper right corner of the specimen is very similar to that
of the intact specimen (see Figures 6(b) and 12(d)).

For the specimens with three precracks, when the angle
of precrack ① is 0°, due to the stress shielding effect of the
precracks, there are basically no new cracks that emerged
in the area between the adjacent precracks. As shown in
Figure 13(a), the ends of the three precracks penetrate
through each other, which results in the cutting failure of
the specimen [38, 39]. For the specimen with the precrack
angle of 30°, the new cracks mainly occurred in the middle
of the specimens due to the dense and uniform distribution
of the precracks in this area. For the specimen with the
precrack angles of 60°, 90°, and 120°, precracks ② and ③

penetrated through precrack ①, and the new cracks mainly
concentrated at the C-end of crack② and the F-end of crack
③. The failure modes of these three specimens are very sim-
ilar. The failure modes of the specimens with the precrack
angles of 150° and 30° are similar, and the concentrated
cracks are mainly distributed at the junction of the A-end

of crack① and the D-end of crack②, as well as the junction
of the B-end of crack ① and the E-end of crack ③.

3.3. Crack Number Evolution of the Precracked Sandstone
Specimens. New cracks keep emerging in the loading
process. The evolution of the number of new cracks
(NNC) during loading process is shown in Figure 14. In
general, the evolution of NNC exhibits a stair-step tendency,
i.e., increases abruptly as the axial strain increases to a
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Figure 14: Crack number evolution of the precracked sandstone specimens: (a) crack number evolution of the specimens containing a single
precrack; (b) crack number evolution of the specimens containing three precracks.
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certain value. The NNC evolution of single precrack speci-
mens experiences a one-step (corresponding to precrack
angles of 90° and 120°) or two-step (corresponding to pre-
crack angles of 0°, 30°, 60°, and 150°) increase. It can be seen
from Figure 14(a) that for the specimen containing a single
precrack, the number of new cracks approximately increased
in one-step stair shape (corresponding to precrack angles of
60°, 90°, and 120°) or two-step stair shape (corresponding to
precrack angles of 0°, 30°, and 150°) with the increase of axial
strain. Notably, the maximum abrupt increase in NNC
occurs at various axial strains for different precrack angles,
i.e., increased axial strain value as the precrack angle
increased until 90° and declined thereafter. For the speci-
mens with three precracks (see Figure 14(b)), the evolution
of NNC shows a multistep growth, which can be attributed
to the fluctuations of the full stress-strain curves of the spec-
imens before and after the peak (see Figure 8(b)).

Interestingly, the NNCs corresponding to the final fail-
ure of the specimens with three precracks are around 4000
with extremely small deviation. For the specimens with a
single precrack, when the crack angles are 0°, 30°, 60°, and
150°, the final NNCs are closer to 4000 as well. However,
when the precrack angles are 90° and 120°, the final NNCs
are up to 7500. By extracting the final NNC and UCS of
the specimens (see Figures 14 and 9), it was found that the
final NNC increased with the UCS, as shown in Figure 15.

4. Discussion

The analysis of Figure 9 in Section 3.1 shows that when the
angles α of precrack ① are between 60° to 120°, the effect of

precrack ① on the mechanical properties of the specimen
can be ignored, which is very interesting and worthy of
further study.

The initial crack propagation of the double-crack speci-
men (see Figure 16(a)) and the triple-crack specimens (see
Figures 16(b)–16(d)) are shown in Figure 16. The existence
of precrack ① inside the three-crack specimens has little
effect on the initial crack growth. The D-end of crack ②

and the E-end of crack ③ tend to penetrate in both the
double-crack and the triple-crack specimens, and crack ①

itself, as the penetration path of crack ② and crack ③, only
promoted this process, especially for the specimens whose
angles of crack ① are 90° and 120°. Therefore, there is very
little difference in the crack distribution (including precracks
and newly generated cracks, see the yellow dotted lines in
Figure 16) inside the specimens, and the bearing structure
of the specimens is very similar, as shown in Figure 16.

Figure 17 shows the failure modes of the double-crack
specimen (see Figure 17(a)) and the three-crack specimens
(see Figures 17(b)–17(d)). The failure modes of the four
specimens in Figure 17 are highly similar. There are many
newly generated cracks in the upper left and lower right cor-
ners of the specimens (see the yellow ellipses in Figure 17).
In addition, the Y-shaped expansion fissures in the upper
right and lower left corners are symmetrically distributed
with respect to the center point of the specimens (see the
yellow dotted lines in Figure 17). In summary, the 4 main
rock blocks generated after the failure of the specimen in
Figure 17 are almost identical.

For a specific loading condition, the existence of cracks
may not necessarily weaken the strength characteristics of
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Figure 16: Comparison of the initial crack propagation of double-crack and triple-crack specimens.
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Figure 17: Comparison of the failure mode of double-crack and triple-crack specimens.
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the specimen. From Figures 9, 16, and 17, it can be found
that if the precrack does not affect the original crack
propagation path (fracture process), it will hardly affect the
mechanical properties of the specimen.

5. Conclusions

In this paper, the relationship between the strength charac-
teristics of the specimen and the angle of the precrack, as
well as the interaction of cracks under uniaxial compression,
was studied. The two sets of sandstone specimens, respec-
tively, containing a single precrack and three precracks were
built using the PFC software, which was to study. The main
conclusions are as follows:

(1) For the one-crack specimens, the peak strength and
elastic modulus continuously increase as the crack
angle α is more aligning with the forcing (loading)
direction. For the three-crack specimens, a similar
pattern was observed for the strength behavior, i.e.,
with higher strength as α gets closer to the forcing
direction. However, such increase stabilized as the
angle between α and forcing direction is smaller than
30°. The elastic modulus of the specimens appears to
be unaffected by the angles of precrack

(2) For the specimens containing a single precrack, their
crack numbers increased approximately in a one-
step or two-step stair pattern with increasing axial
strain; whereas for the specimens containing three
cracks, their crack numbers all showed a multistep
stair growth trend with the axial strain

(3) The failure mode of the specimen is closely related to
the precrack angle. However, the existence of cracks
may not necessarily weaken the strength characteris-
tics of the specimen. If the precrack does not affect
the original crack propagation process (fracture pro-
cess), it will hardly affect the mechanical properties
of the specimen

Data Availability

The data used to support the findings of the study are
available from the corresponding author upon request.

Conflicts of Interest

All authors declare that they have no conflict of interest or
financial conflicts to disclose.

Acknowledgments

The authors gratefully acknowledge the financial support
provided by the Independent Research Project of State Key
Laboratory of Coal Resources and Safe Mining, CUMT
(Grant Number SKLCRSM001).

References

[1] A. Lenton, K. L. McInnes, and J. G. O'Grady, “Marine projec-
tions of warming and ocean acidification in the Australasian
region,”AustralianMeteorological and Oceanographic Journal,
vol. 65, no. 1, pp. S1–S28, 2015.

[2] H. Shi, L. Song, H. Q. Zhang et al., “Numerical study on
mechanical and failure properties of sandstone based on the
power-law distribution of pre-crack length,” Geomechanics
and Engineering, vol. 19, no. 5, pp. 421–434, 2019.

[3] J. Y. Wu, M. M. Feng, X. B. Mao et al., “Particle size
distribution of aggregate effects on mechanical and structural
properties of cemented rockfill: experiments and modeling,”
Construction and Building Materials, vol. 193, pp. 295–311,
2018.

[4] M. Asadi and M. H. Bagheripour, “Numerical and intelligent
modeling of triaxial strength of anisotropic jointed rock spec-
imens,” Earth Science Informatics, vol. 7, no. 3, pp. 165–172,
2014.

[5] Q. H. Lei and K. Gao, “A numerical study of stress variability
in heterogeneous fractured rocks,” International Journal of
Rock Mechanics and Mining Sciences, vol. 113, pp. 121–133,
2019.

[6] N. E. Odling, “Scaling and connectivity of joint systems in
sandstones from western Norway,” Journal of Structural Geol-
ogy, vol. 19, no. 10, pp. 1257–1271, 1997.

[7] H. Shi, H. Q. Zhang, L. Song et al., “Failure characteristics of
sandstone specimens with randomly distributed pre-cracks
under uniaxial compression,” Environmental Earth Sciences,
vol. 79, no. 9, article 193, 2020.

[8] I. J. Basson and G. Viola, “Structural overview of selected
group II kimberlite dyke arrays in South Africa: implications
for kimberlite emplacement mechanisms,” South African Jour-
nal of Geology, vol. 106, no. 4, pp. 375–394, 2003.

[9] C. Deng, H. X. Hu, T. L. Zhang, and J. L. Chen, “Rock slope
stability analysis and charts based on hybrid online sequential
extreme learning machine model,” Earth Science Informatics,
vol. 13, no. 3, pp. 729–746, 2020.

[10] Y. H. Huang, S. Q. Yang, and J. Zhao, “Three-dimensional
numerical simulation on triaxial failure mechanical behavior
of rock-like specimen containing two unparallel fissures,” Rock
Mechanics and Rock Engineering, vol. 49, no. 12, pp. 4711–
4729, 2016.

[11] Y. Q. Zhou, Q. Sheng, N. N. Li, X. Fu, Z. Zhang, and L. Gao, “A
constitutive model for rock materials subjected to triaxial
cyclic compression,” Mechanics of Materials, vol. 144, article
103341, 2020.

[12] G. W. Chen, L. Song, and R. R. Zhang, “Modeling acoustic
attenuation of discrete stochastic fractured media,” Acta Geo-
daetica et Geophysica, vol. 53, no. 4, pp. 679–690, 2018.

[13] P. T. Wang, F. H. Ren, andM. F. Cai, “Mechanical analysis and
size effect of rough discrete fractures network model under
direct shear tests based on particle flow code,” Journal of China
Coal Society, vol. 43, no. 4, pp. 976–983, 2018.

[14] Z. M. Yang, Y. T. Gao, S. C. Wu, Z. Q. Cheng, and A. B. Jin,
“Study of the influence of joint parameters on rock mass
strength based on equivalent rock mass technology,” Journal
of China University of Mining and Technology, vol. 47, no. 5,
pp. 979–986, 2018.

[15] P. A. Cundall and O. D. L. Strack, “A discrete numerical model
for granular assemblies,” Géotechnique, vol. 29, no. 1, pp. 47–
65, 1979.

10 Geofluids



[16] H. Q. Zhang, S. Nunoo, D. D. Tannant, and S. Y. Wang,
“Numerical study of the evolution of cohesion and internal
friction in rock during the pre-peak deformation process,”
Arabian Journal of Geosciences, vol. 8, no. 6, pp. 3501–3513,
2015.

[17] H. Q. Zhang, D. D. Tannant, H. W. Jing, S. Nunoo, S. J. Niu,
and S. Y. Wang, “Evolution of cohesion and friction angle dur-
ing microfracture accumulation in rock,” Natural Hazards,
vol. 77, no. 1, pp. 497–510, 2015.

[18] R. Vachon and C. F. Hieronymus, “Mechanical energy balance
and apparent fracture toughness for dykes in elastoplastic host
rock with large-scale yielding,” Geophysical Journal Interna-
tional, vol. 219, no. 3, pp. 1786–1804, 2019.

[19] F. S. Ren, T. C. Fang, and X. Z. Cheng, “Study on rock damage
and failure depth under particle water-jet coupling impact,”
International Journal of Impact Engineering, vol. 139, article
103504, 2020.

[20] S. Q. Yang, Y. Z. Jiang, W. Y. Xu, and X. Q. Chen, “Experimen-
tal investigation on strength and failure behavior of pre-
cracked marble under conventional triaxial compression,”
International Journal of Solids and Structures, vol. 45, no. 17,
pp. 4796–4819, 2008.

[21] H. Yang, H. Lin, Y. Wang, R. Cao, J. Li, and Y. Zhao, “Investi-
gation of the correlation between crack propagation process
and the peak strength for the specimen containing a single
pre-existing flaw made of rock-like material,” Archives of Civil
and Mechanical Engineering, vol. 21, no. 2, p. 68, 2021.

[22] C. Zhang, Y. Wang, and T. Jiang, “The propagation mecha-
nism of an oblique straight crack in a rock sample and the
effect of osmotic pressure under in-plane biaxial compres-
sion,” Arabian Journal of Geosciences, vol. 13, no. 15, p. 736,
2020.

[23] M. Wang, W. Wan, and Y. L. Zhao, “Experimental study on
crack propagation and the coalescence of rock-like materials
with two preexisting fissures under biaxial compression,” Bul-
letin of Engineering Geology and the Environment, vol. 79,
no. 6, pp. 3121–3144, 2020.

[24] C. Q. Zhang, Z. J. Liu, Y. B. Pan, Y. Gao, H. Zhou, and G. Cui,
“Influence of amygdale on crack evolution and failure behavior
of basalt,” Engineering Fracture Mechanics, vol. 226, article
106843, 2020.

[25] Itasca Consulting Group Inc, PFC2D (Particle Flow Code in 2
Dimensions): Version 2018, 5.00.35, Minneapolis, 2018.

[26] L. X. Xiong, Z. Y. Xu, T. B. Li, and Y. Zhang, “Bonded-particle
discrete element modeling of mechanical behaviors of inter-
layered rock mass under loading and unloading conditions,”
Geomechanics and Geophysics for Geo-Energy and Geo-
Resources, vol. 5, no. 1, pp. 1–16, 2019.

[27] U. Castro-Filgueira, L. R. Alejano, J. Arzúa, and D. M. Ivars,
“Sensitivity analysis of the micro-parameters used in a PFC
analysis towards the mechanical properties of rocks,” Procedia
Engineering, vol. 191, pp. 488–495, 2017.

[28] C. B. Jiang, Z. K. Li, W. S. Wang, Z. Wen, M. Duan, and
W. Geng, “Experimental investigation of the mechanical
characteristics and energy dissipation of gas-containing coal
under incremental tiered cyclic loading,” Geomechanics and
Geophysics for Geo-Energy and Geo-Resources, vol. 7, no. 3,
2021.

[29] S. Mukhopadhyay and S. R. Hallett, “A directed continuum
damage mechanics method for modelling composite matrix
cracks,” Composites Science and Technology, vol. 176, pp. 1–
8, 2019.

[30] J. Y. Wu, M. M. Feng, B. Y. Yu, and G. S. Han, “The length of
pre-existing fissures effects on the mechanical properties of
cracked red sandstone and strength design in engineering,”
Ultrasonics, vol. 82, no. 1, pp. 188–199, 2018.

[31] Y. Benveniste, “On the Mori-Tanaka’s method in cracked bod-
ies,” Mechanics Research Communications, vol. 13, no. 4,
pp. 193–201, 1986.

[32] K.Wang, F. du, X. Zhang, L. Wang, and C. P. Xin, “Mechanical
properties and permeability evolution in gas-bearing coal-rock
combination body under triaxial conditions,” Environmental
Earth Sciences, vol. 76, no. 24, 2017.

[33] H. Shi, H. Q. Zhang, and L. Song, “Evolution of sandstone
shear strength parameters and its mesoscopic mechanism,”
Geomechanics and Engineering, vol. 20, no. 1, pp. 29–41, 2020.

[34] H. Shi, H. Q. Zhang, L. Song, and Y. Wu, “Variation of strata
pressure and axial bolt load at a coal mine face under the effect
of a fault,” Archives of Mining Sciences, vol. 64, no. 2, pp. 351–
374, 2019.

[35] L. L. Chen, Z. W. Wang, X. Peng, J. Yang, P. Wu, and H. Lian,
“Modeling pressurized fracture propagation with the isogeo-
metric BEM,” Geomechanics and Geophysics for Geo-Energy
and Geo-Resources, vol. 7, no. 3, 2021.

[36] Z. Y. Liao, C. A. Tang, W. M. Yang, and J. B. Zhu, “Three-
dimensional numerical investigation of rock plate cracking
and failure under impact loading,” Geomechanics and Geo-
physics for Geo-Energy and Geo-Resources, vol. 7, no. 2, article
33, 2021.

[37] M.Wang, D. J. Zheng, S. J. Niu, andW. Li, “Large deformation
of tunnels in longwall coal mines,” Environmental Earth Sci-
ences, vol. 78, no. 2, 2019.

[38] K. Eshiet and Y. Sheng, “Influence of rock failure behaviour on
predictions in sand production problems,” Environmental
Earth Sciences, vol. 70, no. 3, pp. 1339–1365, 2013.

[39] H. Shi, L. Song, W. L. Chen et al., “New non-destructive
method for testing the strength of cement mortar material
based on vibration frequency of steel bar: theory and
experiment,” Construction and Building Materials, vol. 262,
p. 120931, 2020.

11Geofluids



Research Article
Study on Influence of Joint Distribution on Surrounding Rock
Failure of an Underground Tunnel

Wanrong Liu ,1,2 Chao Peng ,1 and Baoliang Zhang1

1School of Architecture & Civil Engineering, Liaocheng University, Liaocheng, Shandong 252059, China
2State Key Laboratory of Mining Response and Disaster Prevention and Control in Deep Coal Mine, Anhui University of Science
and Technology, Huainan 232001, China

Correspondence should be addressed to Wanrong Liu; wanrongliu1989@163.com

Received 29 August 2021; Accepted 27 September 2021; Published 12 October 2021

Academic Editor: Zhijie Wen

Copyright © 2021 Wanrong Liu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Due to geological structure and artificial disturbance, a large number of joints and fissures are formed in the surrounding rock of
an underground tunnel. In order to study the influence of joints on the failure characteristics of tunnels, three test schemes with
different joint lengths, joint spacing, and joint positions are designed. The results show that the bearing capacity of the tunnel
decreases with the increase in the joint length. With the increase in joint spacing, the bearing capacity of the tunnel decreases
first and then increases. The crack propagation law of the three test schemes has experienced four stages: no crack, crack
initiation, crack rapid development, and crack gradual reduction. The location of joints has the greatest influence on the failure
mode of the tunnel. The crack is most likely to appear at the top of the tunnel and expand along the joint, mainly because it is
easy to form tensile stress at the top of the tunnel and compressive stress concentration at the joint tip. Therefore, when
excavating the tunnel in the underground space, the influence of joints on the tunnel should be considered. Analyzing the
relationship between the tunnel and joints has important practical guiding significance for the control of the surrounding rock
of the tunnel. Finally, the failure results of the indoor physical model and numerical model are compared and analyzed. They
are in good agreement, which also reflects the rationality of numerical simulation.

1. Introduction

With the development of urban population and economy,
the utilization of underground space is increasing day by
day, and underground engineering is developing on a large
scale. Working in an underground space is mainly aimed at
rock mass materials. A large number of joints and fissures
are formed in underground rock mass due to geological struc-
ture and artificial disturbance. As we all know, joints and fis-
sures as weak planes directly affect the failure characteristics
of rock mass. Therefore, when excavating a tunnel in an
underground space, it is necessary to consider the influence
of joints on the tunnel. Analyzing the position relationship
between the tunnel and joints has important practical guiding
significance for mastering the failure characteristics of the tun-
nel and controlling the surrounding rock of the tunnel.

At present, there have been many achievements in the
research of jointed rock mass. Yang et al. [1] analyzed the

influence of two groups of joints on the failure of rock mass
materials by using artificial rock materials. The anisotropy of
failure strength of rock mass was obtained. Bahaaddini et al.
[2] studied the influence of discontinuous joints on the
mechanical parameters of rock mass. The results show that
the failure mode of rock mass is mainly determined by the
joint direction and step angle, and the joint dip angle is the
parameter that has the greatest influence on the properties
of rock mass. Lin et al. [3] conducted uniaxial compression
tests on physical model samples with different angles of
columnar joints and analyzed the strength characteristics
and deformation modulus of columnar jointed rock mass.
Yang et al. [4, 5] analyzed the failure characteristics and
crack propagation law of discontinuous jointed rock mass
with holes. The influence law of joints on mechanical prop-
erties of rock mass is obtained. In the underground tunnel
research, on the one hand, the deformation and failure of
surrounding rock are analyzed by using the theory of
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elastic-plastic mechanics, and the laws of stress and displace-
ment of surrounding rock are studied [6]. Then it provides a
theoretical basis for the support control of surrounding rock.
On the other hand, the deformation and failure of jointed
tunnels are studied. For example, the influence of blasting
on the failure of tunnel surrounding rock [7], the damage
mechanics, and the elastic-plastic mechanics considering
joints are introduced to solve the surrounding rock [8, 9],
and the stability of tunnel surrounding rock is studied by
the block theory and numerical simulation method [10,
11]. Jia et al. and Wang et al. [12, 13] studied the failure
mechanical characteristics of coal and rock mass by an
acoustic emission test and analyzed the internal failure pro-
cess of coal and rock mass by an acoustic emission signal. Jia
and Tang [14] used RFPA software to study the effects of
layered joint inclination and lateral pressure coefficient on
the stability of a jointed rock tunnel. Hu et al. [15] studied
the effects of different parameters such as lateral pressure
coefficient, joint inclination, and joint spacing on joint
parameters and lining performance by experimental and
numerical simulation methods. In conclusion, there are
few studies on the influence of joint distribution on tunnel
failure. There is a lack of systematic research on the damage
of joint distribution to the tunnel.

Based on the above research, in this paper, the numerical
simulation method is used to systematically study the
jointed rock tunnel, three joint distribution schemes are
designed, and the effects of different joint distribution forms
on the bearing capacity, crack propagation, and failure
model of the tunnel are analyzed, respectively. Finally, the
numerical simulation results and indoor test results are com-
pared and analyzed. The research content is of great signifi-
cance for understanding the failure of the tunnel and
guiding engineering practice.

2. Test Schemes

2.1. Particle Flow Code (PFC) Theory and Parameter
Checking. In order to analyze the influence characteristics
of different joint forms on the failure of tunnel surrounding
rock, particle flow code (PFC) is used to study it. The basic
principles of a discrete element are force displacement law
and Newton’s second law [16]. PFC provides a PB model
to bond dispersion particles. When the external force
exceeds the PB bond strength between particles, the bond
between particles is destroyed and the bond fracture forms
microcracks. A large number of cracks gather and penetrate,
resulting in macrodamage of the material. Sandstone is a
typical cement material, and the failure of rock is also the
place where the bond is weak. The failure process of the
whole rock material is similar to that of the PB model.
Therefore, the PB model can well realize the simulation
analysis of rock materials. Through the built-in fish lan-
guage, PFC can not only count the number of damaged
microcracks but also display whether they are tensile cracks
or shear cracks. It can more intuitively reflect the failure
characteristics of rock. A particle discrete element has been
widely used in many fields since it was proposed. In partic-
ular, a large number of research achievements have been

made in geotechnical engineering [17–22]. Obtaining parti-
cle parameters is the key to PFC simulation. The micro-
scopic parameters of particles do not correspond to the
physical parameters completely, but there is a great correla-
tion. The stiffness ratio mainly affects Poisson’s ratio of rock
materials, the parallel bond tensile strength mainly affects
the tensile strength of materials, and the parallel bond cohe-
sive force mainly affects the compressive strength of mate-
rials. A contact module of the particle and parallel bond
deformation module jointly affect the elastic modulus of
the material. Density is basically the actual density of the
material. Therefore, the microparameters of PFC rock
models are calibrated by simulating the uniaxial compres-
sion experiments. At present, the particle parameters are
mainly obtained through a trial and error test, and the
parameters of the numerical model are continuously
adjusted until the numerical simulation results are consis-
tent with the indoor test results. Finally, the indoor test
and numerical simulation results are shown in Figure 1,
and the particle microparameters are shown in Table 1 [23].

2.2. Test Schemes. Due to the influence of geological struc-
ture and other factors, the distribution of joints in the sur-
rounding rock of the tunnel is complex. In the process of
tunnel excavation, the tunnel and joints form different posi-
tional relations. In order to systematically explore the influ-
ence law of joints on tunnel failure, the influence of three
joint distribution modes on tunnel failure is considered.
The size of these tunnel models is 200mm ðwidthÞ × 200
mm ðheightÞ. Due to the increase in the model scale, the
diameter of particles is appropriately enlarged in order to
reduce the amount of computer calculation. The minimum
particle diameter is 0.8mm, and the maximum particle
diameter is 1.2mm. The particle generation process of each
model is the same. After the model is generated, the micro-
parameters are given according to Table 1. The excavation of
rock mass is completed by deleting particles. The shape of
the tunnel is a straight wall semicircular arch, the radius of
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Figure 1: Stress-strain curves of sandstone based on experimental
and numerical tests [23].
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the circular arch of the tunnel is 25mm, and the size of the
straight wall is 50mm ðwidthÞ × 25mm ðheightÞ. Joints are
added after the tunnel excavation, and the joints form differ-
ent positional relationships with the tunnel. The mechanical
parameters of joints are shown in Table 2. The three
schemes are different joint lengths, the distance between
the joint and the tunnel, and the positional relationship
between the joint and the tunnel.

2.2.1. Different Joint Length Models. In order to study the
influence of borehole length on the tunnel surrounding rock
mass failure, tunnel models with the joint were established
(as shown in Figure 2) and the joint lengths are considered
10mm, 20mm, 30mm, 40mm, and 50mm, respectively.
The joint is located at the foot of the tunnel. And each cor-
responding model is abbreviated as L-10, L-20, L-30, L-40,
and L-50.

2.2.2. Different Spacing between Joints and Tunnel Models. In
order to study the influence of joint spacing on tunnel sur-
rounding rock mass failure, tunnel models with different
joint spacing were established (as shown in Figure 3) and
the spacing is considered 0mm, 10mm, 20mm, 30mm,
40mm, and 50mm, respectively. The joint is located at the
foot of the tunnel. The joint length is 20mm. And each cor-
responding model is abbreviated as S-10, S-10, S-20, S-30, S-
40, and S-50.

2.2.3. Different Joint Location Models. In order to study the
influence of double-joint location on the failure characteris-
tics of tunnel surrounding rock mass, numerical models of
different locations are established, as shown in Figure 4.
Double-joint length is 30mm. The joints are located in the
top and shoulder (T-S), shoulder and waist (S-W), waist
and foot (W-F), foot and bottom (F-B), and bottom and
top (T-B), respectively.

After the joint tunnel model is built, the compression
test is carried out on the model, and the load is applied to
the top wall through displacement control to realize the
loading of the model. The stress, strain, crack count, and
failure mode of the model were monitored during the test.

3. Analysis of Test Results

3.1. Strength Characteristics

3.1.1. Effect of Joint Length on Strength. Figure 5 shows the
stress-strain curve of the tunnel model with different joint
lengths. It can be seen from the figure that when the tunnel
has no joints (intact), the model strength is 52.53MPa.
When the joint length gradually increases from 10mm to
50mm, the tunnel model strength is 49.19MPa, 46.30MPa,
37.81MPa, 37.07MPa, and 33.48MPa, respectively. With
the increase in the joint length, the strength of the tunnel
model decreases gradually, and the strength decreases by
6.3%, 11.8%, 28.1%, 29.4%, and 36.3%, respectively. The
length of joints has a great influence on the bearing capacity
of the tunnel. It is mainly because the joints belong to the
weak plane structure, which reduces the bearing capacity
of the tunnel. Therefore, during excavation, the tunnel shall
avoid passing through long joints as far as possible.

3.1.2. Effect of Spacing between Joints and Tunnel on
Strength. Figure 6 shows the stress-strain curve of the tunnel
model with different joint spacing. It can be seen from the
figure that when the tunnel has no joints (intact), the model
strength is 52.53MPa. When the spacing between joints and
tunnel gradually increases from 0mm to 40mm, the tunnel
model strength is 46.30MPa, 45.23MPa, 46.35MPa,
48.86MPa, and 51.07MPa, respectively. With the increase
in the spacing between joints and tunnels, the strength of
the tunnel model first decreases and then increases, but the
strength is still lower than that of the no-joint model. The
main reason is that the joint affects the bearing capacity of
the tunnel and reduces the strength of the model. With the
increase in the spacing between the joint and the tunnel,
the impact of the joint on the tunnel decreases until it disap-
pears. Therefore, the tunnel shall keep a certain distance
from the joint as far as possible.

3.1.3. Effect of Joint Location on Strength. Figure 7 is stress-
strain curves of models with double-joint location in differ-
ent positions. It can be seen from the figure that when the
double joints are located at the top and shoulder of the tun-
nel, the model strength is 41.42MPa; when the double joints
are located at the shoulder and waist of the tunnel, the model
strength is 44.93MPa; when the double joints are located at
the waist and foot of the tunnel, the model strength is
43.23MPa; when the double joints are located at the foot
and bottom of the tunnel, the model strength is 37.82MPa;
and when the double joints are located at the bottom and
top of the tunnel, the model strength is 41.22MPa. With

Table 1: Microcosmic-mechanical parameters of the model.

Parameter Value Parameter Value

Minimum particle diameter (mm) 0.3 Contact bond gap (mm) 0.05

Maximum particle diameter (mm) 0.5 Density (kg/m3) 2500

Parallel bond tensile strength (MPa) 22 Contact modulus of the particle (GPa) 10.2

Parallel bond cohesive force (MPa) 56.5 Parallel bond deformation modulus (GPa) 16.2

Stiffness ratio 1.51 Porosity 0.1

Table 2: Mechanical parameters of the joint.

Parameter Value Parameter Value

sj_kn (GPa) 1 sj_fric 30

sj_ks (GPa) 0.5 sj_coh 0

sj_large 1 sj_ten 0
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different joint positions, the bearing capacity of the tunnel is
also different. Compared with the jointless model, the bear-
ing capacity of the tunnel is significantly reduced. Except
that the bearing capacity is the lowest when the double joint

is located at the bottom and foot of the tunnel, there is little
difference in the bearing capacity of other models. It is
mainly because the tunnel is easy to form stress concentra-
tion at the bottom corner, and 45° shear failure is easy to
form due to the existence of joints. Therefore, the positional
relationship between joints and tunnel should also be con-
sidered in the process of tunnel excavation.

3.2. Crack Propagation Characteristics

3.2.1. Influence of Joint Length. Figure 8 shows the stress-
crack count curve of models with different joint lengths. It
can be seen from Figure 8 that the distribution law of the
crack count curve of each model is basically similar. The
crack curves have experienced four stages: no crack, crack
initiation, crack rapid development, and crack gradual
reduction. For the intact model (Figure 8(a)), when the
stress is 0-30.1MPa, there is no crack (the stage of OA).
When the stress exceeds 30.1MPa, the crack begins to initi-
ate and a certain number of cracks appear (the stage of AB).
When it is close to the peak stress, the crack begins to
develop and expand, and a large number of cracks gather
(the stage of BC). The crack accumulation leads to the failure
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of the tunnel, the bearing capacity of the tunnel decreases,
and the crack count also decreases, but a certain crack count
is still maintained. Finally, the crack of the sample decreases
gradually and the sample is completely destroyed (the stage
of CD). For the tunnel model with joint length of 10mm,
the initiation stress is 19.6MPa. When the strain is 0.4%,
there is a small fluctuation in the stress-strain curve at the
corresponding position, and the crack count increases
sharply at the position of stress fluctuation. For the tunnel
model with joint length of 20mm, the initiation stress is
10.2MPa. For the tunnel model with joint of 30mm, the ini-
tiation stress is 11.3MPa. When the strain is 0.33%, the
stress fluctuates, mainly because the local bearing capacity
decreases after the crack breaks along the joint. For the tun-
nel model with 40mm joint, the initiation stress is 10.8MPa,
and for the tunnel model with 50mm joint, the initiation
stress is 10.2MPa. Joints affect the initiation time of cracks

in the surrounding rock of the tunnel. The crack distribution
process reflects the failure process of the tunnel.

3.2.2. Influence of Joint Spacing between Joints and Tunnel.
Figure 9 shows the stress-crack counts of models with differ-
ent spacing between joints and tunnel. It can be seen from
Figure 9 that the distribution law of the crack count curve
is basically the same. The crack curves have experienced four
stages: no crack, crack initiation, rapid crack development,
and gradual crack reduction. For the jointless model, the curve
law is the same as that in Figure 8(a). For the tunnel model
with spacing of 0mm, the initiation stress is 10.2MPa, and
for the tunnel model with spacing of 10mm, the initiation
stress is 20.3MPa. For the tunnel model with spacing of
20mm, the initiation stress is 11.8MPa. For the tunnel model
with spacing of 30mm, the initiation stress is 20.8MPa. For
the tunnel model with spacing of 40mm, the initiation stress
is 11.5MPa. The crack initiation time of the jointed tunnel is
less than that of the no-joint tunnel.

3.2.3. Influence of Double-Joint Locations. Figure 10 shows
the stress-crack counts of models with different double-
joint locations. The crack distribution curve shows a similar
evolution law. The crack curves have experienced a similar
evolution process. When the joint is at position T-S, the
crack initiation stress of the model is 14.5MPa, and the
crack counting curve has experienced three peaks. The first
stress fluctuation occurs before the peak stress, which is
mainly due to the crack propagation along the joint direc-
tion when the stress reaches a certain strength. The second
peak stress appears at the position where the strain is
0.45%, which is mainly due to the accumulation of a large
number of cracks and the sharp increase in cracks. The third
time appears at the postpeak position. The initiation stress of
the model at position S-W, position W-F, position F-B, and
position B-T is 14.5MPa, 12.6MPa, 13.1MPa, and
16.7MPa, respectively. The model with the fastest postpeak
stress drop is position S-W, and the total number of cracks
is less than that of other models. The maximum crack count
appears in the B-T model.

3.3. Failure Mode. The failure mode can reflect the fracture
process of the tunnel, and understanding the failure of the
tunnel has important guiding significance for the excavation
of the tunnel. Therefore, the failure characteristics of the
tunnel are analyzed below.

3.3.1. Influence of Joint Length. Figure 11 shows the failure
mode of the tunnel with different joint lengths when the
strength is 0.95 times the postpeak stress. In the model, the
red is the crack distribution, and the black in the lower right
corner is the joint. When it is an intact tunnel, the crack first
starts to initiate at the top and bottom of the tunnel, and
then, the crack extends along the vertical direction. At the
same time, a large number of cracks also appear in the lower
right corner of the tunnel and gradually penetrate. When the
joint length is 10mm, the crack first starts to sprout at the
top of the tunnel and the joint position; then, the top crack
extends along the vertical direction, and the crack at the
joint extends downward along the vertical direction of the
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joint. At the same time, there are cracks on the left and right
sides of the model. When the joint length is 20mm, the
crack first starts to sprout at the top of the tunnel and the
joint position; then, the top crack extends along the vertical
direction, and the crack at the joint extends downward along
the vertical direction of the joint. At the same time, the crack
formed in the lower right corner of the model gradually pen-
etrates with the joint. When the joint length is 30mm, the
crack extends along the top of the tunnel and the joint posi-

tion. The top crack penetrates the tunnel upward, and an
inverted V-shaped crack is formed in the lower right corner.
When the joint length is 40mm, the crack distribution is
similar to that when the joint length is 30mm, but obvious
cracks appear in the arch shoulder of the tunnel, and local
damage appears in the lower left corner. When the joint
length is 50mm, the crack failure starts to sprout and
expand from the spandrel. The tunnel failure is mainly
caused by the penetration of the crack and the joint in the
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Figure 8: Stress-crack count curve of models with different joint lengths.
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lower right corner. With the increase in joint length, the fail-
ure of the tunnel is mainly concentrated in the joint position
at the lower right corner, which is also the main reason for
the decline of the bearing capacity of the tunnel.

3.3.2. Influence of Joint Spacing between Joints and Tunnel.
Figure 12 shows the failure modes of the tunnel with differ-
ent spacing between joints and tunnel. When the spacing S is
0mm, the failure characteristics are the same as in
Figure 11(c). When the spacing S is 10mm, the crack initi-

ates and expands along the top of the tunnel, and the crack
also extends along the lower right corner of the joint to form
a through crack, and the rock bridge between the tunnel and
the joint is damaged. When the spacing S is 20mm and
30mm, some cracks also initiate and expand along the top
of the tunnel, the cracks in the lower right corner extend
along the joint direction, and the damage is mainly concen-
trated in the lower right corner. When the spacing S is
40mm, due to the increase in the spacing between the joint
and the tunnel, the crack extends along the vertical direction
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Figure 9: Stress-crack counts of models with different spacing between joints and tunnel.
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after initiation at the joint position. The rock bridge between
the joint and the tunnel has only a few cracks and is not
damaged. The cracks of the whole model are mainly distrib-
uted in the upper left corner and near the joint. With the
increase in spacing, the influence of joints on the tunnel
decreases gradually.

3.3.3. Influence of Double-Joint Locations. Figure 13 shows
the failure modes of the tunnel with different double-joint
locations. When the double joints are at the position T-S,

the crack propagates along the vertical direction of the top
joint and the direction of the shoulder joint. Crack propaga-
tion also appeared in the lower right corner of the tunnel,
mainly because it is easy to form stress concentration at
the right foot of the tunnel. When the double joints are
located at the position S-W, the crack also propagates along
the joint direction of the shoulder and waist, but the crack
propagation of the shoulder is obviously stronger than that
of the waist, and local failure occurs in the lower left corner
of the tunnel. When the double joints are at the position W-
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Figure 10: Stress-crack count curve of models with double-joint location.
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F, the crack extends vertically along the top of the tunnel,
and the crack extends to the lower right corner along the
joint at the foot. There are few cracks at the arch waist. It

can be seen that the joints at the arch waist have little impact
on the failure of the tunnel, and there is local failure on the
left side of the tunnel. When the double joints are at the

(a) Intact (b) L: 10mm (c) L: 20 mm

(d) L: 30 mm (e) L: 40mm (f) L: 50mm

Figure 11: Failure modes of the tunnel with different joint lengths.

(a) S: 0 mm (b) S: 10mm (c) S: 20mm (d) S: 30mm (e) S: 40mm

Figure 12: Failure characteristics of the tunnel with different borehole spacing.

(a) T-S (b) S-W (c) W-F (d) F-B (e) T-B

Figure 13: Failure characteristics of the tunnel with different double-joint locations.
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position F-B, the crack extends vertically along the top of the
tunnel, along the joint at the arch foot to the lower right cor-
ner, and vertically downward along the joint at the bottom.
When the double joints are located at position T-B, the crack
extends vertically along the top and bottom of the tunnel,
and a large number of cracks appear in the local area of
the tunnel. It can be seen that the existence of cracks directly
affects the failure modes of the tunnel and changes the fail-
ure path of the tunnel.

4. Comparison and Discussion

Joints directly affect the failure characteristics of the sur-
rounding rock of the tunnel. In order to further analyze
the influence of joint distribution on tunnel surrounding
rock, the indoor physical model mechanical test research
on the jointed tunnel has been carried out, as shown in
Figure 14 [24]. The size of the tunnel model is 200mm ð
lengthÞ × 200mm ðheightÞ × 50mm ðthicknessÞ. The tunnel
is straight wall semicircle arch-shaped, and the radius of
the semicircular arch and the length of the straight wall are
both 25mm. The joint length is 20mm. The failure mode
after the compression test of the physical model tunnel is
shown in Figure 14. Figure 14(a) is the intact tunnel failure
mode diagram, and Figure 14(b) is the tunnel failure mode
with the joint at the top, and Figure 14(c) is the tunnel fail-
ure mode with the joint at the foot. Figures 14(d)–14(f)

show the failure modes obtained from the numerical simula-
tion results. It can be seen from the figure that the failure
characteristics of both indoor experiments and numerical
simulation are in good agreement. For the complete tunnel
model, the failure of the tunnel is at the top and bottom,
and the cracks mainly expand along the vertical direction.
However, the indoor test model has obvious block spalling
in the semicircular arch of the tunnel, and cracks extend to
the left and right sides. For the tunnel model with joints at
the top, the cracks extend vertically upward along the joint
direction, and inclined downward cracks appear in the lower
left corner, but some cracks also appear in the lower right
corner of the numerical model. For the tunnel model with
the joint at the foot, the crack first extends along the joint
direction in the lower right corner, and an upward extending
crack appears at the top of the tunnel. However, for the
indoor physical model, the crack also extends vertically
along the joint position, and for the numerical model, the
crack extends along the lower left corner. The crack of the
model is easy to appear at the top of the tunnel and expand
along the joint position. It is mainly because it is easy to
form tensile stress at the top of the tunnel and compressive
stress concentration at the joint tip. Through the compara-
tive analysis, it can be seen that the numerical simulation
can better reflect the failure characteristics of the tunnel. It
is reasonable to study the influence law of complex joint dis-
tribution on the failure of the tunnel by using the numerical

(a) Intact (b) Joint location in the top (c) Joint location in the foot

(d) Intact (e) Joint location in the top (f) Joint location in the foot

Figure 14: Experiment and numerical simulation.

10 Geofluids



simulation method. Nevertheless, there is still a certain devi-
ation between the indoor test results and the numerical sim-
ulation, and some factors need to be further considered. For
example, the three-dimensional model is used in the physi-
cal test, while the numerical simulation is two-dimensional.
Considering the running speed of the computer, the particle
size in numerical simulation is larger than that of actual
sandstone. The discreteness of actual rock failure is much
larger than that of numerical simulation samples. Therefore,
more influencing factors should be considered in the future
research to make it more consistent with the reality.

5. Conclusion

In order to study the influence of joints on the failure char-
acteristics of tunnels, three test schemes with different joint
lengths, joint spacing, and joint positions are designed. The
conclusions are as follows:

(1) The bearing capacity of the tunnel decreases with the
increase in the joint length. The length of joints has a
great influence on the bearing capacity of the tunnel.
With the increase in joint spacing, the bearing capac-
ity of the tunnel decreases first and then increases.
With different joint positions, the bearing capacity
of the tunnel is also different. When the double joint
is located in B-F, the bearing capacity of the tunnel is
the lowest

(2) The distribution law of the crack count curve of each
model is basically similar. The crack curves have
experienced four stages. In the first stage, the stress
is small and there is no crack. In the second stage,
cracks appear with the increase in stress. In the third
stage, with the further increase in stress, a large num-
ber of cracks gather and expand. In the fourth stage,
the sample is damaged and the cracks are gradually
reduced

(3) With the increase in joint length, the failure of the
tunnel is mainly concentrated in the joint position
at the lower right corner. With the increase in spac-
ing, the influence of joints on the tunnel decreases
gradually. The existence of cracks directly affects
the failure modes of the tunnel and changes the fail-
ure path of the tunnel. The crack is most likely to
appear at the top of the tunnel and expand along
the joint. Analyzing the relationship between the
tunnel and joints has important practical guiding
significance for the control of the surrounding rock
of the tunnel
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The mudstone and marl from western Hoh Xil basin, located in Tibet of the west of China, were deposited in Tertiary lacustrine
environment. Investigation of organic geochemistry, sedimentary characteristics, and 13C in kerogen was conducted to analyze the
sedimentary environment, biomarkers, paleoclimate, and source of organic matter during deposition. The Cenozoic sedimentary
facies of the basin included upper lacustrine facies and lower alluvial fan facies, which belong to Miocene Wudaoliang Formation
and Oligocene Yaxicuo Group, respectively. The Miocene marl-sandstone-mudstone from Wudaoliang Formation was analyzed.
Maceral composition was dominated by amorphous organic matter. Tmax values indicated that the mudstones were thermally
immature-low maturity with mainly type II and III organic matter, while organic matter in marlite belongs mainly to type I-II1
with low maturity-maturity stage. The biomarkers showed the characteristics of odd-over-even predominance of long-chain n-
alkanes, higher proportion of C27 sterane in most of the samples, heavy δ13Corg composition, low Pr/Ph ratios (0.11-0.36), and
so on. Organic geochemistry indicated that the organic matter originated from bacteria, algae, and higher plants. The rocks
were formed in reducing environments with stratified water column and high productivity. The paleoclimate became more
humid during depositional stage in the western Hoh Xil basin.

1. Introduction

After years of geological investigation, the Hoh Xil basin was
considered to be one of the important targets of hydrocar-
bon resource exploration for continental basin of Tibetan
Plateau. We found two continental facies oil and gas Ceno-
zoic basin belts of Bangong-Nujiang and Jinsha River on
Tibetan Plateau. These basins had good prospects for pre-
serving oil and gas resources and exploration potential.
The discovery of crude oil from Lunpola basin confirmed
that reservoirs of fossil resources occurred in Qinghai-
Tibet plateau [1, 2]. And the Hoh Xil basin has been con-
firmed existing a better prospect for preserving oil and gas

too [3–5]. The eastern basin and western basin (Yanghu
basin) of Hoh Xil had a conjoined basement, and there
existed a unified Hoh Xil basin in Miocene [6–8]. Because
of complex tectonism, the geological survey of western basin
was very few. Understanding the geological survey of the
western Hoh Xil basin (WHXB) is very important to recog-
nize the overall situation of Cenozoic basins on Tibetan Pla-
teau and the plateau lifting. Recently, sedimentary rocks of
Wudaoliang Group in Miocene were discovered in WHXB.
In this paper, we carried out detailed organic geochemistry
investigations of these rocks in WHXB. The pivotal aim is
to analyze paleoenvironment and paleoclimatic changes, to
give the other geologists more information of Tibet.
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2. Geological Setting

Hoh Xil basin is located in north Qiangtang block and the
central of Bayankala block, crossing the suture of Jinsha
River, and it is the greatest Cenozoic continental basin in
Tibet [4, 9]. The western Hoh Xil basin (WHXB), near the
eastern basin of Hoh Xil (EHXB), is an uncivilized basin in
the central Tibetan Plateau [7, 10, 11] (Figure 1). Because
of the harsh geographical environment and high altitude,
the geology of the WHXB remains indeterminate. The work
focuses on the detrital organic geochemical investigation in
WHXB (Figure 1).

The west basin of Hoh Xil is located at an altitude of
more than 4000m with the area of 28,000 km2, which
belongs to the depopulated zone of Tibet province. It is
bounded in the south of eastern Kunlun mountains and in
the east of the Altyn mountains. The length of WHXB is
about 540 km, and the width is about 60 km. In the west,
the basin is near to Altyn sinistral strike-slip faults with its
south branch. In the north, it is near to Subashi-Muztagh-
Whale Lake fault zone, and it is adjacent to the microconti-
nental block of Kunlun. The south boundary of the basin is
Lazhulong-Xijin Ulan-Jinsha fault zone, which is adjacent to
the Qiangtang terrane.

The geological investigation revealed that the outcrop-
ping strata in WHXB were mainly Devonian, Permian, Tri-
assic, Jurassic, Paleogene, and Neogene. A set of purple
continental clastic rocks and carbonate of Cenozoic strata
occurred in WHXB too. The Cenozoic sedimentary
sequences contain three main parts in these strata of
Wudaoliang Group, Fenghuoshan Group, and Yaxicuo
Group. At the bottom of EHXB, the Fenghuoshan Group
contains sandstone, bioclastic limestone in lacustrine, and
fluvial, rounded conglomerate, which obtains the magnetos-
tratigraphic age during the Early Eocene to Early Oligocene
(31.3-52.0Ma) [12]. The Fenghuoshan Group was covered
by the Yaxicuo Group (Early Oligocene). The Yaxicuo
Group comprises fluvial and playa gypsum, marl, mudstone,
and sandstone in Oligocene (23.8-31.3Ma) [8]. The uncom-
fortably overlying strata of the uppermost unit (Wudaoliang
Group) consist mainly of oil shale, mudstone, and lacustrine
marl with biostratigraphical age of basement about ~22Ma
[8]. The clastic rock association of Shapoliang (P01) in
WHXB is consistent with the lithologic association of the
Yaxicuo Group of Oligocene in EHXB; both of them uncom-
fortably underlie the volcanic rock of Chabaoma Formation
[13]. And lacustrine carbonate of Fengcaogou (P02) in
WHXB is consistent with the lithologic association of
Wudaoliang Group in EHXB; both of them to belong to
Miocene with nearly horizontal occurrence. In the south of
EHXB, there is a huge south poured Paleogene thrust
system, which is connected with the Tanggula thrust system
of south WHXB. Shapoliang (P01) and Fengcaogou (P02)
sections were measured at the marginal southeast of the
WHXB in the geological survey. Two sections have the rela-
tionship of superposing; the profiles have been measured
from the core of the syncline to the south part, no bottom.
The top of profiles contacts with the Triassic through
the fault.

3. Sedimentary Characteristics

Detrital zircon U-Pb isotopic compositions, sedimentary
facies, and deformation of Shapoliang and Fengcaogou sec-
tions in WHXB are similar with the Oligocene Yaxicuo For-
mation and Miocene Wudaoliang Group of EHXB,
respectively [7]. There are two depositional sequences devel-
oped in WHXB, including the lower alluvial fan (Shapoliang
section) and upper lacustrine facies (Fengcaogou section),
with a total thickness exceeding 1302m. The Wudaoliang
Group comprised crystalline limestone, bioclastic limestone,
algal lump limestone, calcarenite, and marl in EHXB with
the characteristics of carbonate of a paleolake [4]. The
research section of Wudaoliang Group (Fengcaogou section,
P02) is located in the southeast part of the WHXB
(Figure 2).

In the low part of P02 of Wudaoliang Group, the unit
contains gray, yellow-gray, gray-green, and gray-black mud-
stone and silty mudstone. This unit is sandwiched into
maroon thin-middle layer of mudstone, argillaceous silt-
stone, silty mudstone, and fine sandstone; and some gray-
green sheet marl and sandy limestone are outcrop. In the
middle part, lithologic column contains the interbedded fine
siltstone, mudstone, gray marl, and sandy limestones; this
unit was sandwiched into thickness marls (up to 3.0m).
The upper part shows the gray marl, yellow fine sandstone,
and brown red silty mudstone with a coarsening-upward
sequence from bottom to top, which deposits marl-silty
mudstone in the lower part and fine sandstone-siltstone in
the upper part (Figure 3). This section presents a sedimen-
tary cycle with coarsening-upward in the overall. Potential
organic rocks occur in lower-middle part of Fengcaogou sec-
tion, which is made up of gray and yellow-gray mudstone,
gray-black mudstone, and gray-green marl with a thickness
of about 100m.

The sedimentary environment of Wudaoliang Group
belongs to the shallow lacustrine [14]. The Fengcaogou
section mainly contains marl, sandstone, siltstone, and mud-
stone with the thickness of about 205m. The lithofacies indi-
cate the depositional environment is lacustrine. The massive
argillaceous rocks of the Fengcaogou section need suspen-
sion in a peaceful water environment. According to charac-
teristics of deposition of profiles, the Fengcaogou section of
Wudaoliang Group experienced the evolution of deposi-
tional environment by semideep to shallow lake subfacies.

4. Research Methods

4.1. Sample. 20 samples are selected from the Fengcaogou
profile in the western Hoh Xil basin. All of the samples were
analyzed by geochemical methods. Details of sampling loca-
tion, lithologic association, and stratigraphic columns are
shown in Figure 3. In order to minimize the modern pollu-
tions on surface and the effects of biodegradation and weath-
ering, we used a shovel to collect fresh samples. After the
collection of samples from the measured profiles systemati-
cally, organic geochemical tests were conducted. There are
distinctive heterogeneities in the deposition of lacustrine
sedimentary rocks (Table 1). After the evaluation of
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Wudaoliang Group samples in the WHXB, gray or yellow-
gray mudstones belong to nonpoor organic types of rocks;
gray-black mudstones belong to good organic types of rocks;
gray-green marl is moderate-good organic types of rocks.
The types of organic matter in mudstone belong to types II
and III. The types of OM in marl belong to type I-II1.

4.2. Analytical Methods. Some rocks are prepared to the test
of organic petrology, Rock-Eval pyrolysis, TOC, and δ13C.
Saturated fractions of some samples are tested by the
method of GC and GC-MS. Total organic carbon is analyzed
using the equipment Leco CS-200 carbon-sulfur. After get-
ting rid of carbonate by hydrochloric acid (HCl), some sam-
ple (120 mesh and 100mg) was raising temperature to
1200°C in the induction furnace. The test of Rock-Eval
pyrolysis was conducted on a TOC module-equipped appa-
ratus with Rock-Eval II by strict procedures [15]. In the
Soxhlet apparatus, some samples were conducted with chlo-
roform for 72 h. After setting of asphaltenes, through a silica
gel alumina column, NSO compounds, saturated hydrocar-
bons, and aromatic hydrocarbons were isolated from
extracts by column chromatography [16].

GC-MS testing of saturated hydrocarbon is conducted
using a Finnigan SSQ-7000 spectrometer. This instrument
equipped is with DB5-MS fused silica capillary column
(0:32mm ID × 30m × 0:25 μm film thickness). Carrier gas
is helium. The oven is isothermally kept at 35°C in 1min,
then raised to 120°C by 10°C/min, and then increased to

300°C by 3°C/min, keeping this temperature for half an
hour. MS is conducted by MID on a source temperature at
200°C with ionization energy of 70 eV. To identify molecular
fossils, metastable ion transition for tricyclic terpanes and
hopanes (m/z 191) and steranes (m/z 217) was kept an
account of a periodic time of 1 s and a residence time for
25ms per ion [17].

HCI/HF method is applied to 20 samples for kerogen
isolation. First, rock fragments were leached in 12N HCl
for getting rid of carbonates in 12 h, and then, keep them
clean with distilled water. Second, samples were conducted
by hydrofluoric acid to get rid of silicate in 12 h [18]. Third,
samples used distilled water for cleaning. Then, samples
were again leached with 12N HCl [18]. Maceral content is
conducted by Zeiss Axioskop 2 plus microscope and a point
counter for visual evaluating [16]. The test of N, C, H, S, and
O was conducted using a FLASH EA-1112 instrument; the
accuracy is 0.5% for N and 0.3% for C. The determination
of δ13Ckerogen is conducted using the EA Finnigan Delta plus
XL mass spectrometer; precision of carbon isotope is ±0.2‰
[19]. Isotopic analyses and GC-MS analyses as well as others
analyses were carried out in the Organic Geochemistry Lab-
oratory of Huabei Oilfield Branch Company of PetroChina.

5. Results and Discussion

5.1. Rock-Eval Pyrolysis. Because the weathering has an obvi-
ous effect on the sedimentary rocks, the organic carbon of
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samples needs recovery. TOC and Rock-Eval data are listed
in Table 1. TOC content of Fengcaogou mudstones is in
the range of 0.03-1.38wt.% and an average of 0.19% with
most samples > 0:1wt:%. After the recovery with coefficient
of 2.2 [20], the restoration of organic carbon content is in
the range of 0.08%~3.04wt.% and an average of 0.42%.
The TOC content of the Fengcaogou marl is in the range
of 0.09~0.18wt.% and an average of 0.14%; after the recov-
ery with coefficient of 1.5 [20], the restoration of organic car-
bon content is in the range of 0.13%~0.27wt.% and an
average of 0.20%.

Maceral composition of kerogens from the Fengcaogou
section is shown in Table 2. Amorphous organic matter
exhibits a high abundance ranging from 50% to 90% with
an average of 66%. Exinite is in the range of 0~15wt.%
and an average of 4.37%. Vitrinite is in the range of
3~22wt.% and an average of 16.6%. Inertinite is in the range
of 5~31wt.% and an average of 12.95%. Organic matter of
kerogen in mudstone shows the types of mixed II (II1-II2),
whereas kerogen in marl shows the types of I-II1.

Rock-Eval S1 and S2 are in the change of 0.02-0.24 and
0.06-1.17mg HC/g rock. S2 values of marl are in range of

0.09-0.19mg HC/g rock, compared with 0.06-0.15mg
HC/g rock for mudstone (except P02-5S4) (Table 1). The
value of PY changes from 0.09 to 1.41mg HC/g rock, which
can reflect the potential yield and inversion of OM [21]. HI
values are not high with the range of 50 to 200mg HC/g
TOC. The HI of marls is higher with the value of 89 to
144mg HC/g TOC. Ro values change from 0.55 to 0.73.
The color of sapropel group in kerogen (yellow) reflects that
OM belongs to immature to early mature.

Tmax of all samples changes from 370°C to 532°C with
the average of 437°C (Table 1). In the mudstone, 9 samples
of Tmax values < 435°C indicating a thermally immature
stage; 3 samples of Tmax values change from 435°C to
440°C at low mature stage; 4 samples of Tmax are between
450°C and 580°C at high mature stage. Organic matter of
mudstones is in immaturity-low maturity stage. Tmax values
of marl change from 426 to 447°C; these indicate thermally
immature-mature. Difference in thermal maturity of two
rocks may depend on the history of burial. The PI (produc-
tion index) values of all samples are from 0.11 to 0.33. The
maturity suggested by PI and Tmax are not completely con-
sistent, which may be due to the weathering [22].
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Quaternary sediments
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Figure 2: Geological map of study area showing the location of the P02 section.
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5.2. Characteristics of the Element and Kerogen. The charac-
teristics of element can reflect the chemical features of iso-
lated kerogen [23]. And the analysis results of element are
shown in Table 2. Variability is marked in the Fengcaogou
section. O/C ratios of kerogen change from 0.22 to 0.39;
H/C ratios of kerogen change from 0.68 to 1.27 (Table 2).
The marl samples of Fengcaogou section have lower O/C
ratios (0.22, 0.22, and 0.24) and higher H/C ratios (1.21,
1.25, and 1.27) than the mudstones in this section; mud-
stones have lower H/C ratios (0.68-0.88) and higher O/C
ratios (0.34-0.39). Organic matter of mudstones are mainly
types II and III, while organic matter of marl is markedly dif-
ferent (Figure 4), which suggest the probable input of alloch-
thonous OM. And kerogens of type I with lacustrine source
are input by AOM and planktonic algae [24].

The variation tendency in different lithology is consis-
tent with kerogen’s maceral composition. AOM make up
75-90% kerogen assemblages, together by 1-2% sporinite,
3-15% vitrinite, and 5-10% inertinite for the marl sample
(Table 2). The marls contain more hydrogen-rich AOM
(75-90%), with much less inertinite and vitrinite (Table 2),
which fit well with characteristics of type I-II1 kerogen.

The kerogen in mudstones is composed of 50-72%
AOM, 1-6% sporinite, 12-22% vitrinite, and 9-31% inerti-
nite. There is no appearance of amorphous humic material,
indicating little input of land plants [25]. AOM is associated
with import sources of bacterial phytoplankton and algae
from surface of lacustrine [26]. Taking into account the geo-
chemical characteristics, it could indicate that OM contribu-
tion in the marl comes from more algal or bacterial
phytoplanktonic sources, while less bacteria and algae con-
tribution in the mudstone could be confirmed. Vitrinite
reflectance is used to determine the indicator of maturity.
In the mudstones, only one data was obtained (0.58), but
the Ro values of marl are 0.55-0.73.

5.3. Biomarkers

5.3.1. Normal Alkanes and Isoprenoids. The gas chromato-
grams of saturated hydrocarbons separated from Fengcaogou
in Wudaoliang Group of WHXB are shown in Figure 5 and
results are shown in Table 3. Saturated hydrocarbons of
mudstone and marl reveal the dominance of middle to high
carbon number molecular; the carbon peak is n-C23 (e.g.,
P02-13S3), n-C27, n-C29 (e.g., P02-5S6 and P02-7S1), or n-
C31 (e.g., P02-3S1). The value of C21−/C21+ of Fengcaogou
mudstones and marls changes from 0.06 to 0.24; all samples
show superiority of long-chain n-alkanes, which indicate ter-
restrial higher plant-derived n-alkanes [27]. The distribu-
tions of n-alkanes in the samples have an odd (nC27,29,31)-
over-even (nC26,28,30) carbon number predominance in the
nC23 to nC31 range (Figure 5). The OEP vary between 1.45
and 6.91, and most of the samples have the CPI values chang-
ing from 4 to 1.75. Long-chain n-alkanes (nC27 to nC31) are
considered coming from terrestrial plant waxes [28]. Thence,
predominate of long-chain n-alkanes (e.g., P02-3S1, P02-5S4,
P02-5S6, and P02-13S1 besides P02-13S3) can be confused
originating from terrestrial plants. But this interpretation is
in contradiction with petrographic investigation of kerogens.
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It has been proved that some nonmarine algae also may be
the origin of long-chain n-alkane [29]. Therefore, nonmarine
algae and higher plants may be the parent material of long-
chain odd n-alkanes together.

The mid molecular weight of n-alkanes (nC21 to nC25)
is probably considered coming from aquatic macrophytes

(predominate of nC23 and nC25) and Sphagnum [30, 31].
And the intermediate molecular weight of n-alkanes found
relative contents in most of the samples, especially in P02-
7S1. Because the causation of peat bog was precluded, the
source of OM from Sphagnum may be excluding and the
source of macrophytes leads to the n-alkane patterns.
The research shows that the upper strata of Wudaoliang
Group (P02) developed a lacustrine sedimentary system.
Therefore, n-alkanes of intermediate molecular weight
may have originated from macrophytes. By the calculation
of Paq = ðC23 + C25Þ/ðC23 + C25 + C29 + C31Þ, values of all
the samples (averaging 0.42) indicated that the submer-
ged/floating macrophytes were the contributors [30]
(Table 3).

Phytane is the dominant acyclic isoprenoid in the sam-
ples of WHXB but has a lower peak than n-alkanes in the
samples (Figure 5). The oxic/anoxic or the origin of OM is
judged frequently by the parameter of pristane/phytane
(Pr/Ph) ratio [32]. If phytol side chain of chlorophyll from
organic matter was oxidized, it would cause priority to form
pristine with high Pr/Ph ratios [33]. The values of Pr/Ph of
the mudstone and marl samples are relatively low in WHXB
changing from 0.11 to 0.36 (average 0.19) (Table 3). Mud-
stones from Fengcaogou section exhibit the values of Pr/Ph
changing from 0.12 to 0.36. However, Pr/Ph ratios of marl
indicate a lower value.

Generally, Pr/Ph > 1 suggests an oxic condition, but Pr/
Ph < 1:0 shows anoxic source-rock deposition [34]. How-
ever, several studies indicated that the source input and ther-
mal maturation and other factors can affect the Pr/Ph ratios

Table 2: Elemental and maceral composition and carbon isotope values of kerogens from the Fengcaogou section.

Sample no. H/C C/N O/C δ13CPDB (‰) aAOM Exinite Vitrinite Inertinite Color of sapropel group Ro (%) Type

P02-1S1 n.a. 67.8 n.a. -23.8 65 3 19 13 Yellow II2
P02-1S2 n.a. 40.1 n.a. -23.0 66 3 17 14 Yellow II1
P02-1S3 n.a. n.a. n.a. n.a. 55 4 20 21 Yellow II2
P02-1S4 n.a. 102.8 n.a. -24.5 50 13 22 15 Yellow II2
P02-3S1 n.a. n.a. n.a. n.a. 60 15 12 13 Yellow II1
P02-5S1 n.a. 117.3 n.a. -25.8 50 6 13 31 Yellow II2
P02-5S2 n.a. 39.5 n.a. -23.7 60 4 15 21 Yellow II2
P02-5S3 0.87 27.3 0.31 -25.3 69 3 18 10 Yellow II1
P02-5S4 0.88 24.6 0.39 -24.8 72 n.a. 19 9 Brown 0.58. II1
P02-5S5 n.a. 40.7 n.a. -23.8 66 3 20 11 Yellow II1
P02-5S6 n.a. 102.9 n.a. -23.6 67 4 19 10 Yellow II1
P02-5S7 n.a. 57.2 n.a. -23.8 60 1 20 19 Yellow II2
P02-7S1 n.a. 12 n.a. -24.1 66 3 21 10 Yellow II1
P02-9S1 0.68 45.9 0.34 -23.7 63 6 21 10 Yellow II1
P02-9S2 n.a. 922 n.a. -23.7 62 6 21 11 Yellow II2
P02-9S3 n.a. 46.96 n.a. -23.9 65 4 20 11 Yellow II1
P02-13S1 1.21 33.45 0.24 -21.3 75 1 15 9 Yellow II1
P02-13S2 1.25 36.12 0.22 -20.9 76 2 12 10 Yellow 0.59 II1
P02-13S3 n.a. 31.1 n.a. -21.9 90 1 3 6 Yellow 0.55 I

P02-13S4 1.27 41.1 0.22 -20.0 89 1 5 5 Yellow 0.73 I
aAOM= amorphous organic matter; n.a.: not analyzed.
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Fengcaogou section showing organic matter type. I: sapropelic
kerogen; II: humic-sapropelic kerogen, sapropelic-humic kerogen;
III: humic kerogen.
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[35]. Peters et al. [36] still suggest that Pr/Ph ratios < 0:6 sug-
gest the environmental characteristics of hypersaline and
anoxic condition; but Pr/Ph > 3 shows sedimentary environ-
mental characteristics with suboxic to oxic condition. With

the mudstone and marl form Fengcaogou, the feature of
Pr/Ph ratios can indicate an anoxic probably hypersaline
deposited condition in lacustrine environment. Hypersaline
environment would cause density stratification of water
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column increasingly and an anoxic condition at the bottom
of the lake. The ratios of Ph/n-C18 and Pr/n-C17 are shown
in Table 3.

5.3.2. Terpanes. Gammacerane first found in bitumen of the
Green River shale are detected in both mudstone and marl
samples (Figure 5) [37]. The ratio of gammacerane/C31
hopane ((22S+22R)/2) changes from 0.36 to 0.89 in Feng-
caogou section. The appearance of gammacerane suggests
the hypersaline, reducing sedimentary environment [38,
39]. Gammacerane originated from continental and oceanic
sedimentary environments with stratified water column
[40]. Gammacerane are found in freshwater lacustrine sedi-
ments too. In chemocline of stratified water column, there
exists tetrahymanol as precursor of gammacerane; tetrahy-
manol originates from anaerobic ciliates [40]. Because of
density-stratified hypersaline water columns, the com-
pounds can get together in the lacustrine environment.
The value of Pr/Ph < 0:5 is considered associated with
hypersaline environment [41]. The relevance of gammacer-
ane indices and Pr/Ph value in Fengcaogou supports the
inferred salinity relationship (Figure 6). Therefore, Fengcao-
gou sedimentary rocks might deposit in hypersaline lacus-
trine condition. The high salinity was accompanied by
anoxic condition in bottom water and water column density
stratification.

The relative abundances and distribution pattern of pen-
tacyclic and tricyclic terpanes detected by m/z 191 ion chro-
matograms are listed in Table 2 and Figure 5. Tricyclic
terpanes have little content from mudstone and marl and
are composed by C21-C24 with the peak at C23. In the present
studies, it was found that the tricyclic terpanes may originate
from some algae or lipids of bacterial membrane [42, 43].
And tricyclic terpanes can be used as parameters of deposi-
tional environment. Their relatively low concentrations
and the low ratios of tricyclic/pentacyclic terpanes (<0.25)

in all samples from the mudstone and marl in WHXB indi-
cate that the biomarkers originate from nonoceanic organ-
ism precursor [44, 45].

The primary pentacyclic terpanes with the peak at C30
hopanes are detected from the m/z 191 fragmentograms,
and a lot of homohopanes (C31-C35) are found in most of
the samples (Figure 5). Ourisson et al. [46] proposed that
homohopanes (C31-C35) originated from bacteriohopanete-
trol and other hopanoids of bacteria in chemocline of strat-
ified water column.

5.3.3. Steranes. The regular steranes were detected from
extracts of mudstone and marl in WHXB showed by m/z
217 mass chromatograms with variable peaks (Figure 5).
Most of the samples from profile indicated a higher ratio
of C27 sterane compared to C29 sterane or C28 sterane
(6.82%-20.74%), while some samples (P02-5S2, P02-5S4,
and P02-5S6) have C29 > C27 sterol distribution (Table 3).
The marl is dominated by C27 sterane (46.6%–48.5%, aver-
aging 47.59%). Volkman [47] and Peters and Moldowan
[48] suggest that C29 sterols originate from land higher
plants and C27 sterols are derived from aquatic algae. Later,
Volkman [49] and Volkman et al. [50] suggested that cyano-
bacteria or microalgae may be the main origin of C29 sterols
too. Here, the predominance of C29 steroids in mudstones of
the middle part in the Fengcaogou section shows a propor-
tion contribution of terrestrial plant; however, C27 steroids
dominant at the lower and upper part of profile may reflect
the contribution of algae. With samples from Fengcaogou
strata, the explanation of dominant C29 steroids is incon-
sistent with maceral composition and other parameters
(hopanoids). Phytane can reflect the contribution of
archaebacteria and haloalkaliphilic bacteria [49], and thus,
massive phytane in the Fengcaogou samples may originate
from bacteria and would not rule out higher plants.
Hopanes root from hopane polyols, and hopane polyols
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are discovered from cyanobacteria or bacterial membranes
[29]. All in all, a large number of phytane suggest the con-
tribution of bacteria or higher plants. Associated with
other feature of biomarker and petrographic observation,
the evidence indicates that the predominance of C29 ste-
roids originates from microalgae and bacteria or higher
plants. Steranes show the pattern of C27 > C28 < C29, show-
ing complex origination from algae, bacteria, or wax of
terrestrial plant [48].

5.4. Analysis of C Isotopes. Lake sediments can provide the
effective ancient environmental information. Because the
source of organic matter, paleoclimate, atmospheric CO2
concentration, and water chemistry of lakes is the influenc-
ing factors, the explanation of carbon isotopic ratios is a
complex problem [51]. The 13C value change could be
caused by PCO2, lake surface variation [52], lake trophic sta-
tus, biological community, obvious climate changes [19], or
the diversification of productivity [19, 53].

The mudstones or marls (e.g., P02-13S1) had obviously
heavier carbon isotopic composition in kerogen, changing
in δ13C of considerable OM from −20‰ to −25.8‰ with
an average of −23.4‰ (Table 2). In Indonesia, a homologous
isotopic feature was found in Pediastrum and Botrycoccus
algal shales [54]. Enrichment in 13C of Cenozoic oil shale
was found in Australia too [55]. The enrichment in 13C of
OM from Cretaceous shales has been found in the northern
Tibet plateau with a range of −20.79‰ to −21.78‰ [19].

By analyzing the 13Corg in 12 sediment cores from lakes,
Stuiver [56] found that the low 13Corg value corresponded to
the colder climate during low productivity period and the
high 13Corg value corresponded to the warmer climate with
higher productivity in the lake. If the organic productivity
was increased in lakes, aquatic plants would increase the
absorption of 12CO2 selectively. Then, this caused the
improvement of concentration of 13C in HCO3, resulting
in the value increasing of 13Corg of aquatic plant [57]. The
closed inland lake in the arid and semiarid area, when the
water increased, the biological productivity increased, sub-
merged/floating macrophytes used HCO3 or dissolved CO2
as main carbon source, resulting in the increasing of 13Corg;
conversely, when there is drought, the value of 13Corg
reduced [58]. Hypersalinity may lead to the heavy isotopic
composition in the environment of microbial mats [59],
but hypersalinity is not the only causation [19]. High pro-
ductivity that occurred in microbial/algal mats has been sug-
gested as the cause of abating fractionation of 13C [60].
Therefore, high productivity leads to the enrichment in 13C
in the lake ecosystem. OM of mudstones and marls in the
Fengcaogou section of the WHXB show different 13C enrich-
ment. The 13C of marl exhibit the values ranging from
−20‰ to −21.9‰, whereas the 13C of the mudstone samples
exhibit a lighter value ranging from −23‰ to −25.8‰. This
indicates the raising of productivity.

Moreover, similar source organisms have been con-
firmed between mudstones and underlying marl, so the
OM in samples should show consistent isotopic trends.
However, there is virtually no consistent tendency. OM of
mudstone P02-9S suggest no enrichment in 13C relative to

marls. Therefore, the enrichment of 13C cannot be triggered
by the source organisms. The exuberant productivity with
algae and bacteria is the main factor for the enrichment in
13C [61–63].

6. Paleoenvironmental Significances

The evolution of lacustrine paleoenvironment during Oligo-
cene and Miocene of the Hoh Xil basin of has been studied
frequently. The lake level fluctuation, lake productivity, geo-
chemical proxies of water, and the feature of organic geo-
chemistry are closely related with tectonic movement and
climatic factors [64–67]. The main reason of the formation
of carbonate saline lake is the input of outside material con-
tinuously in the humid environment with the tendency of
wet conditions [68, 69]. In contrast, in the extreme arid cli-
matic conditions, evaporation exceeding precipitation would
lead to the concentration of water, with sulfate deposits
appearing in saline lake [65]. Major petrological and geo-
chemical factors in sedimentary sequence of Neogene
Wudaoliang Group in WHXB suggest the condition of
lacustrine water chemistry. Wang [23] reported that Mio-
cene hydrocarbon source rock of Zhuonai Lake in the Hoh
Xil basin deposited in a freshwater lake. And paleoclimatic
variation from dry to humid caused the transformation of
water chemistry, which brought the saline water to fresher
water during Oligocene to early Miocene in lakes. There
were many tectonic activities, which are accompanied by
the uplift of Tibet and paleoclimate and lake ecosystem
[70–75]. DeCelles et al. [76] suggested that beneficiation of
δ18O and δ13C in carbonates of Nima basin indicated strong
evaporation and the arid climate during Oligocene. Wu et al.
[77] studied the fossils of vegetation; they suggested that
there was a dry, warm climate in Oligocene and a wet, cool
climate in early Miocene in central Tibetan Plateau. All evi-
dences suggest that in central Tibet exists the development
of saline paleolakes and arid climate in Oligocene. In the
early Miocene, many evidences show that the climate of cen-
tral plateau turns to humid. Accompanied with turning of
climate during early Miocene time, two paleolakes covered
plateau characterized by the Wudaoliang Group with conif-
erous trees [77]. Wudaoliang Group greatly distributes in
HXB during the early Miocene with freshwater lacustrine
limestone, which shows that large paleolake exists, the paleo-
lake named “Wudaoliang paleolake.” Miocene lacustrine
stromatolites were found in Wudaoliang Group in the Hoh
Xil basin, which indicated abnormal humid period [78].
Cai et al. [79] suggest that “Wudaoliang paleolake” turns
from a playa lake to the freshwater lakes with the precipita-
tion exceeding evaporation in humid climate. Yi et al. [80]
indicated that northern Tibetan Plateau climate evolved to
enter a humid stage in the early Miocene and paleolake
water salinity obviously dropped and reflected water level
rise in lower Wudaoliang Formation by using boron concen-
trations in lacustrine mudstone. Oxygen and isotopes in the
Wudaoliang Group showed a humid condition during the
lacustrine sedimentary period from ð24:1 ± 0:6ÞMa to ð14:5
± 0:5ÞMa [81]. The above information and organic geochem-
ical investigation indicated that the lacustrine ecosystem was
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adjusted and updated in the early Miocene characterized by
humid condition and productivity improvement.

7. Conclusions

The lacustrine sediment samples from the Miocene Wudao-
liang Formation sections of western Hoh Xil basin in
Tibetan are studied in order to appraise biologic-source con-
stitution, sedimentary environment, and maturity of organic
matter, reconstruct paleolake environment, and deduce
paleoclimatic change information.

(1) Organic matter abundance of samples is low, and
average organic carbon content of mudstone and
marlite is, respectively, 0.19% and 0.14%. Organic
matter of mudstones is mainly types II and III and
is in immaturity-low maturity stage, while organic
matter of marl is mainly type I-II1 and is in low
maturity-maturity stage

(2) The biomarker characteristics indicate that the main
sources of the organic matters are algae and bacteria
and higher plants. Some of the biomarkers indicate
that the sedimentary environment is characterized
by the reduced lake conditions and stratified water
column

(3) The samples from the Fengcaogou section in the
WHXB have obviously heavy C isotopic composi-
tion. The enrichment in 13C is caused by elevated
productivity

(4) The paleoclimate of the western Hoh Xil basin in
early Miocene for depositing mudstone and marl
became more humid
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In recent years, fiber-reinforced plastic (FRP) has been widely used in the reinforcement of concrete structure fields due to its
favorable properties such as high strength, low weight, easy handling and application, and immunity to corrosion, and the
reinforcing effects with FRP grids on tunnel linings should be quantitatively evaluated when the tunnels encounter an
earthquake. The aim of the present study is to estimate the reinforcing effects of fiber-reinforced plastic (FRP) grids embedded
in Polymer Cement Mortar (PCM) shotcrete (FRP-PCM method) on tunnel linings under the dynamic load. A series of
numerical simulations were performed to analyze the reinforcing effects of FRP-PCM method quantitatively, taking into
account the impacts of tunnel construction method and cavity location. The results showed that the failure region on lining
concrete is improved obviously when the type CII ground is encountered, regardless the influences of construction method and
cavity location. With the increment of ground class from CII to DII, the axial stress reduction rate Rσ increases from 13.18%
to 48.60% for tunnels constructed by the NATM, while for those tunnels constructed by the NATM, Rσ merely varies from
0.72% to 2.11%. Rσ decreases from 43.35% to 34.80% when a cavity exists on the shoulder of lining, while decreasing from
14.7% to 0.12% when a cavity exists on the crown of lining concrete. All those conclusions could provide valuable guidance for
the reinforcing of underground structures.

1. Introduction

Although the dynamic mechanical behavior of underground
structures, such as tunnels and underground caverns, is
assumed to be better than that of surface structures, some
existing tunnels still have been severely damaged by earth-
quakes in recent years [1–8]. Cracking, spalling, and water
leakage occurring during earthquakes would significantly
affect the safety of tunnel operation. The repair and rein-
forcement of existing underground concrete structures has
become an import part of civil engineering activities.

A series of methods have been adopted to effectively
improve the integrity of concrete structures in existing tun-
nels, the typical ones of which are grouting reinforcement

method, fiber reinforced shotcrete (FRS) method [9–13],
carbon fiber sheet (CFS) method [14–16], steel board
method [17], and fiber-reinforced plastic (FRP) method
[18, 19]. Due to the favorable properties such as high
strength, low weight, easy handling and application, and
immunity to corrosion, FRP as a strengthening material for
the reinforcement concrete (RC) structures has become
commonly used in engineering fields. In the reinforcement
of mountain tunnel, the FRP grids embedded in Polymer
Cement Mortar (FRP-PCM) shotcrete (FRP-PCM method)
are typically used. In the FRP-PCM method, the FRP grids
are firmly installed on an existing tunnel lining concrete
with concrete anchors (see Figure 1(a)). It is noted that the
FRP grids should not be damaged during the drilling or
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fastening the anchors. After the installation of FRP grids, the
Polymer Cement Mortar (PCM) is sprayed to the surface of
FRP grids as shown in Figure 1(b).

In recent years, extensive researches have been carried
out to investigate the reinforcing effects of FRP grids under
dynamic load. Sheikh and Yau [20] conducted an experi-
mental program in which 12 column specimens were tested
under constant axial load and cyclic lateral load to simulate
the earthquake loads and found that the strength, ductility,
and energy absorption capacity of columns can be improved
by utilizing FRP. Zou et al. [21] proposed an optimization
technique for the performance-based seismic FRP retrofit
design of reinforced concrete (RC) building frames, and
the effectiveness of this proposed procedure was discussed
and certified by a numerical example. Antoniades et al.
[22] conducted cyclic tests on seismically damaged rein-
forced concrete walls strengthened with FRP reinforcement,
and the test results showed that the strength of specimen
reinforced by FRP strips increases up to approximately
30% with respect to a conventional repair method. Lam
et al. [23] experimentally studied the behaviors of FRP-
confined concrete under cyclic compression test, and a num-
ber of significant conclusions were drawn, including the
existence of an envelope curve and the cumulative effect of
loading cycles. Zhou et al. [24] conducted the dynamic
three-point bending and axial crushing tests to investigate
the dynamic crushing characteristics of unidirectional
carbon fiber-reinforced plastic composites, and the results
showed that delamination plays a critical role in the dynamic
bending deformation. Jerome and Ross [25] numerically
simulated the dynamic response of concrete beams that rein-
forced with a carbon fiber plastic by using the drop-weight
impact test, and the numerical results revealed the local
displacement behavior of beams when suffering from strong
impulse loads.

Despite a large number of researches on the behavior of
RC structures reinforcing with FRP were performed, few
researches were conducted on the reinforcing effects of the
FRP-PCM method on tunnel lining under dynamic load.
In the present study, a series of numerical simulations were
performed based on the finite difference method (FDM) to
quantitatively analyze the reinforcing effects of the FRP-
PCM method under dynamic load, taking into account the
impacts of tunnel construction method and cavity location,

and those analytic results could provide valuable guidance
for the reinforcing of underground structures.

2. Numerical Modelling Setup

2.1. Numerical Modelling. The New Austrian Tunneling
Method (NATM) and the Fore-piling Method (FM) are
the two common methods that have been adopted in tunnel-
ling under shallow or unconsolidated ground (Kitamoto
et al., 2004). In the present study, four types of numerical
models as shown in Figure 2 are established by utilizing
the finite difference method (FDM), and the former two
models (see Figures 2(a) and 2(b)) are selected to investigate
the effects of construction methods on reinforcing effects of
the FRP-PCM method. Since cavities that exist between tun-
nel lining and surrounding rocks are generally encountered
for mountain tunnels constructing with the FM method, a
cavity is presumed to exist on the crown (see Figure 2(c))
or at the shoulder (see Figure 2(d)) of the numerical models
to investigate the impacts of cavity location on the reinforc-
ing effects. Those cavities cover an angle of 60° and with a
thickness of 30 cm. The thickness of shotcrete and secondary
lining in the NATM method are set to be 15 cm and 30 cm,
respectively, and the lining thickness in the FM method is
selected as 45 cm. The reinforcement region with the FRP-
PCM method covers an arc length of 180° on the upper wall
of tunnel as shown in Figure 3, and the back-filling is
conducted to the tunnels with cavities. The tunnel linings
are reproduced by the finite element mesh, while the rein-
forcing effects of the FRP-PCM method are investigated by
the liner element [26].

2.2. Boundary Conditions. In order to reduce the computa-
tional time and ensure the calculation accuracy, the horizon-
tal distance from the wall of tunnel to the boundary of the
main grid model is determined as 2D (D is the excavation
width of tunnel that is equal to 10m) based on the precom-
putation. The dynamic load input is applied at the bottom of
the model and normally represented by plane waves propa-
gating upward through the underlying rocks. The free-field
boundary conditions are selected during the seismic analysis
to minimize the wave reflections, and the lateral boundaries
of the main grid are coupled to the free-field grid boundary
by a series of viscous dashpots as shown in Figure 4 [26]. By

Installation of FRP grids

(a) Installation of FRP grids

Spray of polymer cement mortar

(b) Spray of Polymer Cement Mortar

Figure 1: Reinforcement procedure with the FRP-PCM method.
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means of which, plane waves propagating upward surf no
distortion at the boundary because the free field grid sup-
plies conditions that are identical to those in an infinite
model. Lateral dashpots would not do exercise if the main
grid in uniform with no surface structure, since the free field
grid performs the same as the main grid, while the dashpots
absorb energy in a manner to quiet boundaries if the main
grid motion differs from that of the free filed.

2.3. Mechanical Properties. Three types of ground classed as
CII, DI, and DII generally encountered in mountain tunnel

construction in Japan [27] are selected as the surrounding
rocks in the numerical analysis, and the mechanical behav-
iors of those are listed in Table 1. The urethane material is
utilized as the back-filling material due to its quick harden
and high strength, and the mechanical properties of back-
filling material and lining concrete are also summarized in
Table 1. The mechanical behaviors of the interface between
the FRP-PCM layer and the concrete layer are obtained
based on a series of direct shear tests in our previous study
[28], and those values are summarized in Table 2.

2.4. Input Motion. Compared with artificial seismic waves
and simple harmonic waves, real seismic wave taken from
similar sites is more representative to the real situation when

2D

Invert

Concrete
Shotinvert
Rock mass

Shotcrete
Excavation
Secondary lining

2D

1D

1D

(a) NATM

Lining
Excavation
Rock mass

2D 2D

1D

1D

(b) FM (no cavity)

Lining
Excavation

Back‑filling
Rock mass

2D 2D

1D

1D

(c) FM (cavity on the crown)

Lining
Excavation

Back‑filling
Rock mass

2D 2D

1D

1D

(d) FM (cavity on the shoulder)

Figure 2: Numerical modelling setup.

180°

Figure 3: Reinforcing region with the FRP-PCM method.

Free
field

Free
field

Figure 4: Free-field boundary for dynamic analysis.
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a rock foundation is subjected to earthquake loads. In the
present study, the input motion is recorded at the observa-
tion site of Ojiya City during the M6.8 Chuetsu offshore
earthquake happened on July 16, 2007, in Niigata Prefecture,
Japan. The distributions of intensities and peak accelerations
during the earthquake are shown in Figure 5. Since rock
foundations and buildings are easier to damage when they
suffer from shear waves, compared with a compression
one, the horizontal component motion of ground (see
Figure 6) is adopted in the later numerical analysis. The
maximum acceleration is observed at about 27.8 s, with a
value about 330 Gal. Since the stability of underground
tunnel is mainly controlled by the maximum acceleration
during the earthquake, in order to reduce the computational
time, the input motion at the interval from 20.8 s to 30.8 s is
extracted and utilized in the latter numerical analysis.

3. Numerical Results

3.1. Reinforcing Effects for Tunnels Constructed with the
NATM. Figure 7 shows the distribution of plastic failure
region on lining concrete for tunnels constructed by the
NATM. For the unreinforced cases, the plastic failure region
first appears at the bottom corner and inner side of the
shoulder on lining concrete and gradually expands with
the increment of ground class (see Figures 7(a)–(c)). For
the type DII ground, the plastic failure region develops at
both the inner side and the outer side of lining concrete.
After reinforcing with FRP grids, the plastic failure zone
on the shoulder diminishes and only can be observed at
the bottom corner when the type CII ground is encountered
(Figure 7(d)). The plastic failure region at the inner side of
the left shoulder decreases greatly when the tunnels sur-
round by the type DI ground (Figure 7(e)).

Tunnel lining deformations are generally governed by
both the axial stress parallel to the tunnel wall and the

radial stress perpendicular to the tunnel wall. Since the axial
stress is approximately two orders of magnitude larger than
the radial one, only the variation of axial stress is analyzed
in the present study to illustrate the reinforcing effects with
the FRP-PCMmethod. The axial stress distribution on lining
concrete for tunnels constructed by the NATM is shown in
Figure 8. In those figures, the positive symbol denotes the
compression stress, while the negative symbol denotes the
tensile stress. Since the input motion is a horizontal shear sig-
nal, the maximum tension and compression stresses occur at
the left and right shoulder of tunnel lining, respectively. The
maximum tension stress can also be observed at the bottom
corner of lining concrete due to stress concentration. The
maximum tension stresses at the bottom corner or shoulder
of lining concrete are 2.77MPa, 4.73MPa, and 9.56MPa,
respectively, corresponding to the ground type of CII, DI,
and DII (Figures 8(a)–8(c)). After reinforcing with FRP grids,
those maximum tension stresses decrease to 2.75MPa,
4.63MPa, and 9.53MPa, respectively (Figures 8(d)–8(f)).

3.2. Reinforcing Effects for Tunnels Constructed with the FM.
Figure 9 shows the distribution of plastic failure region on
lining concrete for tunnels constructed by the FM. The plas-
tic failure region can be observed at the right inner side of
lining concrete as shown in Figure 9(a) for the type CII
ground. With the increment of ground class, the strength
of surrounding rock reduces, and the plastic failure regions
both occur at the left outer side and right inner side of lining
concrete (Figures 9(b) and 9(c)). After reinforcing with FRP
grids, almost no plastic failure region is observed when the
CII ground is encountered (Figure 9(d)), and the plastic fail-
ure region decreases obviously when the other two types of
ground are encountered (Figures 9(e) and 9(f)).

The axial stress distribution on lining concrete for tun-
nels constructed by the FM is depicted in Figure 10.
Under a horizontal shear load, the maximum tension

Table 1: Mechanical behaviors of ground, lining, and back-filling material.

Properties
Ground class

Lining Back-filling material
CI CII DI DII

γ (kN/m3) 23.5 22.6 21.6 20.6 24 9.8

E (MPa) 1960 980 490 147 24500 12

v 0.3 0.3 0.35 0.35 0.2 0.13

c (MPa) 1.96 0.98 0.49 0.196 6.99 0.5

φ (deg) 45 40 35 30 40 10

σt (MPa) 0.39 0.42 0.19 0.06 3 0.2

Table 2: Mechanical properties of FRP grids and PCM material.

Elastic modulus
(MPa)

Compressive strength
(MPa)

Tensile strength
(MPa)

Cohesion
(MPa)

Internal friction
angle (°)

Cross-sectional area of
mesh (mm2)

FRP grid

CR4

1 × 105 — 1400
2.22 17.7

6.6

CR6 17.5

CR8 26.4

PCM 2:6 × 104 59.3 4.6 —
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and compression stress appear at both sides of the lining
shoulder. The maximum tension stress mainly occurs at
the left inner side of lining concrete, and the maximum
compression one almost can be observed at the right inner
of lining concrete. The maximum compression stresses are
2.2MPa, 8.28MPa, and 14.16MPa (Figures 10(a)–10(c)),
respectively, corresponding to the type CII, DI, and DII
ground. After reinforcing with FRP grid, those compress
values decrease to 1.91MPa, 4.81MPa, and 7.42MPa,
respectively (Figures 10(d)–10(f)).

3.3. Reinforcing Effects for Tunnels with a Cavity on the
Shoulder. The plastic failure region on lining concrete for
tunnels with a cavity on the shoulder is shown in
Figure 11. Due to the existence of cavity on the shoulder,
the flexural rigidity of lining concrete decreases, leading to
a larger plastic failure region that appears at the location of
cavity. As what mentioned before, the plastic failure region
can also be generated at the shoulder of lining concrete
due to the application of horizontal shear load. After
reinforcing with FRP grids, the plastic failure region on the
lining concrete disappears for the type CII ground
(Figure 11(d)), and those plastic failure regions decrease dra-
matically for the other two types of ground (Figures 11(e)
and 11(f)).

The axial stress on lining concrete for tunnels with a cav-
ity on the shoulder is plotted in Figure 12. The existence of
cavity on the shoulder decreases the bending resistance of
lining concrete, and the stress concentration is easy to occur
at the thin lining concrete, leading to a great value of axial
stress at those locations. The maximum values at the cavity
for those three types of ground are 4.90MPa, 8.10MPa,
and 10.06MPa (Figures 12(a)–12(c)), respectively, and those
values decrease to 2.77MPa, 4.33MPa, and 6.56MPa after
reinforcing with FRP grids (Figures 12(d)–12(f)).

3.4. Reinforcing Effects for Tunnels with a Cavity on the
Crown. The plastic failure region for tunnels with a cavity
on the crown is first observed at the top right shoulder of
the lining concrete (Figure 13(a)). With increasing the
ground class, the plastic failure region develops and mainly
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Figure 6: Input motion adopted in the numerical simulations.
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Figure 5: Distributions of intensities and peak accelerations recorded at the observation site of Ojiya City during the M6.8 Chuetsu offshore
earthquake happened on July 16, 2007, in Niigata Prefecture, Japan.
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Figure 7: Plastic failure region on lining concrete for tunnel constructed by NATM.
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Figure 8: Axial stress distribution on lining concrete for tunnel constructed by NATM (unit: Pa).
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Figure 9: Plastic failure region on lining concrete for tunnel constructed by FM.
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Figure 10: Axial stress distribution on lining concrete for tunnel constructed by FM (unit: Pa).
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Figure 11: Plastic failure region on lining concrete for tunnel with a cavity on the shoulder.
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Figure 12: Axial stress distribution on lining concrete for tunnel with a cavity on the shoulder (unit: Pa).
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Figure 13: Plastic failure region on lining concrete for tunnel with a cavity on the crown.
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Figure 14: Axial stress distribution on lining concrete for tunnel with a cavity on the crown (unit: Pa).
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concentrates at the right inner and left inner sides of lining
concrete. The failure region vanishes after reinforcing with
FRP grids for the type CII ground (Figure 13(d)) and does
not dramatically decrease for the other two types of ground
(Figures 13(e) and 13(f)).

The axial stress distribution on the lining concrete for
tunnels with a cavity on the crown is shown in Figure 14.
The maximum values of compression stress on the right
shoulder of lining are 2.08MPa, 5.89MPa, and 8.35MPa,
respectively, corresponding to the three types of ground

(Figures 9(a)–9(c)). And those values decrease to 1.86MPa,
5.59MPa, and 8.34MPa, respectively (Figures 9(d)–9(f)).

4. Discussion

Figure 15 shows the relationship between the ground class
and the maximum axial stress on a lining concrete for the
reinforced and unreinforced cases. The maximum axial
stress on lining concrete increases with ground class, regard-
less of the tunnel construction method, existence of cavity,

0
CII

2

4

6

8

10

12

DI
Ground class

A
xi

al
 st

re
ss

 o
n 

lin
in

g 
co

nc
re

te
 (M

Pa
)

DII

Unreinforced cases
Reinforced cases
Fitting curve of unreinforced cases
Fitting curve of reinforced cases

(a) NATM

0
CII

2

4

6

8

10

12

14

16

DI
Ground class

A
xi

al
 st

re
ss

 o
n 

lin
in

g 
co

nc
re

te
 (M

Pa
)

DII

Unreinforced cases
Reinforced cases
Fitting curve of unreinforced cases
Fitting curve of reinforced cases

(b) FM

0
CII

2

4

6

8

10

12

DI
Ground class

A
xi

al
 st

re
ss

 o
n 

lin
in

g 
co

nc
re

te
 (M

Pa
)

DII

Unreinforced cases
Reinforced cases
Fitting curve of unreinforced cases
Fitting curve of reinforced cases
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Figure 15: The variation of maximum axial stress on lining concrete.
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and reinforcing with FRP grids. However, for tunnels
constructed by the NATM, the fitting curves of axial stress
for the reinforced one and unreinforced one almost increase
nonlinearly, indicating that with decreasing in rock strength,
the axial stress on lining concrete increases dramatically
(Figure 15(a)). The two fitting curves also show that the axial
stress rarely decreases after reinforcing with FRP grids for
tunnel constructed by the NATM. The fitting lines of axial
stress for tunnel constructed by the FM increase linearly as
shown in Figure 15(b). The fitting curves for the reinforced
cases and unreinforced cases intersect at the ground class
of CII, indicating that the reinforcing effects are not obvious
when type CII ground is encountered. With the increment of
ground class, stress reduction shows more significant after
reinforcing with FRP grids, indicating that better reinforcing
effects could be obtained when a weaker surrounding rock is
encountered. Although the axial stress on a lining concrete
increases with increasing the ground class when a cavity
exists on the shoulder of tunnel lining, the slope of fitting
curve shows slightly decrement, indicating that the reinforc-
ing effects with FRP grids increase with the increment in
ground class (Figure 15(c)). While for those tunnels with a
cavity on the crown, the fitting curves almost intersect at
the point of the largest ground class (i.e., class DII ground)
as shown in Figure 15(d), which demonstrated that the rein-
forcing effects of the FRP-PCMmethod are not obvious for a
higher class of ground.

In order to investigate the reinforcing effects of the FRP-
PCM method quantitatively, an axial reduction rate Rσ
defined as follows is calculated:

Rσ =
σnr − σr
σnr

× 100%, ð1Þ

where σnr is the axial acting on the unreinforced lining
(MPa) and σr is the axial stress obtained in the reinforced
cases (MPa). Since the axial stress is the principle stress
parallel to the tunnel lining, the axial force reduction rate
represents the degree of reduction in axial stress after rein-
forcing with FRP grids.

Figure 16 shows the relationship between axial stress
reduction rate and ground class, taking into account the
construction method. Rσ increases with the increasing
ground class for tunnels constructed by the FM, revealing
that the performance of reinforcement is greater when a
higher type of ground is encountered. With the increment
of ground class from CII to DII, Rσ increases from 13.18%
to 48.60%. While for those tunnels constructed by the
NATM, Rσ merely varies from 0.72% to 2.11%, which dem-
onstrated that the performance of reinforcement is not
obvious.

Figure 17 shows the relationship between the axial stress
reduction rate and ground class, taking into account the
existence of cavity. Rσ decreases with increasing in ground
class, indicating that the performance of reinforcement is
weaker when a higher type of ground is encountered. With
the increase in ground class from CII to DII, Rσ decreases
from 43.35% to 34.80% when a cavity exists on the shoulder
of lining, while decreasing from 14.7% to 0.12% when a cav-
ity exists on the crown of lining concrete. The results also
demonstrate that the performance of reinforcement is
greater when a cavity exists on the shoulder.

5. Conclusions

In the present study, the reinforcing effects of the FRP-
PCM method under dynamic load have been investigated
based on the numerical analysis, taking into account the

0
CII

10

20

30

40

50

60

DI
Ground class

A
xi

al
 st

re
ss

 re
du

ct
io

n 
ra

te
 (%

)

DII

NATM
FM

Fitting curve of NATM
Fitting curve of FM

Figure 16: The axial stress reduction rate on lining concrete for
tunnels constructed by different methods.
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tunnel construction method and location of tunnel cavity.
In advancing this work, the following conclusions are
drawn:

(1) The plastic failure region on lining concrete is
improved obviously when the type CII ground is
encountered, regardless of the influences of con-
struction methods and cavity locations

(2) For tunnels constructed by the NATM, the axial
stress on lining concrete increases dramatically with
the increment of ground class, and this axial stress
merely changes after reinforcing with FRP grids.
While for those tunnels constructed by the FM, the
reinforcing effects improve with the increment of
ground class

(3) The axial stress on the lining concrete merely varies
after reinforcing with FRP grids for tunnels with a
cavity on the crown, and a good reinforcing perfor-
mance is observed for the cases with a cavity on
the shoulder, compared with the one with a cavity
on the crown

(4) Only the CR8 grids were taken into account during
the numerical simulations under seismic load. In
the future, various types of FRP grids, such as CR4
and CR6, should be discussed to investigate the rein-
forcing effects of the FRP-PCM method

(5) With the increment of ground class from CII to DII,
Rσ increases from 13.18% to 48.60% for tunnels con-
structed by the NATM, while for those tunnels con-
structed by the NATM, Rσ merely varies from 0.72%
to 2.11%. Rσ decreases from 43.35% to 34.80% when
a cavity exists on the shoulder of lining, while
decreasing from 14.7% to 0.12% when a cavity exists
on the crown of lining concrete
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This paper presents a comprehensive study of the support effect and characteristics of a collaborative reinforce system of U-steel
support and anchored cable (USS-AC) for roadway under high dynamic stress in a coal mine in China. The deformational
behavior of the roadway and the load characteristics of reinforcing elements were measured in real time and analyzed. A
numerical simulation study has also been conducted to identify the interaction of the reinforcing elements to the surrounding
rock under dynamic load. The research results suggest that the stress distribution of roadway surrounding rock could be
changed and that residual strength of the surrounding rock near opening could be increased by using USS-AC. Based on the
action of anchored cable, the moment distribution of U-steel support is optimized. The load capacity and nondeformability of
the U-steel support are promoted. And the global stability of U-steel support is enhanced so as to achieve the goal of high
supporting resistance. When the deformation stress of the surrounding rock is higher, the U-steel support deforms as the
surrounding rock. The two side beams and the overlapping parts of U-steel support suffer the highest deformation stress. As a
result, the anchored cable provides higher reaction force for the previous locations of the U-steel support in order to prevent
deformation of support towards to excavation. As an integral structure, the U-steel support is confined to a limited
deformation space under the action of anchored cable. The larger deformation is released through sliding motion of the
overlapping parts so as to reach the ultimate of high supporting resistance of USS-AC.

1. Introduction

Strata control of roadways developed in soft rock under high
in situ stress has become a challenging problem due to
increasing mining depth in recent years. It was reported that
more than 80% roadways experienced dynamic pressure in
the central and eastern China [1, 2]. Numerous research
works related to ground support technology for soft rock
roadway under high dynamic pressure have been conducted.
Among them, active supports of rock bolts or cables have
been proposed [3–7]. Besides, a combination of active sup-
port of rock bolts and passive support of U-steel has been

developed and identified as an effective manner for such
geo-conditions [8–10]. For a case study of the -720 south-
wing track haulage roadway under dynamic pressure in
Renlou Coal Mine in China, U-steel supports, U-steel sup-
port wall thickness grouting combination support, and bolt-
ing support with wire mesh have failed to decrease the
intense deformation of surrounding rock of the roadway.
Aiming at such geological condition of soft rock roadways
under high-stress, a collaborative reinforce system of U-
steel support and anchored cable (USS-AC) was proposed
and adopted [9, 10]. The field test indicates that USS-AC is
an effective approach to reduce the displacement of the
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surrounding rock of the haulage roadway. Load characteris-
tics of U-steel support and anchored cable of USS-AC were
analyzed, respectively, by theoretical calculations under
static stress [9–15]. However, the transformation law of
actual load on U-steel support has not been monitored and
obtained with suffering dynamic stress from the beginning
to the end of excavation of workface. Therefore, the collabo-
rative interaction between U-steel support and anchored
cable of USS-AC could not be described.

For solving the previous issues, optimizing action of
stress distribution of surrounding rock under USS-AC and
bending moment of U-steel support with collaborative
anchored cables were analyzed by a numerical simulation
method to reveal the interaction mechanism of USS-AC. Spe-
cific parameters of USS-AC were proposed for the field test in
Renlou Coal Mine. Meanwhile, actual load of U-steel support
and anchored cables respective as well as displacement of
surrounding rock of test roadway were monitored by a filed
measurement method. The deformation of the surrounding
rock and its corelationship to the actual load of USS-AC were
disclosed by using of test data. The increasing effect of
anchored cables for U-steel support bearing capacity and
structural stability was described.

2. Project Overview

The project was at Renlou Coal Mine in the north of Anhui
Province of China (Figure 1). The -720 south-wing track
haulage roadway was the main channel for pedestrians and
ventilation of the mine. The shape of roadway section was
a straight wall semicircular arch with a height of 3.9m and
a width of 5.0m. The roadway with overburden depth
750m was arranged in the floor strata of coal seam NO.82
at a perpendicular distance of 43m-70m from coal seam
NO.72 and 20m-50m from coal seam NO.82. The relative
plane location relationship between the -720 south-wing
track haulage roadways with working face II7214 is given
in Figure 2.

The -720 south-wing track haulage roadway was exca-
vated in siltstone and mudstone. The side walls of roadway
were mudstone, and the arch roof was siltstone, respectively.
The rock of immediate roof was a 2.5m thick siltstone,
which was overlaid by a main roof of fine sandstone with a
thickness of 5.0m.

A combined bolting method, with bolts, cables, and steel
bar truss, was conducted in the -720 south-wing track
haulage roadway. As shown in Figure 3, the deformation of
haulage roadway was insignificant to satisfy the operation
requirements without the influence of dynamic pressure of
working face II7214. However, the previous method failed
to restrain the deformation of roadway that roof-to-floor
convergence reached 0.8m with the side-to-side conver-
gence up to 1.0m under excavation of working face. The
roadway deformation was so severe that the surrounding
rock became loose and broken with a strength reduction.
Therefore, in the service period of the roadway, it was
severely impacted by dynamic stress due to mining activity
of working face II7214.

3. Functional Mechanism of USS-AC

3.1. Numerical Modelling. USS-AC was divided into two
segments. The U-steel support was the primary and basic
component to support the loose rock mass near to the exca-
vation of roadway. The second part consisted of anchored
cables and joists that linked cables with U-steel supports
and transmitted pretension of cables to U-steel supports.
The Flac2D model was built to, respectively, analyze a stress
distribution law of roadway surrounding rock and a bending
moment variation law inside of U-steel.

The numerical model has a length of 80m and a
height of 80m with element size 0:2m × 0:2m that
Mohr-Coulomb constitutive model in FLAC2D was used
to simulate the mechanical behaviors of rocks. The model
size and parameters of rocks are illustrated in Figure 4.
The normal displacement of the four lateral surfaces and

Beijing

Renlou coal mine,
anhui province

Figure 1: Location of the Renlou Coal Mine.
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the bottom surface of the model were fixed to be zero. The
stress (εzz = εxx = εyy = 18MPa) was applied on the top sur-
face of model to simulate the overburden rock load in the

condition of initial stress. A beam unit was adopted to
simulate U-steel support. In addition, a cable unit was
used to simulate the anchored cable with a length of

Monitoring station
of test roadway

Right-side of test roadway

Left-side of
test roadway

–720 south-wing track haulage roadway

N

Mine
plant
coal

pillar

Figure 2: Plane location relationship between -720 south-wing track haulage roadway and working face II7214.

Figure 3: Deformation characteristics of haulage roadway.
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Sandstone
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Lithology Density
(kg/m3)

Bulk modulus
(GPa)

Shear modulus
(GPa)

Cohesion
(MPa)

Friction angle
(°)

Siltstone 2500 7.6 4.9 1.9 36

Mudstone 2500 2.4 1.53 0.9 28

Sandstone 2600 11.2 4.76 2.4 34

Figure 4: The model size and parameters of rocks.
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6.5m. And the two support units were linked by slave
command in Flac2D.

The implementation was divided into three steps: firstly,
excavating the roadway region after initial equilibrium of
model. And then, support units were set, and the top stress
of model was changed into 21.6MPa to simulate the extra
stress due to excavation activity of working face.

3.2. Numerical Modelling Results. Figure 5 shows vertical
stress distribution law of the roadway surrounding rock after
using two different support ways that U-steel support and
USS-AC are adopted, respectively.

It can be seen that the stress condition of the roadway
surrounding rock is significantly optimized by using USS-
AC. Compared with the roadway using a U-steel support,
the development scope of low-stress of the surrounding rock
is obviously reduced, while the vertical stress of the sur-
rounding rock near to the excavation space of the roadway
is generally increased. According to the research results
[3, 16, 17], the residual strength of the rock mass near
the excavation space of roadway is greatly increased to
enhance the itself-bearing capacity due to increase of confine
pressure in broken and fractured rock mass of roadway.
Therefore, the confine pressure in fractured zone of test
roadway is raised by USS-AC to increase the residual
strength of the rock mass in the previous zone.

The load bearing capacity of the rock mass at a deep
zone could be used by an active supporting effect of the
anchored cable that links the U-steel with the deep rock
mass of roadway. On the one hand, the stress concentration
zone at the deep part in surrounding rock of the roadway
was decreased by more than 50%. The bearing load of the
rock mass at the deep part is reduced, and it was kept stable
at the same time. On the other hand, the stress in the rock
mass at the anchoring end of inside the anchored cable is
significantly increased under the function of anchoring to
enhance the strength and stiffness of rock mass at the deep
part. The support and rock combining bearing structure
that has been linked cables with U-steel by joist is formed
and affords a large load to provide a higher deformation
resistance.

Furthermore, the previous research results [9, 11, 12]
showed that the bearing capacity of arch beam on the top
of U-steel support is greater than that of side beam. As
shown in Figure 6(a), because of poor interaction between
U-steel support and surrounding rock near the excavation
space of roadway, the load of arch beam is lower even zero
in an actual bearing process. However, the overlap part
and side beam bear larger load. Therefore, the arch beam
of U-steel support is in the condition which bears low actual
load and wastes the high resistance to the rock mass. On the
contrary, the actual load of side beam is greater than the
upper limit of its supporting resistance to create a larger
bending moment in the transverse plane of the side beam
center line. The load distribution law and bending moment
feature of U-steel support generate a phenomenon that side
beam is the first place of destruction and losing stability to
result in difficultly using the high resistance and great
strength of the arch beam.

The bending moment of U-steel support is shown in
Figure 6(b) after applying USS-AC. The bending moment
of arch beam is changed from 4N·m to 1:21 × 103N·m,
while that of side beam declines from 7:12 × 104N·m to
3:64 × 104N·m. So, the bearing characteristics of U-steel
support are optimized to reduce the bending moment of side
beam and enlarge that of arch beam owing to anchored
cables. The reduction of load difference between the arch
beam and side beam is accomplished to reinforce the global
stability of U-steel support.

4. The Technology Parameters of USS-AC

According to the geological condition of the -720 south-
wing track haulage roadway and excavation arrangement
of working face II7214 at the Renlou Coal Mine, collabora-
tive supporting technology of USS-AC was adopted in the
field test. The specific scheme with supporting parameters
is shown in Figure 7.

The parameters of U-steel support are evaluated as
follows: the type of U-steel is 36# in Chinese standard. The
U-steel support which is assembled by one arch beam on
the top and two side beams is set as a main supporting man-
ner with a spacing of 0.5m. The length of arch beam is
6.13m and overlapped in its two ends by side beam with a
length of 3.54m for each side. Three suits of locking devices
by nuts are used in compressing each overlapping part with
a length of 0.54m.

The cable anchoring parameters are evaluated as follows:
the diameter of anchored cable is 17.8mm with a length of
6m. Three anchored cables per row are installed in the
center line of arch beam and two overlapping parts. Two
anchored cables per row are installed in the right side beam
with a row spacing of 1m. One anchored cable per row is
installed in the left side beam. The row-to-row distance of
anchored cables is 1m. And all cables are perpendicular to
the surface of U-steel. Resin capsules are used to anchor
the front part of the cables in the process of installing. The
U-steel support is linked with anchored cables by a joist with
a length of 0.8m that is processed by the H-steel. There is a
hole with a radius of 0.015m so that the anchored cables
could pass through and preload it on the exterior surface
of a joist. Then, pretension loads of 80 kN-100 kN are
applied to the cables.

5. Field Monitoring Scheme

A monitoring station was set up in the -720 south-wing
track haulage roadway and with a distance of 520m in
advance of working face II7214. The convergence of test
roadway, actual load of the U-steel support, and load of exte-
rior end of anchored cables were monitored from the begin-
ning of dynamic influence of working face II7214 to the end.

5.1. Convergence of Test Roadway. The convergence of test
roadway mainly refers to the displacement of the surround-
ing rock near to the excavation space of the roadway. A
datum point was set up at the center of both sides, roof cen-
ter, and floor center in a cross-section, respectively. At the
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Figure 5: Vertical stress distribution law of roadway surrounding rock with different support methods.
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beginning of monitoring process, the distances between
datum points of the roof and floor and between datum
points of both sides were measured by a laser distance
measuring instrument as the initial value. And then, by sub-
tracting each follow-up monitoring value from the initial
value, the distance variation of roof-to-floor and side-to-
side was determined and regarded as the convergence of test
roadway.

5.2. Actual Load of the U-Steel Support. A hydraulic pressure
pillow was adopted to survey the actual load of the U-steel
support as shown in Figure 8. Before installing the hydraulic
pressure pillow, a flat baseplate needed to be welded on the
U-steel support. Further, a cover plate was installed between

the hydraulic pressure pillow and the rock mass to ensure
the overall contact and guarantee the accuracy of test results.
After installation completion, the display value of hydraulic
pressure pillow was recorded.

5.3. Actual Load of Anchored Cable. A dynamometer named
MGH-30 was adopted to conduct nondestructive monitor-
ing for actual load of exterior end of anchored cable as
Figure 9. Because of the supporting resistance of anchored
cables applying on the surface of U-steel support by the
device of joists, the pressure cells were installed among the
joists and the anchorage devices so as to monitor the actual
loads of anchored cables. During the operation, a specific
number of preload were applied on the exterior end of

+4e1 (N·m)

+6.4e3 (N·m) +6.4e3 (N·m)

–7.12e4 (N·m) –7.12e4 (N·m)

(a) U-steel support

–3.64e4 (N·m) –3.64e4 (N·m)

+1.21e3 (N·m)

+2.32e3 (N·m) +2.32e3 (N·m)

(b) USS-AC

Figure 6: Bending moment distribution law of U-steel support under different support methods.
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Figure 7: Layout of USS-AC with specific parameters in the case of test roadway.
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anchored cable and recorded as the initial value. Afterwards,
the hydraulic pressure pillows arranged on the U-steel sup-
port as well as the load of anchor cables were monitored at
regular intervals.

6. Deformation Features of Test Roadway
Subjected to Mining-Induced Stresses

The displacement feature of surrounding rock near to the
excavation space of roadway was the composite indicator
to reflect the stability of test roadway. Figure 10 shows the
relationships among developing processes of displacement
and its rate with the location of working face II7214 from
the beginning influence of the mining-induced stresses to
the end. As shown in Figure 10, the negative value of the
abscissa refers to the horizontal distance between the moni-
toring station and working face in the advancing direction of
working face, while the positive value refers to the horizontal
distance after that the working face has advanced through
the monitoring station. The monitoring station is located
about 200m in front of the working face in the initial stage
of measurement. And the deformation of roadway is gradu-
ally increased in a small rate without subjecting to mining-
induced stresses. The deformation rate is 0.5mm/d with a
displacement sum of below 5mm.

Thereafter, in the reduction process of distance between
the monitoring station and working face from 180m to
139m, the displacement rate of roadway is converted into
0.3mm/d with a displacement sum of below 10mm. How-
ever, during the process of distance decreasing from 130m
to 39m, the displacement rate of side-to-side and roof-to-
floor is increased to 1mm/d and above 0.5mm/d, respec-
tively. The displacement variation extent of side-to-side
was larger than that of roof-to-floor. The main reason lies
in that the distance from the upper working face to the
monitoring station is large so as that the stress disturbance
of side wall of test roadway is bigger than that of roof under
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mining-induced stresses. The integrity and strength of side
wall rock are reduced significantly.

When the distance from the monitoring station to the
working face is decreased from 39m to 0m, the displacement
of surrounding rock is suddenly increased. The displacement
rate of side-to-side is increased to 2.5mm/d while that of
roof-to-floor is increased to 3.2mm/d. Although the dis-
placement sum of roof-to-floor and that of side-to-side are
approximately equal, the impacting degree of mining-
induced stresses on the surrounding rock of roof is larger
than that of side wall according to the displacement rate.
That is because the working face is located right above the
monitoring station so as to generate stronger impact on the
roof of roadway. When the location of monitoring station
has been advanced by the working face, the surrounding rock
of roadway becomes more stable step-by-step along with the
gradual increasing of distance between the working face and
the monitoring station. Further, the displacement rate is
gradually decreased to 0.5mm/d.

7. Load Feature of USS-AC Subjected to
Mining-Induced Stresses

7.1. Actual Load Feature of U-Steel Support. The actual load
feature of U-steel support is shown as Figure 11. It can be
seen that the variation of actual load is relatively small
during the reduction process of distance between the moni-
toring station and the working face II7214 from 300m to
180m in the advancing direction of working face. The load
of left side beam center of U-steel support is about 60 kN,
while that of the left overlapping part is about 55 kN. The
load, about 30 kN, is observed in the pressure cell installed
at the right side beam center, right overlapping part, and
arch beam. In sum, the left part of U-steel support including
left side beam and left overlapping part suffers larger load
than that of other parts. When the monitoring station is
180m from the working face, the load of the right overlap-
ping part is suddenly increased to 75 kN without significant
variation in other segments of support. The loads of both
overlapping parts of the U-steel support are gradually
increased in the reducing process of distance from 120m
to 110m; in other words, the load of the left overlapping part
and that of right overlapping part varied, 70 kN and 85 kN,

respectively. At the same time, the loads of other pressure
cells of U-steel support were kept constant approximately.

7.2. Actual Load Features of Anchored Cables and USS-AC.
The anchored cables directly contacted with the U-steel sup-
port via a joist. The supporting resistance of anchored cables
is applied on the surface of U-steel support and transformed
to the surrounding rock near the excavation of space of test
roadway. In other words, the deformation features of U-steel
support and sliding value of overlapping parts are reflected
by the variation law of load in the exterior end of anchored
cables. Meanwhile, the optimization actions of anchored
cables on the U-steel support are obtained.

The relationship between the actual loads of USS-AC
and convergence of roadway are shown in Figure 12. The
developing process of actual loads of USS-AC is displayed
undergoing the mining-induced stresses of working face
II7214.

As shown in Figures 12(a) and 12(b), the load of left side
beam center of U-steel support is about 60 kN, while that of
right side beam center is 30 kN. And the loads of the centers
of both side beams are relatively stable under the mining-
induced stresses. However, the loads of the anchored cables
are increased and larger than those of U-steel support along
with the deformation of surrounding rock of roadway. And

0
20
40
60
80

100
120
140

–200 –100 0 100 200

D
isp

la
ce

m
en

t (
m

m
)

Distance (m)

Side-to-side
Roof-to-floor

Side-to-side
Roof-to-floor

0

1

2

3

4

–200 –100 0 100 200

D
isp

la
ce

m
en

t r
at

e (
m

m
/d

)

Distance (m)

Figure 10: Displacement feature of test roadway subjected to mining-induced stresses.

0
20
40
60
80

100

–300 –200 –100 0 100 200

Lo
ad

 (k
N

)

Distance (m)

Left overlapping-part
Right overlapping-part

Center of left side-beam
Arch-beam
Center of rigth side-beam

Figure 11: Developing process of actual load of U-steel support.

8 Geofluids



the variation tendencies of load of anchored cables are sim-
ilar to that of convergence of roadway. The maximum load
(98 kN) is observed by a pressure cell installed in the center
of the left side beam. Meanwhile, the load of the right side
beam center is increased from 20kN to 125 kN. From the
previous phenomenon, both side beams are deformed grad-
ually with the side-to-side convergence to release portion
overload of U-steel support. The anchored cables become
the main bearing body with their loads rising to restrain
the oversize deformation of side beams and keep their loads
stable. As a result, the violent deformation of surrounding
rock is confined effectively by a combined manner of U-
steel and anchored cables.

While the monitoring station is behind the working face
in the advancing direction of working face, the loads of
anchored cables in both side beams are decreased in a small
extent. However, during the increasing to 90m of distance
between monitoring station and working face, the loads of
two anchored cables are decreased in a small rate. After-
wards, the loads of cables were kept almost constant.

Figure 12(c) shows the relationship between the load of
left overlapping part of U-steel support and that of the
anchored cables during the deformation of roadway. The
load of left overlapping part is changed from 55kN to
75 kN at the beginning of influence of mining-induced
stresses, and it was stable afterwards. However, the anchored

0
20
40
60
80

100
120

Lo
ad

 (k
N

)

0
20
40
60
80
100
120
140

D
isp

la
ce

m
en

t (
m

m
)

–300 –200 –100 0 100 200

Distance (m)

U-steel support
Convergence of side-to-side
Anchoring cable
Convergence of roof-to-floor

(a) The center of left side beam

0
20
40
60
80
100
120
140

D
isp

la
ce

m
en

t (
m

m
)

–300 –200 –100 0 100 200

Distance (m)

0
20
40
60
80

100
120
140

Lo
ad

 (k
N

)

Anchoring cable
U-steel support

Convergence of side-to-side
Convergence of roof-to-floor

(b) The center of right side beam

0
20
40
60
80
100
120
140

D
isp

la
ce

m
en

t (
m

m
)

–300 –200 –100 0 100 200

Distance (m)

Anchoring cable
Convergence of side-to-side
U-steel support
Convergence of roof-to-floor

0

40

80

120

160

200

Lo
ad

 (k
N

)

(c) Left overlapping part

0
20
40
60
80
100
120
140

D
isp

la
ce

m
en

t (
m

m
)

–300 –200 –100 0 100 200

Distance (m)

Anchoring cable

Convergence of side-to-side

U-steel support

Convergence of roof-to-floor

0

50

100

150

200

250

Lo
ad

 (k
N

)

(d) Right overlapping part

0
20
40
60
80
100
120
140

D
isp

la
ce

m
en

t (
m

m
)

–300 –200 –100 0 100 200

Distance (m)

U-steel support
Convergence of roof-to-floor
Anchoring cable
Convergence of side-to-side

Lo
ad

 (k
N

)

0
5

10
15
20
25
30
35
40

(e) Arch beam on the top of U-steel support

0
20
40
60
80
100
120
140

D
isp

la
ce

m
en

t (
m

m
)

–300 –200 –100 0 100 200

Distance (m)

Anchoring cable
Convergence of side-to-side
Convergence of roof-to-floor

0
10
20
30
40
50
60
70

Lo
ad

 (k
N

)

(f) The bottom of right side beam

Figure 12: Load development of the U-steel support and anchored cables.

9Geofluids



cable is pretensioned with a load of 140 kN in the initial
period. And then, the load of anchored cable is suddenly
lessened to about zero behind an increased load of 18 kN
and keeps below 5kN. The reason of the phenomenon is
analyzed as follows. There is sliding with friction in the left
overlapping part to release the sinking movement of arch
beam of U-steel support. And the left overlapping part is
moved towards to the center of cross-section of roadway.
The load of anchored cable is increased up to 158 kN so as
to confine the overlapping part without movement. So,
bending deflection is generated in the left overlapping part
due to continuous deformation of left side beam and arch
beam. The symmetry axis of bending deflection is located
in the center of the overlapping part. The interval between
the support and rock is smaller than that of the initial period
result in decreasing the elongation and load of anchored
cable in the left overlapping part. After that, there is no obvi-
ous increasement of the interval so as the load of anchored
cable with a value below 5kN.

The load developing process of right overlapping part
of U-steel support and anchored cable is shown in
Figure 12(d). The load of the right overlapping part of
U-steel support is gradually increased from below 50 kN
to about 80 kN and then tended towards stability. However,
the load of the anchored cable is changed in fluctuation to
indicate that the sliding and deformation of the right overlap-
ping part is the most evident. From the beginning of load
monitoring, there are three decreasing stages due to the
declining of interval between support and rock. The reason
of that has been explained. The increasing stage is generated
after every decreasing stage. And the maximum load of
anchored cable (192 kN) is appeared when the working face
is located above the monitoring station. The phenomenon
is caused by sliding and deformation of the right overlapping
part of U-steel support. When the right overlapping part has
been sliding, it has generated the movement to the center of
roadway cross section and the interval between the support
and rock is enlarged. Afterwards, the load of anchored cable
is tended to be stable so as that the violent deformation of the
right overlapping part of U-steel support is confined.

Figure 12(e) shows the load features of the arch beam
and that of the anchored cable. The load of arch beam of
U-steel support is constantly increased from 25 kN to about
35 kN. While the monitoring station is behind the working
face in the advancing direction of working face, the load of
arch beam was kept above 30 kN. However, the load of
anchored cable is observed in a tendency with decreasing-
increasing-decreasing-increasing stability. In the first stage,
the convergence of side-to-side roadway is larger than that
of roof-to-floor so as to make the center part of arch beam
upward. The interval between it and the rock is smaller than
that in the initial situation. So, the load of anchored cable is
lessened from the start at 25 kN to below 5kN. And the load
remained at below 5 kN for a long time. When the working
face is 90m in front of the monitoring station, the load of
the anchored cable is increased to 35 kN due to the sinking
movement of the arch beam. At the same time, it is found
that the load of anchored cable installed right overlapping
part of the U-steel support is dramatically reduced by com-

paring with Figure 12(d). And then, it is correct that the
bending deflection of the overlapping part of U-steel support
is generated by the sinking movement of the arch beam.
Afterwards, the load of anchored cable in the arch beam is
lessened again, while that of the anchored cable in the right
overlapping part of U-steel support is increased. Although
there is some sinking of arch beam, the convergence of
side-to-side is larger to compress and raise the center of arch
beam again. Meanwhile, the raising movement is promoted
by the sliding and deformation of right overlapping part of
U-steel support. Therefore, the interval of between support
and rock is smaller than that in the previous stage result in
reducing the load of the anchored cable. In the following
stages, the load of the anchored cable is gradually increased
to 35 kN with a tendency similar to that of roadway defor-
mation during the variation of distance between monitoring
station and working face.

Figure 12(f) shows the relationship between the conver-
gences of roadway with the load of anchored cable installed
in the bottom of the right side beam. The load of the
anchored cable is gradually increased from 48 kN to 57 kN.
When the monitoring station is 90m in front of the working
face, the load of the anchored cable is dropped below 30 kN.
Along with a constant increasing of roadway deformation,
the load of the anchored cable is increased to the maximum
of 63 kN. When the working face is about 90m in front of
the monitoring station, the load of the anchored cable is
reduced in a small extent and was kept constant in the
following time.

8. Discussions

(1) The stages, extent, and scope of influence of mining-
induced stresses: as shown in Figure 13, the
deformation of the -720 south-wing track haulage
roadway can be divided into 5 stages: stable defor-
mation without mining influence (stage 1), slight
deformation under advanced mining influence (stage
2), severely deformation under advanced mining
influence (stage 3), slight deformation after mining
influence (stage 4), and stable deformation after
mining influence (stage 5). The developing process
of roadway deformation is also reflected by the load
features of USS-AC due to mining-induced stresses.
Therefore, according to the space relationship
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between test roadway with working face II7214 and
the geological conditions, the scope of advanced
abutment pressure caused by the working face is
about 140m. And the influencing scope behind the
working face is in a range of 80m-90m. The
changing law of mining-induced stresses is essen-
tial to select the implementing time of extra rein-
forcing measures of roadway similar to the previous
conditions.

(2) The bearing characteristics and implementing loca-
tions of anchored cables: in sum, the supporting
resistance generated by USS-AC is applied to control
the deformation of the -720 south-wing track haul-
age roadway during the excavation of working face
II7214. The load of U-steel support is kept stable
due to the restraining action of the anchored cables.
However, the anchored cables installed in the right
overlapping part and the center of two side beams
are the main bearing bodies with high loads during
the stage 3. And in this stage, the convergence of
side-to-side of test roadway is larger than that of
roof-to-floor. The influencing extent of mining pres-
sure of the side wall of test roadway is heavier than
that of the roof. If those anchored cables are
removed, the destruction of U-steel support is gener-
ated in the right overlapping part and the center of
two side beams firstly. Therefore, it can be seen that
the anchored cables offer an extra load to optimize
the bearing characteristics of U-steel support and
increasing the load limit of collaborative reinforce
system to confine the deformation of roadway. The
changing law of USS-AC loads is significant to select
the implementing location of extra reinforcing mea-
sures of roadway similar to the previous conditions.

(3) The deformation features and sliding movements of
U-steel support: the anchored cables are contacted
with U-steel support by joists. The load features of
anchored cables are the direct reflection of the defor-

mations or movements of different parts of U-steel
support. As shown in Figure 14, in accordance to
the cable load, each side beam of the U-steel support
is displaced towards the space of test roadway at the
5 stages. The deformation of arch beam on the top is
in a procedure of upward-downward-upward-down-
ward. Analyzing the procedure, the upward move-
ment with bending is generated at the center of
arch beam because of continuous displacement of
both side beams. Afterwards, there is downward
movement of the entire arch beam. The deformation
of overlapping part which includes sliding move-
ment and bending deformation is related to that of
arch beam and side beams. Among it, the bending
deformation of overlapping part is produced to
lessen the load of anchored cable under the sinking
deformation of entire arch beam at the 2nd stage.
Meanwhile, when the rock near to the overlapping
part and side beam is displaced, there is sliding
movement of overlapping part leading to increase
the load of anchored cable. The deformation law of
different segments of U-steel support is revealed by
qualitatively inverse analysis of loads of anchored
cables. The results are useful to optimize the instal-
ling location of extra anchored cables.

However, there are several issues to be studied as follows:
(a) quantitative analysis on the loads relationship between
U-steel support and anchored cables by using a theoretical
model and (b) building a precisely numerical model of U-
steel support and analyzing its response characteristics
under various conditions of load.

9. Conclusions

(1) The distribution of stress in the surrounding rock is
changed to increasing the residual strength of rock
near to the space of roadway by using USS-AC.
The extra supporting resistance is supplied by
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anchored cables to optimize the moment distribution
and enhance the nondeformability and the global sta-
bility of the U-steel support. And then, the deforma-
tion of roadway is significantly restrained. According
to the result of monitoring, both the convergence of
side-to-side and that of roof-to-floor are below
120mm to satisfy the requirement for usefulness
of test roadway during the influence process of
mining-induced stresses

(2) According to the loads of anchoring cables, the
high deformation loads are generated at the right
overlapping part and the centers of two side beams
undergoing severe mining-induced stresses. And,
the anchoring cables are the main bearing bodies
with supporting resistance above 100 kN to control
the displacement of the right overlapping part and
two side beams of U-steel support. Increasing load
limit and stiffness of side beams are significant to
enhance the bearing ability of arch beam

(3) As an integral structure, the U-steel support is con-
fined to the limited deformation space owing to extra
action of anchoring cables. Excessive deformations
of arch beam and side beams are released through
the sliding movements of overlapping parts of U-
steel support so to realize the properties of high
resistance and contractibility of the U-steel support
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For studying the influence of the cavity and water mist on the flame propagation of gas explosion, a rectangular steel cavity of size
of length 80 cm × width 50 cm × height 20 cm was designed. The influence of the cavity and it with water mist on explosion flame
propagation in a large circular gas explosion system with a length of 34m was studied. The change of gas explosion flame in the
pipeline was analyzed. The results showed that the intensity and flame propagation velocity increase after the explosion flame
passes through the straight pipeline, and the attenuation rates are 4.93% and -2.48%, respectively. After the explosion flame
passes through a rectangular cavity of length 80 cm × width 50 cm × height 20 cm, its intensity and propagation speed are
inhibited, and the attenuation rates are 66.58% and 45.26%, respectively. After the explosion flame passes through the
rectangular cavity of the size of length 80 cm × width 50 cm × height 20 cm with water mist, the intensity and propagation speed
are inhibited much more, and the attenuation rates are 85.09% and 65.85%, respectively. The influence of the cavity with water
mist on flame attenuation of gas explosion is better than that of the cavity alone. Based on theoretical analysis, it is concluded
that the inhibition influence of the cavity on explosion flame propagation is mainly due to repeated reflection of flame in the
cavity, which results in the attenuation of its energy. The inhibition influence of water mist is mainly due to its heat absorption
by vaporization.

1. Introduction

The gas explosion accident is one of the most destructive
accidents in coal mine production in China. Although the
safety level of China’s coal mining production has been
greatly improved in recent years, gas explosion accidents still
happen from time to time [1, 2].

The mechanism of gas explosion, its suppression, and
mitigation have been studied by many scholars. Yu et al.
[3] implemented a comparative experimental research on
the explosion flame propagation characteristics of CH4-air
mixture with different volume fractions, by using the self-
built small-scale experimental platform. The results indi-
cated that when the methane volume fraction is 9.5%, the
wave pressure and explosion flame propagation velocity are
the highest. Yu et al., Wen et al., and Yu et al. [4–7] studied

the effect of obstacles on the propagation characteristics of
gas explosion. Cao et al., Song and Zhang, and Yu et al.
[8–14] researched the influence of water mist particle size,
spray volume, water mist zone length, and additives on the
inhibition influence of water mist in gas explosion suppres-
sion by experiments. The results showed that when the par-
ticle size of ultrafine water mist is within 10μm to 15μm, the
inhibition effect of explosion intensity and the methane-air
mixture explosion flame propagation velocity is the best.
When the concentration of superfine water mist is below
1.5 kg/m3, its inhibition effect on gas explosion overpressure
is not obvious. The water mist reduces the flame tempera-
ture largely by absorbing the heat of combustion and rapidly
evaporating. Shao et al. [15] found in the experiments that
the inhibition effect of a vacuum cavity on gas explosion is
related to the volume of the cavity. When the actual volume
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of the vacuum cavity is larger than the critical volume, it has
the inhibition effect on the explosion; otherwise, it enhances
explosion propagation to some extent. Wang et al. and Su
et al. [16, 17] have concluded through experimental research
that ethylene and hydrogen can increase the maximum
explosion pressure, laminar combustion rate, and maximum
pressure rise rate of methane-air mixture, while it shortens
the combustion time. Li et al. and Yan et al. [18, 19]
designed rectangular steel cavities with different aspect ratios
and installed them in a 36m long large-scale round pipeline
of gas explosion test system. The experiment results showed
that the cavity has an inhibition effect on the gas explosion
propagation, and the effect of explosion inhibition is related
to the volume of the cavities, their aspect ratios, etc. The
relationship between the methane explosion peak overpres-
sure attenuation factor y and the aspect ratio x of the cavity
is as the following: y = −1:149 exp ðx/10:089Þ + 2:405. When
the attenuation factor of peak overpressure is 1, the value of
the aspect ratio is the critical. When the aspect ratio of the cav-
ity is not more than 1, the cavity has an inhibition effect on the
explosion wave overpressure, and the best aspect ratio for
inhibition effect is 1/10. When the aspect ratio of the cavity
is greater than 1, it enhances the explosion wave overpressure,
and the cavity with an aspect ratio of 5/2 has the most enhanc-
ing effect on the explosion wave overpressure. Li et al. [20]
studied the effects of hydraulic pressure on mechanical behav-
ior, pore size distribution, and permeability.

For the study of gas explosion suppression and its disas-
ter reduction, the small-scale test platforms have been
mostly used, but the large-scale test platforms are not much
applied. In order to further research the influence of a cavity
with water mist on the flame propagation of gas explosion in
a large-scale experimental pipeline system, in the paper, the-
oretical analysis and experimental research were used.

2. Theoretical Analysis of Influence on Gas
Explosion Propagation Process

2.1. The Propagation Mechanism of Gas Explosion. The
propagation mechanism of gas explosion is the feedback
mechanism of the precursor shock wave created by the
explosion flame to the heating and compression of the
unburned premixed gas. In the process of premixed combus-
tion of a substance, the reaction zone separates the glowing
combustion products from the unburned premixed combus-
tibles, as shown in Figure 1 [21]. From the results of com-
bustion, it can be seen that T0 and CA0 of the premixed
combustible gas are transformed into T f and CAf of the
reaction products after combustion, and they are separated
by combustion wave in space.

According to the combustion theory of premixed flame,
the turbulent premixed flame velocity ST is expressed as the
ratio of the volume flow qv of the combustible premixed gas
flowing through the flame to the apparent area Af of the tur-
bulent flame, as shown in:

ST = qv
Af

: ð1Þ

The main reaction of premixed gas/air explosion is
shown in the following equation:

CH4 + 2 O2 +
79
21N2

� �
= CO2 + 2H2O + 7:52N2: ð2Þ

The above chemical reaction formula only expresses the
final result of gas explosion. Many studies show that gas
explosion is a very intricate chain reaction. When premixed
CH4/air absorbs a certain amount of heat, the molecular
chain breaks and turns into free radicals. Then, the free rad-
icals become the reaction activation center. Under the right
conditions, the free radicals will continue to decompose,
and as the number of free radicals increases, the reaction will
become faster and faster, resulting in an explosion.

2.2. Theoretical Analysis of the Effect of Cavity on Flame
Propagation of Gas Explosion. It is assumed that the mixture
of CH4 and air is uniform, and relatively static after, the mix-
ture was prepared in the experimental pipeline system. The
flame will spread to the two ends, and the periphery of the
round pipeline with the ignition source as the detonation
center after the mixture is ignited. At this point, the wall of
the pipeline will interfere with the flame propagation, and
the laminar flame will become turbulent propagation, which
will lead to the distortion of the flame front and increase the
flame burning speed. After the flame enters the cavity, part
of the flame comes out from the cavity to form a primary
flame, and the other part of the flame is stirred and mixed
in the cavity to form a secondary flame. When the flame
passes through the cavity, because of the influence of the
cavity disturbance, the primary flame intensity attenuates
and the secondary flame intensity increases. However, with
the increase of the cavity length, the magnitude of the sec-
ondary flame increase decreases, and the time interval of
the secondary flame also increases, and the overall attenua-
tion of the flame front is positively correlated with the length
of the cavity. Yan et al. [22] studied the mechanism of gas
explosion suppression by the cavity by simulating the prop-
agation process of gas explosion shock wave and flame in

Tf

CAf

CA0

Unburned
premixed gas

Combustion
product region

Flame front

Forward direction
of the reaction zone

T0

Reaction zone
(combustion wave)

Figure 1: Combustion wave propagation process.
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cavity. According to the method described in reference [22],
the mode of the gas explosion flame premixing in the cavity
is shown in Figure 2.

2.3. Theoretical Analysis of the Influence of Water Mist on
Gas Explosion Propagation. Lentati and Chelliah [23] found
through research that the water mist mainly inhibits explo-
sion through physical effect, and its influence through chem-
ical effect is less than 10%. Therefore, in the paper, only its
related physical effects were analyzed. The main physical
effects of the water mist include heat absorption by vaporiza-
tion and energy absorption, which mainly effect on the
explosion flame. According to the calculation, when the size
of the droplet d is less than 200 microns, the spray speed V is
less than 30m/s, the mass concentration Q of water mist is
less than 899 g/m3, and the rate of absorption of flame
energy by the droplets is far less than the order of magnitude
of the latent heat of vaporization and the sensible heat
absorption rate. So the suppression effect of water mist on
the flame is mainly based on its heat absorption.

3. Experimental Study

The influence of the cavity and it with water mist on the
flame propagation of gas explosion was studied by monitor-
ing the parameters of the explosion flame in the gas explo-
sion experiment system.

3.1. Experimental System. A large-scale gas explosion exper-
iment system with a 34m-long pipeline is shown in Figure 3.
The experiment system consists of five parts: explosion
experiment pipeline subsystem, ignition subsystem, gas dis-
tribution subsystem, data acquisition and storage subsystem,
and explosion suppression subsystem. In the study, the
large-scale experimental pipeline system consists of 34m
long circular pipeline and separately installed in it a straight
pipe with the length of 50 cm and the diameter of 20 cm, a
rectangular steel cavity of length 80 cm × width 50 cm ×
height 20 cm, or a rectangular steel cavity with length 80
cm × width 50 cm × height 20 cm. The experimental condi-
tions are shown in Table 1. The purpose is to find the influ-
ence of the cavity alone or the cavity with water mist on the
propagation of gas explosion to provide a reference for
studying the suppression of the methane-air mixture
explosion.

(1) Explosion experiment pipeline subsystem is made of
steel round pipes with a thickness of 0.01m, diameter of
0.2m, and compressive strength of 20MPa, which are con-
nected by flanges and bolts and nuts. The air tightness is
guaranteed by rubber gasket between the flange plates. (2)
The ignition subsystem is composed of power supply, wire,
ignition electrode, and electric fuse. The ignition electrode
is installed on the flange plate of the end side of the experi-
ment pipeline system, and the electric fuse is used for igni-
tion. (3) The gas distribution subsystem is composed of
methane bottle, connecting pipe, vacuum pump, circulating
pump, digital vacuum pressure gauge, and so on. The con-
centration of methane used in the experiment is not less
than 99.9%. (4) The data acquisition and storage subsystem

is composed of sensors, computer, high-speed data acquisi-
tion units, transmitters, and so on. The flame sensors F1,
F2, F3, and F4 are CKG100 flame sensors, which are located
at 11.200m from the explosion ignition electrode (30 cm
from the entrance of the cavity), 11.250m from the explo-
sion ignition electrode (25 cm from the entrance of the steel
cavity), ð11:700 + XÞ m from the explosion ignition elec-
trode (20 cm from the exit of the steel cavity), and ð11:750
+ XÞ m from the ignition electrode (0.250m from the exit
of the steel cavity), respectively, where X is the length of
the cavity, and the unit is converted to meters. The acquisi-
tion software is DAP7.30 transient signal test and analysis
software developed by Chengdu Tester Company. (5) The
explosion suppression subsystem is composed of a rectangu-
lar steel cavity of the size of 0:8m × 0:5m × 0:2m or the cav-
ity with water mist. The experiment site is shown in Figure 4.

3.2. The Experiment Process. Set up the large-scale gas explo-
sion experiment system as shown in Figure 3. Install the
polyethylene diaphragm and the flame sensors F1, F2, F3,
and F4. The experiment was conducted as follows:

(1) Check the Air Tightness of the Experiment System.
The ignition electrode was sealed, the experiment
system was pumped to -20PV by vacuum pump,
and then waited 5-10min to observe the negative
pressure of the experiment system, if there is no
change, it shows that the air-tightness of the experi-
ment system is good and the experiment begins

(2) Install the Ignition Electrode. Wrap the front end of
the ignition electrode around a few fuse so that the
two electrodes form a path. Place the fuse-mounted
ignition electrode in the position shown in Figure 3
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0.25

0.20
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0.1

0.05

0.00

Below 0.00

Figure 2: The simulation diagram of secondary flame formation in
gas explosion in cavity.
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(3) Gas Distribution. Dalton partial pressure method
was used for gas distribution. First, a vacuum pump
was used to vacuum the experimental system to
make the system pressure reach −20PV (the maxi-
mum negative pressure of the polyethylene mem-
brane used in the experiment was measured as
-25PV). Then, the experimental system is filled with
methane gas with a concentration greater than
99.9%, and stop filling methane gas when the system
pressure rises to -10PV. Open the valve to allow air
to enter the experiment system and close the valve
when the pressure in the system rises to 0PV, and
a mixture of gas with a methane concentration of
10% was prepared (according to theoretical analysis,
the gas concentration of 9.5% is the concentration of
the maximum explosion intensity under the experi-
mental conditions) [6]. Because the experiment pre-
cision is accurate to 1%, so the concentration of CH4
in the gas mixture was prepared as 10%

(4) Premixed the CH4/Air Mixture. The specific steps are
as follows: when the gas distribution finished, open
the circulating pump and circulate the CH4/air mix-
ture for about 15 minutes, so that the methane gas
and the air are fully mixed

(5) Spray Mist in the Cavity. 1-2 minutes before detona-
tion, turn on the sprayer. Close the sprayer until the
explosion process is complete. The model of high
pressure atomizing pump is NS-KL04750. The noz-
zle is 0.20mm in diameter, and the spray volume is
0.117-0.155 L/min. The spray direction is from the
upper part of the cavity to its lower part

(6) Detonation and Data Acquisition. The mixture was
ignited by ignition device, and the ignition energy
is 10 J. The experimental data were collected and
saved by DAP7.30 transient signal test and analysis
software, flame sensors, and computer

(7) At the end of the experiment, the exhaust gas in the
pipeline was swept by an air compressor

Under experimental conditions 1 or 2, the experiment
was implemented according to steps 1-4, 6, and 7. Under
experimental conditions 3, the experiment was implemented
according to steps 1-7.

3.3. The Experiment Results and Analysis. The explosion
flame intensity is defined as the integral value of the flame
light signal on the time coordinate axis [22]. The attenuation

Ignition
controller

Circulation pump

Computer
High-speed

data collector
Flame sensor

Diaphragm

Vacuum pump

Gas

Detonation section

8.5 m 0.5 m

Ignition
electrode

2.0 m 0.5 m 0.5 m 22.0 m

F1 F2 F3 F4

Propagation segment

Cavity

Figure 3: The schematic diagram of gas explosion experiment system.

Table 1: The working conditions in the experiments.

Working condition number Experimental condition setting

1 A straight pipe with a diameter of 20 cm (straight pipe)

2 Installed a cavity with a length, width, and height of 80 cm × 50 cm × 20 cm
3 Attached with a cavity with a length, width, and height of 80 cm × 50 cm × 20 cm with water mist

Figure 4: The experiment site.
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Table 2: The results in the experiments.

Working condition number
The flame intensity

at F2
The flame intensity

at F3
The explosion flame

propagation velocity from
F1 to F2 (m/s)

The explosion flame
propagation velocity from

F3 to F4 (m/s)

1 0.07813 0.07428 570.13 584.25

2 0.05134 0.01716 575.00 314.78

3 0.04535 0.00676 573.21 195.75
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Figure 5: Explosion flame intensity signal at measuring points F1 and F3 under different working conditions.
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rate of the flame strength is the ratio of attenuation value ΔS
of the flame intensity from F1 to F2 to the explosion flame
intensity at F1. The flame propagation velocity is defined
as the ratio of the distance S between the two flame sensors
to the time interval Δt between signals received by the two
sensors, that is, V1 = SF1−F2/Δt, V2 = SF3−F4/Δt, the attenua-
tion rate of flame speed ηv = ðV1 −V2Þ/V1. The experimen-
tal results are shown in Table 2.

3.3.1. The Variation of Flame Intensity of Gas Explosion
under the Three Experiment Conditions. After the mixture
gas exploded in the experimental device, the evolution pro-
cess of the flame at measuring point F2 and F3 with time
is shown in Figure 5. The influence of experiment condition

1 on flame propagation of gas explosion was presented in
Figure 5(a). According to Figure 5(a), the flame intensity at
F2 is 0.07813, and the flame intensity at F3 is 0.07428. The
attenuation rate of flame intensity from F2 to F3 is 4.93%.
Therefore, the methane explosion flame intensity is
enhanced after it passes through the straight pipeline. The
influence of experiment condition 2 on flame propagation
of gas explosion was shown in Figure 5(b). According to
Figure 5(b), the flame intensity at F2 and F3 is 0.05134
and 0.01716, respectively. The attenuation rate of explosion
flame intensity from F2 to F3 is 66.58%, which indicates that
the cavity has a suppression effect on the flame intensity.
The influence of experimental condition 3 on flame propa-
gation of gas explosion was presented in Figure 5(c).
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Figure 6: Explosion flame velocity signal information of measuring points F1, F2, F3, and F4 under different working conditions.
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According to Figure 5(c), the flame intensity at F2 and F3 is
0.04535 and 0.00676, respectively. The attenuation rate of
flame intensity from F2 to F3 is 85.09%. The experiment
condition 3 has a suppression influence on flame propaga-
tion. The cavity with water mist has better effect on inhibi-
tion of explosion flame propagation than the cavity alone.

3.3.2. The Variation of Flame Propagation Velocity of Gas
Explosion under Three Working Conditions. After the mix-
ture gas exploded in the experimental device, the evolution
of the flame at each measuring point F1, F2, F3, and F4 is
shown in Figure 6. It can be seen from Figure 6(a) that the
influence of experimental condition 1 on the explosion flame
propagation velocity was explored. The explosion flame
propagation velocity V1 from F1 to F2 is 570.13m/s, and
the explosion flame propagation velocity V2 from F3 to F4
is 584.25m/s. The explosion flame propagation velocity
decay rate from V1 to V2 is -2.48%, so the explosion flame
velocity increases after the explosion flame passes through
the straight pipe. According to Figure 6(b), the influence of
experimental condition 2 on the methane explosion flame
propagation speed was explored. The methane explosion
flame propagation speed V1 from F1 to F2 is 575.00m/s,
and the explosion flame propagation velocity V2 from F3
to F4 is 314.78m/s. The explosion flame propagation veloc-
ity decay rate from V1 to V2 is 45.26%. Compared with a
pure straight pipe, the cavity has a suppression effect on
the methane explosion flame propagation velocity. Accord-
ing to Figure 6(c), the influence of experimental condition
3 on the methane explosion flame propagation speed was
explored. The methane explosion flame propagation speed
V1 from F1 to F2 is 573.21m/s, and the methane explosion
flame propagation speed V2 from F3 to F4 is 195.75m/s.
The explosion flame propagation velocity decay rate from
V1 to V2 is 65.85%. Compared with the pure straight pipe,
the explosion flame propagation velocity is inhibited under
the experimental conditions. Compared with experimental
condition 1, experimental condition 2 only has a cavity to
suppress the methane explosion flame propagation speed.
Compared with experimental condition 1, experimental
condition of cavity combined with water mist has a stronger
suppression effect on the methane explosion flame velocity,
and it is better than the restraining effect of only attaching
a cavity.

3.4. Analysis of Explosion Suppression by Coeffect of Cavity
and Water Mist. After the explosion flame enters the cavity,
it expands and dissipates. When it propagates at the outlet,
part of the methane explosion flame passes out of the steel
cavity, and the other part is blocked by the walls of the cavity
and reflected, forming a reverse explosion flame and propa-
gating in the opposite direction. Due to the different reflec-
tion angle, part of the reverse explosion flame enters the
steel cavity inlet and passes out of the cavity after being
superposed. The reverse explosion flame that cannot enter
the inlet of the cavity is blocked by the walls of the cavity.
The flame is reflected again and propagates toward the out-
let. This process is repeated so that the flame disappears as
the premixed gas is exhausted. Therefore, the flame of explo-

sion attenuates obviously after passing through the cavity,
and the functions of flameout and wave elimination are
realized.

The coeffect of cavity and water mist increases the effect
of flame suppression because of the reasons such as (1) when
the flame enters the cavity, the temperature of the water mist
is lower than that of the explosion flame, and heat transfer
occurs between water mist and methane explosion flame,
resulting in the temperature of the flame decrease. (2) The
water mist with high density in the confined space of the
cavity can cool down the temperature and isolate the oxy-
gen, so that the enhancement of the secondary flame in the
cavity is weakened and the explosion flame is suppressed.
(3) As an inert droplet, water can directly interfere with
the chemical reaction in the explosion reaction zone, and
thus, has the effect of chemical inhibition. The suppression
effect of the flame propagation velocity is better because
the water mist forms a “water wall” in the cavity, which hin-
ders the explosion flame propagation, thus, resulting in
greater inhibition effect on the methane explosion flame
propagation speed.

4. Conclusions

(1) The attenuation rate of the explosion flame intensity
by using the cavity with the aspect ratio of 5/8 is
66.58%, and the attenuation rate of the flame propa-
gation velocity is 45.26%. The attenuation rates by
using the cavity increased by 61.65% and 47.74%,
respectively, compared with those in the straight
pipelines

(2) The attenuation rate of the methane explosion flame
intensity under the coeffect of the cavity with the
aspect ratio of 5/8 and the water mist is 85.09%,
and the attenuation rate of the flame propagation
velocity is 65.85%. The attenuation rates have
increased by 80.16% and 68.33%, respectively, com-
pared with those in the straight pipes. The attenua-
tion rates increased by 18.51% and 20.59%,
respectively, compared with those by using cavity
alone. The suppression effect on the intensity and
speed of gas explosion flame by coeffect of the cavity
with the aspect ratio of 5/8 and water mist is better
than by using the cavity with the aspect ratio of 5/8
alone

(3) The repression effect of the steel cavity on the explo-
sion flame propagation is mainly due to the repeated
reflection of the flame in the steel cavity, causing its
energy to be attenuated. The repression effect of
the water mist is mainly due to its vaporization and
heat absorption
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In this study, the X5 KCC in Shiquan Coal Mine was investigated by means of controlled source audio magnetotelluric exploration
and borehole television. In this way, the subsection geological structure of the KCC was obtained. Next, the geological and
electrical characteristics of each part were analyzed, and it is concluded that the development status of the mud part under coal
seam floor is the key part to judging whether water inrush will occur during working face recovery under aquifer pressure.
Furthermore, the mineral compositions of purplish-red mudstone and lime mudstone were obtained by performing an X-ray
diffraction experiment on the KCC interstitial materials. On this basis, the water insulation properties of the mud part were
qualitatively evaluated. Finally, the tensile strength of the mud part was obtained by the Brazilian splitting method, and the
water insulation ability of the mud part at the periods when the tunneling roadway and the working face passed the KCC was
calculated, respectively. The research results boast guiding significance for safe recovery of the working face passing KCCs
under aquifer pressure.

1. Introduction

Karst collapse columns (KCCs) are a kind of special depres-
sion fault gradually formed in a long geological period under
the condition of soluble rock strata and good groundwater
dynamics [1]. The explanation for its cause includes the gyp-
sum dissolution collapse theory [2], the gravitational col-
lapse theory [3–5], the hydrothermal genesis theory [6],
and the vacuum erosion collapse theory [7]. Generally, the
formation of KCCs goes through four stages, namely, the
early development stage, the intense development stage, the
decline stage, and the death stage [8]. The formation process
is controlled by factors such as geological environment,
groundwater activity, geological structure, and stratigraphic
lithologic combination. The material structure inside a
KCC is complex and diverse, and the fabric characteristics
of different parts differ obviously [9–11]. From the perspec-
tive of water inrush mechanism, a KCC can be divided into

four parts, namely, the lower enrockment part, the middle
mud part, the upper clast part, and the surrounding rock
fracture part [12], and different parts correspond to varying
fabric characteristics, water contents, and water conduction
(insulation) properties. Water conduction of a KCC is
related to the regional sedimentary environment, tectonic
evolution, and karst water runoff conditions in the basement
during its formation. After its formation, recompaction,
cementation, weathering, and activation are the key factors
[13–20]. The macroscopic subsection structure and water
conduction (insulation) properties of a KCC are the geolog-
ical basis to determine whether water inrush will occur when
the KCC is exposed in the process of mining.

Seismic exploration, as the main method to explore
KCCs from the perspective of geological structure, mainly
solves the problem of KCC identification [21–25]. Electrical
exploration, including the direct current method, the tran-
sient electromagnetic method, and the magnetotelluric
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sounding method, which explores KCCs from the perspec-
tive of hydrogeology, mainly solves the problem of KCC
water content [26–28]. These geophysical exploration
methods interpret KCCs as a whole, without fully consid-
ering the characteristics of their subpart geological
structure.

In this paper, mining under aquifer pressure when the
tunneling roadway and the working face passed the X5
KCC in the 30107 fully mechanized working face of Shiquan
Coal Mine was taken as the research background. Firstly, the
subsection part geological structure of the X5 KCC was
investigated by means of controlled source audio magneto-
telluric (CSAMT) exploration and borehole television. Next,
the tensile strength of rock in the mud part was obtained
through the Brazilian splitting method. Furthermore, the
water insulation capacities of the mud part when the tunnel-
ing roadway and the mining face passed the KCC were cal-
culated, respectively. The research results provide
geological basis for safe mining under aquifer pressure in
the 30107 working face.

2. Development Characteristics of KCCs in
Shiquan Coal Mine

2.1. Distribution Law of KCCs. Shiquan Coal Mine is located
in Shiquan Village, Xiadian Town, 20.00 km west of Xian-
gyuan County, Changzhi City, Shanxi Province, China. Its
maximum north-south length, maximum east-west width,
and area are 6.00 km, 2.40 km, and 12.2195 km2, respectively.
The mining coal seam is No. 3 coal seam whose average
thickness, mining elevation, and production scale are
6.0m, +540~+70m, and 1,200 kt/a, respectively.

Shiquan mine field is located in the east wing of Qinshui
compound syncline and the west side of Jinhuo fold fault
zone. Under such an influence, the strata belong to mono-
clinal structure (strike direction nearly south-north, dip
direction west-northwest) with an inclination angle of
2°~25°. There are 48 faults and 23 KCCs in the mine field.
In the north of the mine field, there are 7 secondary folds,
and the strata are undulating. KCCs are usually densely dis-
tributed at positions where fractures, underground karst
caves, and different tectonic systems are all highly developed.
In Shiquan Coal Mine, KCCs are mostly distributed at the
turning point of fold axis and near the fault, while they are
rarely distributed far away from the fold axis or at positions
where fractures are underdeveloped. The 23 identified KCCs
are concentrated at or near the turning point of anticline
axis.

2.2. Exposure Characteristics of the X5 KCC. The X5 KCC is
exposed in the headgate of the 30107 face whose strike
length and dip length are 1,530m and 170m, respectively.
The mining coal seam is No. 3 coal seam whose average
thickness is 6.0m. The elevation of coal seam floor is
+425~+530m, and that of Ordovician limestone water level
is +636.87~+644.05m. The 30107 working face is under
aquifer pressure. According to the seismic exploration
results, the plan shape of X5 KCC is like a dumbbell that is
long in two sides and short in the middle, with a long-axis

length of about 306m and a short-axis length of about
75~100m. The X5 KCC is exposed when the 30107 working
face headgate is 530m from the open-off cut. The exposure
length is 98m, including 78m of whole rock. It extends into
the 30107 working face for a maximum distance of 30m.
The position relationship is shown in Figure 1. The specific
conditions of the X5 KCC are as follows.

The designed length of the 30107 headgate is 2,257.48m.
At 1,699m in the 30107 headgate, the contact zone changes
from the coal seam to the KCC. Specifically, the boundary
on the lower side appears first, and the upper side lags for
4m. In the broken zone, there are fine sandstone blocks with
a size of over 1m, small siltstone blocks and mudstone
blocks, and the gaps among them are filled with argillaceous
material; the accumulation body is dense and slightly wet. At
1,775m in the 30107 headgate, the contact zone changes
from the KCC to the coal seam. Specifically, the change
occurs on the upper side first, and the lower side lags for
2m. Figure 2 displays a longitudinal profile of the X5
KCC. Figure 3 shows a sketch of 30107 headgate passing
through the X5 KCC and lithology photos of KCC exposed
at different positions of roadway.

According to the classification of KCC structure with
reference to literature [12] and the analysis on the actual dis-
closure situation, the KCC exposed in the 30107 headgate is
located in the mudstone slurry water insulation part.
Whether the 30107 working face can be safely mined under
aquifer pressure depends on the thickness and water insula-
tion ability of the mud part below the floor elevation of the
30107 face.

3. Analysis on the Geological Structure
Exploration Results of X5

3.1. Results of Borehole Television Imaging Survey. In the
hope of quantitatively determining the fracture development
characteristics of the X5 KCC wall fracture part and the mud
part, a borehole television imaging survey was conducted.
The designed borehole passed through the KCC surround-
ing rock and the KCC body. The television image at the
interface between the KCC surrounding rock and the KCC
body is presented in Figure 4. The surrounding rock (silt-
stone) is an intact dark gray rock mass without developed
fractures, indicating that the fractures in the KCC wall are
underdeveloped in this part. The television image at the
KCC body is illustrated in Figure 5. The KCC body has a
pebbled structure, and the gravel is dark gray, grayish white,
and brownish red; the gravel diameter ranges from 5mm to
150mm; the primary lithology is fine sandstone, and the
cementing material is mainly dark gray mudstone, with local
brownish red mudstone; the gravel content is about 50%,
and no obvious fractures are found. The image suggests that
the framework of the KCC fracture zone in this part is
formed by the cementation of different-sized fine sandstone
blocks, siltstone blocks, and mudstone blocks. The blocks are
accumulated densely, resulting in underdeveloped fractures
and low permeability. Thus, it is inferred that the KCC body
can insulate water well.
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3.2. Results of CSAMT Exploration. To grasp the geological
structure of the X5 KCC, the CSAMT geophysical explora-
tion method was adopted. Taking the X5 KCC as the center,
eleven 300m long survey lines were laid along the vertical
long axis, with the mesh degree being 10 × 50m. The layout
of survey lines is illustrated in Figure 6.

V8 System 2000.net, the eighth generation of geophysical
data acquisition system of Phoenix Geophysical Co., Ltd.,
was adopted as the exploration equipment. In field observa-
tion, the bipolar source (AB = 1200m) and the side Ex/Hy

device were adopted; the measuring mode was scale TM;
the measuring electrode distance Mn was 20m; and the
working frequency range is 0.52~5,120Hz. A total of 38 fre-
quency points were evenly distributed, avoiding 50Hz,
60Hz, and their multiple frequency points. The acquisition
time for each frequency was longer than 40 s, and the num-
ber of single-frequency data stacking was not smaller than
40 times.

3.2.1. Structural Characteristics and Electrical Characteristics
of Different Parts of the KCC. With respect to the macro
structure, the KCC can be divided into three parts from bot-
tom to top, namely, the enrockment part, the mud part, and
the clast part. The electrical characteristics of the three parts

differ significantly because of their varying components of
filling materials at different heights, water contents, weather-
ing degrees, and cementation degrees.

The enrockment part: located at the lower part of the
KCC, the enrockment part was formed in the early stage of
KCC formation. The collapse rock blocks were large in vol-
ume. Meanwhile, under the action of strong hydrodynamic
pressure, fine rock debris and argillaceous material were
taken away by the current, and the collapse deposits left were
mostly large- and medium-sized rock blocks. This part usu-
ally contains some water, and its water content determines
its electrical characteristics. When this part is of a large
porosity and is filled with water, it shows a reduced resistiv-
ity in the transverse direction compared with the KCC sur-
rounding rock strata; otherwise, it shows an increased
resistivity.

The mud part: located in the middle of the KCC, the
mud part was formed in the middle and late stage of KCC
development. The solid materials in this part are the mixture
of mud and collapse rock blocks from surrounding rock
strata. Under the long-term action of in situ stress, the mix-
ture gradually forms argillaceous cemented conglomerate.
Generally speaking, this part of rock and soil mass is densely
cemented with a high content of clay particles and low per-
meability. It neither contains water nor conducts water,
belonging to a water insulation part of the KCC. Due to
the existence of mudstone cement, it shows a decreased
resistivity, compared with the KCC surrounding rock strata.
The decrement depends on the content of mudstone cement.
The higher the content of mudstone cement is, the more
obviously the resistivity decreases.

The clastic part: located at the upper part of the KCC, the
clast part is formed in the later stage of KCC development.
In this part, rock blocks in the same stratum are arranged
continuously, and the rock strata basically maintain continu-
ity. Since the resistivity difference between the Carbonifer-
ous Permian upper strata is not large, the resistivity of this
part is basically close to that of intact strata of the KCC sur-
rounding rock, and the electrical anomaly characteristics are
not obvious. In this part, the area affected by sandstone frac-
ture aquifers and faults contains more water and is charac-
terized by reduced resistivity.

3.2.2. Exploration Results. The resistivity parts of CSAMT
sounding inversion on survey lines L3, L6, and L8 are dis-
played in Figure 7 which clearly reflects the macro geological
structure of the X5 KCC, especially that of the water insula-
tion mud part. As revealed by the analysis on the electrical

1699 m
1703 m 1775 m

1777 m

30 m

2257. 48 m

30107 working face

Tailgate

St
ar

tin
g

cu
t

Headgate

X5

Stopping
line

Figure 1: Plane position of the X5 FCC.

600
580
560
540
520
500
480
460
440
420
400
380
360
340
320
300
280

Mudstone
Siltstone

marl

Sandstone

Sandstone

Mudstone

Sandstone

Limestone

X5

Clast
part

Siltstone
Sandstone
Mudstone
Coal seam

Mud part

Enrockment
part

O2f

Figure 2: Longitudinal profile of the X5 KCC.

3Geofluids

https://2000.net


characteristics of the three KCC parts, the mud part lies in
the elevation ranges of +200~+600m on the survey line L3,
+380~+500m on the L6 survey line, and +300~+440m on
the L8 survey line. The resistivity of rock mass in the clast
part is slightly lower than that of surrounding rock mass,
and its development depth is all above the elevation of No. 3
coal seam roof, but the development thickness tends to
increase from southwest to northeast. Because of its high con-
tent (about 50%) of argillaceous cement, the resistivity of rock
mass in the mud part is much lower than that of surrounding
rock mass. The mud part below the elevation of No. 3 coal
seam floor is thick on both sides and thin in the middle. To
be specific, the maximum thicknesses in the southwest (survey
line L3), in the middle (survey line L6), and in the northeast
(survey line L8, corresponding to the 30107 headgate) are over
200m, only 60m, and over 100m, respectively. The resistivity
of rock mass in the enrockment part differs insignificantly
from that of surrounding rock mass. It is inferred that the
enrockment part has a relatively poor porosity and a lowwater
content, and groundwater there has changed into fine fracture
flow or pore seepage.

Based on the results of borehole television survey and
CSAMT exploration, for No. 3 coal seam, the X5 KCC
belongs to a muddy KCC with underdeveloped fractures
on the wall. This type of KCC is filled with mud inside. In
the mining process, the working face can advance safely as
long as enough distance is kept from the water-containing
enrockment part.

4. Evaluation of Water Insulation Properties of
the Mud Part

4.1. X-Ray Diffractometry (XRD) Experiment on Interstitial
Materials in the X5 KCC

4.1.1. Preparation of Experimental Samples. In the experi-
ment, the purplish-red mudstone and lime mudstone from
the interstitial materials in the X5 KCC were taken as the
research objects, and the composition test and quantitative
analysis were conducted on them with the aid of an XRD
analyzer. First, the interstitial mudstone samples collected
on site were broken into small particles, and then, the gran-
ular mudstone samples were ground into fine powder (gen-
erally 200~300 meshes) by using an agate mortar. The
ground test samples were sealed in a sealed bag to avoid con-
tact with air. During the experiment, the scanning range was
set as 10°~90°, the scanning rate as 4°/min, and the scanning
mode as fixed coupling.

4.1.2. Analysis on the Experimental Results. The XRD exper-
iment was performed using the Rigaku D/Max 2500PC XRD
instrument. The obtained .raw files were analyzed by Jade
software. After interference removal and smoothing of the
XRD spectra, the peak fitting conditions were set in accor-
dance with the actual situation of the spectra. After fitting
the peaks, qualitative analysis was conducted on the
obtained peak parameters. The analysis results can reflect
the components contained in the samples (Figure 8).

According to the XRD results, the main components of
purplish-red mudstone are quartz, montmorillonite, albite,
chlorite, calcite, kaolinite, and hematite and those of lime
mudstone are quartz, montmorillonite, kaolinite, albite,
and chlorite.

Table 1 shows the quantitative analysis results of XRD
spectra. Purplish-red mudstone primarily contains quartz,
montmorillonite, albite, chlorite, and calcite, as well as a lit-
tle kaolinite and hematite. The proportion of quartz in lime
mudstone is the highest, reaching 46.41%, while the propor-
tions of montmorillonite, albite, chlorite, and kaolinite
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Figure 3: Sketch of 30107 headgate passing through X5 and lithology photos of KCC exposed at different positions of roadway.
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resemble. The main components of the two kinds of stone
are similar, but the kaolinite content is relatively high in lime
mudstone and relatively low in purplish-red mudstone.

The kaolinite, montmorillonite, and chlorite in the inter-
stitial minerals of the above samples belong to clay minerals
which are characterized by plasticity, adhesiveness, and vol-
ume expansion when getting wet. The following phenomena
are found during on-site exposure: the mixture of purplish-
red mudstone, lime mudstone, and medium-fine grained
sandstone occupies a relatively high proportion. No water
seepage occurred throughout the entire disclosure process.
The interface between the KCC and the coal seam is densely
filled with argillaceous interstitial material, and no water
erosion occurred, indicating that the mud part has a strong
water insulation ability.

4.2. Uniaxial Tensile Test on the Water Insulation Layer of
the Mud Part in the X5 KCC. The Shimazu AG-X250 elec-
tronic universal testing machine was used for uniaxial load-
ing. In order to protect the Brazilian splitting test device, the
loading adopted the displacement mode and was conducted
at the rate of 0.01mm/s. Table 2 shows the uniaxial tensile
test results of X5 specimens.

The average tensile strength of the test specimens Kp =
0:78MP, the standard variance s = 0:145, and the dispersion
coefficient of the test results μ = s/St = 1:8%, which demon-
strates that the average value of the test results is reliable
and effective.

4.3. Evaluation of Water Insulation Ability of the Mud Part.
According to Rules for Coal Mine Water Prevention and
Control, the water insulation ability of tunneling roadway

floor is calculated by Equation (1) [29]:

p = 2Kp
t2

L2
+ γt, ð1Þ

where p is the safe water pressure that the floor water insu-
lation layer can bear, MPa; t is the thickness of the water
insulation layer, m; L is the roadway width, and its value is
5m; θ is the average weight of the floor water insulation
layer, and its value is 0.022MN/m3; Kp is the average tensile
strength of the floor water insulation layer, MPa.

The water insulation ability of the mining face is calcu-
lated by Equation (2) [29]:

P = Ts ×M, ð2Þ

where M is the thickness of the floor water insulation layer,
M; P is the safe water pressure, MPa; Ts is the critical water
inrush coefficient, MPa/m, and its value is 0.06MPa/m in a
tectonically deformed part.

According to the CSAMT exploration results, the water
insulation mud part below the 30107 headgate floor is
100m thick. As can be calculated by Equation (1), the water
insulation layer below the X5 KCC of the 30107 face tunnel-
ling roadway floor can bear a maximum aquifer pressure of
626.2MPa. In addition, according to the elevation (460m) of
No. 3 coal seam floor during the exposure of the X5 KCC in
the headgate and the current Ordovician limestone water
level (636.87m) in Shiquan mine field, the water pressure
at the bottom of the mud part is calculated to be 2.71MPa,
and the thickness of the water insulation layer is calculated
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to be 45.1m by Equation (2). Considering the above data, it
is judged that the 30107 face can pass the X5 KCC safely
without encountering inrush of Ordovician limestone con-
fined water.

5. Discussions

5.1. KCC Occurrence State. Due to the differences in regional
geological and hydrogeological conditions, sedimentary
environment, and stratigraphic lithologic assemblage, the

geological structures of KCCs exhibit significant regional
and individual differences. The existence of a mud part is a
necessary condition to ensure no water inrush when a work-
ing face passes a KCC under aquifer pressure, but it is not a
sufficient condition, because whether the working face can
advance safely also depends on the thickness and water insu-
lation ability of the mud part below the working face floor.
The exploration results of the X5 KCC suggest that the
mud part is thick on both sides and thin in the middle.
According to the exposure conditions, the KCCs passed
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during the mining of No. 3 coal seam all lie in the mud part,
which provides necessary geological conditions for safe
recovery of the working face passing KCCs under aquifer
pressure.

5.2. Geological Conditions and Genesis of KCC. The KCCs in
Shiquan mine field own the geological conditions for the for-
mation of a water insulation mud part. The material basis of
a mud part is the formation of dissolvable and decomposable
strata, such as mudstone, shale, and argillaceous limestone.
After these strata collapse, they can decompose rapidly
under the dynamic action of solid-liquid-gas three phases
and combine with water to form mud. The formed mud,
together with the collapsed surrounding rock strata, com-
pose the solid material of the mud part. The Permian strata
in Shiquan mine field (Shanxi Formation and Lower Shihezi
Formation in the lower part, Upper Shihezi Formation, and
Shiqianfeng Formation in the upper part) are deltaic conti-
nental deposits (266~422m thick) composed of conglomer-
ate, sandstone, siltstone, mudstone, and coal seam.
Specifically, Shanxi Formation is mainly composed of black
mudstone, dark gray sandy mudstone, siltstone, and gray
and gray-white sandstone. Lower Shihezi Formation is com-
posed of gray sandstone interspersed with gray and gray-
black mudstone, sandy mudstone, and siltstone; the top is
a stable layer of gray green, yellow green, and purple varie-
gated mudstone that contains iron and manganese nodules,
commonly known as peach blossom mudstone; the cemen-
ted material observed during the exposure of the X5 KCC
in the 30107 headgate is just the peach blossom mudstone.
Upper Shihezi Formation, which belongs to continental flu-
vial and lacustrine deposits, is composed of variegated sand
and mudstone. Sedimentary characteristics of the Permian
strata determine that there is sufficient mudstone slurry to
fill the gaps between sandstone blocks and limestone blocks
during the formation of KCCs. Under the long-term action
of gravity, mudstone slurry material begins to consolidate,
solidify, and rheology, gradually forming conglomerate sim-
ilar to mudstone cement. This is the geological reason why

the mud part of the X5 KCC below the elevation of No. 3
coal seam floor is 60~100m thick. The fabric characteristics
(about 50% of argillaceous cement and about 50% of brec-
cia) and the electrical characteristics of the mud part of the
KCC developed in Shiquan mine field provide the physical
conditions for the accurate classification of the mud part
by the electrical exploration method.

6. Conclusions

(1) The KCC in Shiquan mine field has clear subparts in
geological structure, and the thickness and water
insulation ability of the mud part in the No. 3 coal
seam floor are the geological basis for determining
whether water inrush will occur when the KCC is
exposed in the process of mining

(2) CSAMT exploration and borehole television are
effective technical means to divide the geological
subparts of the KCC

(3) The interstitial minerals in the mud part are rich in
clay minerals such as kaolinite, montmorillonite,
and chlorite which are characterized by plasticity,
adhesiveness, and volume expansion when getting
wet. They are the material basis for the strong water
insulation ability of the mud part

(4) Under the sedimentary environment of continental
river and lake, dissolvable and decomposable strata,
such as mudstone, shale, and argillaceous limestone,
are formed in Shiquan mine field, which is the geo-
logical reason for the formation of the water insula-
tion mud part. The fabric characteristics of about
50% argillaceous cement and about 50% breccia
guarantee the strong water insulation ability of the
mud part
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Table 1: Mineral composition of interstitial materials.

Interstitial material
Composition (%)

Quartz Montmorillonite Kaolinite Sodium feldspar Chlorite Calcite Hematite Other

Purplish-red mudstone 41.15 18.67 3.6 15.36 10.41 6.95 1.21 2.65

Grey mudstone 46.41 16.79 13.56 10.72 8.27 — — 3.25

Table 2: Uniaxial tensile test results of X5 specimens.

Specimen
No.

Diameter
(mm)

Thickness
(mm)

Breaking
load (KN)

Tensile
strength
(MPa)

1 50.16 26.76 1.586 0.752

2 50.02 26.78 1.439 0.684

3 50.22 24.12 1.798 0.945

4 50.58 24.40 1.409 0.727

5 49.96 25.10 1.607 0.816
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and Unique Discipline Areas, and the SDUST Research
Fund (2018TDJH102).
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The effectiveness of the use of waste fly ash (FA) and cement (OPC) in the stabilization of subgrade soils and the reasons likely to
influence the degree of stabilization were investigated. Incorporating waste fly ash (FA) and cement (OPC) as additives leads to
significant environmental and economic contributions to soil stabilization. This study involves laboratory tests to obtain the
Atterberg limit, free swell index (FSI), the unconfined compressive strength (UCS), the California bearing ratio (CBR), and the
scanning electron microscope (SEM). The test results for the subgrade soil illustrate that the Atterberg limit, plasticity index,
and free swell index are decreasing with the addition of different proportions of fly ash and cement, i.e., 0%, 5%, 10%, 15%,
and 20% and 0%, 2%, 4%, 6%, and 8%, respectively. The CBR value of untreated soil is 2.91%, while the best CBR value of fly
ash and cement mixture treated soil is 10.12% (20% FA+8% OPC), which increases 71.34% from the initial value. The UCS of
untreated soil is 86.88 kPa and treated soil with fly ash and cement attains a maximum value of 167.75 kPa (20% FA+8%
OPC), i.e., increases by 48.20% from the initial value. The tests result show that the stability of a subgrade soil can be
improved by adding fly ash and cement. While effectiveness and usability of waste FA and cement are cost-effective and
environmentally friendly alternatives to expansive soil for pavement and any other foundation work in the future.

1. Introduction

Emerging tendency of utilizing waste material in soil
strengthening or soil stabilization is operational all over the
world in present times. The primary reason behind this trend
is the enormous production of fly ash, plastics, rice husk, and
other wastes, which are not merely harmful but also leads to
deposition problems. Using these wastes in construction
work will tremendously reduce this problem. For example,
soil stabilization is a technology designed to increase or
maintain soil stability and chemical changes to improve its
engineering properties [1–4]. More than 500 years ago, the
concept of stabilization was pioneered [2, 5]. In ancient
Egypt, Greece, and Rome, treated earth roads were used in
soil lime mixtures [5, 6]. Stabilization can deal with all kinds
of subgrade materials, from expansive clay to granular sub-

stances. This allows the establishment of design precedents
and the determination of suitable chemical additives and
admixture rates to achieve the required engineering perfor-
mance. At the beginning of the 20th century, around the
1930s, road construction in Europe was paved with stabilized
soil [7]. The advantages of the stabilization process include
higher resistance values, reduced plasticity, reduced perme-
ability, and reduced thickness of the pavement and a reduc-
tion of transport or handling of excavated materials.
Stabilization of subgrade soils with mixtures controls possi-
ble changes in soil volume and improves soil strength [8].

The soil generally is weak and has not enough stability in
heavy loading. This paper is aimed at examining on stabili-
zation of the soil using fly ash activated by cement. Several
reinforcement methods can be used to stabilize subgrade
materials. These methods include chemical additive
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stabilization, soil replacement, compaction control, rewet-
ting, humidity, surcharge, and thermal processes [9]. These
techniques may have the disadvantage of inadequate perfor-
mance and high costs. Based on the literature, fly ash and
cement are low-cost and effective for soil stabilization [9,
10]. Generally, a pavement is a relatively stable shell built
on natural soil to support and distribute a wheel load and
provide a good wearing course [11]. These pavements are
destroyed at a shorter time due to variations in soil proper-
ties and regular application of wheel loads, which can lead to
an unsustainable settlement. Further variation in moisture,
freeze action, rise, or decrease in the water content of the
clay soil leads to further disintegration of the pavement,
which leads to a higher cost repair operation [11]. In addi-
tion, the use of stabilizing agents in the road and subgrade
work with weak soil conditions strengthens other character-
istics, such as cohesion, and helps to improve structures or
embankments. Eventually, this will lead to a significant
decrease in the cost of road maintenance [4, 11]. The stabi-
lization of different admixtures can improve the strength of
the soil. Our aim is to work on fly ash and cement as
admixtures.

Fly ash is the coal residue of the thermal power plant,
which is regarded as a problematic solid waste in the world.
The conventional FA treatment technology leads to degrada-
tion and pollution of cultivated land [12, 13]. FA consists of
an amorphous ferroalumino silicate with a matrix very sim-
ilar to the soil. The elemental composition of the FA (toxic
elements) differs with the type and source of the coal used
[14–16]. It is estimated that the annual output of coal ash
in the world is about 600 million tons, of which fly ash
accounts for about 75-80% of total ash, about 500 million
tons [17, 18]. Fly ash can be treated as the fifth largest raw
material reserve in the world [19]. As a result, the volume
of coal waste (fly ash) generated by industries and thermal
power plants is rising worldwide. The disposal of significant
amounts of fly ash has become a primary environmental
concern [17]. The inclusion of FA to soil can enhance the
physicochemical properties as well as soil nutritional charac-
ter, and the degree of modification depends on soil, and FA
properties [16]. An estimated 6,898MW to generate 5.2 mil-
lion tons of fly ash per year in Pakistan. Because of the high
costs of disposal and environmental protection, the use of
FA in the construction and agriculture sector may be a fea-
sible choice [20]. In Pakistan, the ongoing Diamer Basha
Dam and the 21MW Tangir Hydropower Project will use
concrete from Ordinary Portland Cement combined with
fly ash and other additives [21, 22]. The Frontier Engineer-
ing Organisation said, “This reduces thermal loads on the
dam and reduces chances of thermal cracking,” according
to China Daily News. China-supported projects are sched-
uled to be completed in 2028 [21]. Besides, the engineering
properties of expansive soils such as compaction, strength,
hydraulic conductivity, swell potential, free swell index
(FSI), and plasticity were determined precisely at 0, 5, 10
15, and 20 percent respectively, in order to investigate the
effectiveness of fly ash. Decreased plasticity facet, hydraulic
conductivity, and FSI were discerned from the findings due
to the rise in the overall maximum dry unit weight [23].

However, cement remains the oldest binding agent since
the advent of soil stabilization technology in the 1960s. It
can be considered an important stabilizer or hydraulic
binder because it can be used on its own to achieve the
desired stabilizing effect [24, 25]. Cement reaction is inde-
pendent of soil minerals, and the primary function is to react
to water that may be present in some soil. Almost cement
stabilization decreases cohesiveness (plasticity), volume
expansion, or compressibility and increases strength. Mean-
while, compared with lime and cement, fly ash has little
cementitious property. Therefore, in the presence of a small
amount of activator, a chemical reaction may occur to form
cementitious compounds, which help improve the strength
of subgrade soil [24, 26]. Moreover, many researchers [5,
27–32] have conducted a lot of research on the strength of
lime, fly ash and cement, cement, lime fly ash, marble pow-
der, lime rice husk, and their applicability as road and sub-
base. Since then, many efforts have been made around the
world to confirm the treatment mechanism of expansive
subgrade soil in highway fields to carry out appropriate
pavement design and construction [33–35].

The main contribution of this paper focuses on the influ-
ence of fly ash and cement on the stabilization of subgrade
soil. Besides, to make the stabilization work more economi-
cal than before, and to make use of vast waste raw material
fly ash very important, the characteristics investigated in this
study include the Atterberg limits, free swell index, optimum
moisture content (OMC), maximum dry density (MDD),
UCS, CBR, and SEM analysis. Through the experiments in
the laboratory, different results are obtained from the tests.
These results infer that the strength parameter increases
and the Atterberg limit decrease. Finally, their contributions
to subgrade soil stabilization are discussed, and the possible
uses of stabilization materials are proposed. The structure of
the paper is as follows. In Section 2 presents the raw mate-
rials, methods, and experimental laboratory processes. In
Section 3, results and discussions are given. In Section 4,
their comprehensive performance is evaluated, and the con-
cluding remarks are made.

2. Materials and Methods

The primary materials used in this study are soil, fly ash, and
Portland cement. This section describes the properties of
these materials.

2.1. Soil. In this investigation, subgrade soil samples were
collected from the Toll Plaza National Highway in Hydera-
bad, Pakistan, were obtained from a depth of 0.5 to 1m from
ground level, and had just 5.28% moisture content, which is
insignificant in consideration. As per the norm, the soil is
classified as A-2-4. This subgrade soil is grey in color. Geo-
graphic coordinates, 25°22′12.40″N latitude, 68°13′1.32″E
longitude as shown in Figure 1. Besides, according to the
specifications, a large number of tests were carried out to
determine the engineering properties of soil samples. The
results are demonstrated in Section 3.
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2.2. Fly Ash. Class-F fly ash is taken from Jamshoro, Sindh,
Pakistan. It was air-dried and pulverized. Fly ash is a waste
(by-product) of the Jamshoro coal power plant. Fly ash by
itself has tiny cementitious properties compared to cement
and lime. Therefore, in the presence of a small amount of
activator, a chemical reaction can occur to form cementi-
tious materials conducive to improving the strength and per-
formance of subgrade soil. The chemical composition of fly
ash is illustrated in Table 1.

2.3. Cement. Ordinary Portland cement generally used for
this study is from the locally available cement market. The
essential components of OPC are shown in Table 1.

2.4. Methodology. Fly ash and cement additives are used as
admixtures to blend with the subgrade soil for stabilization.
In this study, different proportions of fly ash and cement
should be tried until the desired strength is achieved. A rea-
sonable guideline is, to begin with, to use 5% fly ash and 2%
cement. Then, appropriate percent increments are added for
various trials. In the initial trial, the proportion of activator
(cement content) applied to each should be one part of
cement and two parts of fly ash, but it can be different
according to experience and literature review [6, 23, 35,
36]. After performing some dummy tests, we moved on
towards our original sample. It looked tedious in starting
because of inadequate techniques in experimental work,

but dummy tests helped us understand the procedures of
all tests. The methodology used for this research work was
to divide samples into two parts: the soils at the natural stage
and the second with fly ash and cement mixes. Initial soil
tests were performed on samples Figure 2. After which, they
were mixed mechanically (physical mixing) with fly ash-
cement. The fly ash and cement used for this study were col-
lected from the location in Hyderabad. At the rate of 0%, 5%,
10%, 15%, and 20% fly ash and 0%, 2%, 4%, 6%, and 8%
cement by weight. After mixing with mentioned proportion,
tests were performed as shown in Figure 2. Finally,
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Figure 1: The geographical location of the test site.

Table 1: The chemical components of fly ash and OPC.

Components Class F fly ash OPC

SiO2 55.2 61

Al2O3 26.8 20.5

Fe2O3 12 4

CaO 2 10.5

MgO 2.5 2

SO3 1.5 2

Fineness (cm2/g) — 3110

Ignition loss %ð Þ — 2.2
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comparisons were drawn between soil at a natural state and
soil mixed with said proportion.

2.5. Laboratory Experiments Conducted

2.5.1. Liquid Limit (as per AASHTO T-90). Liquid limit is
perceived as water content. The precise number 25 blow
was given in the standard LL apparatus, which uses a speci-

fied number of slotting tools to close standard size grooves
on the specimen. The flow curve is represented on a semilog-
arithmic plot on a logarithmic scale. The water content equal
to 25 strokes is decoded from the curve and calibrated to the
nearest integer as the soil’s liquid limit.

2.5.2. Plastic Limit (as per AASHTO T-91). PL in the fine-
grained soil is the water content at which the soil rolled into
threads with the smallest diameter of 3mm, which is
expressed as a whole amount extracted from the mean of
the PL moisture content.

2.5.3. Modified Proctor Test (as per AASHTO T99). A modi-
fied Proctor compaction test is used to evaluate the maxi-
mum dry density and optimal moisture content of
subgrade soil.

Samplings collection

Addition of fly ash (0%,5%,10%,
15%,20%) and (0%,2%,4%,6%,8%)

cement 

Determination of initial soil
properties

Atterberg
limits

California
bearing

ratio test
Gradation

Free swell
index

Specific
gravity

Density
determination

Shear
strength

AASHTO T-208-90 

SEM
test

Density bottle
test

ASTM D-854

Modified
proctor test

AASHTO T99

Unconfined
compression
strength test 

Soaked CBR
AASHTO T193

Sieve analysis
AASHTO T-88

Results discussion Conclusion

Figure 2: Subgrade soil tests with and without additives.

Table 2: Properties of subgrade soil.

Properties Obtained value

Moisture content %ð Þ 5.28

Liquid limit %ð Þ 27.5

Plastic limit %ð Þ 17.5

Plasticity index %ð Þ 10

pH 4.03

Specific gravity 2.72

Silt %ð Þ 70.49

Clay %ð Þ 13.76

Sand %ð Þ 15.78

Free swell index %ð Þ 0.410

Dry density (g/cm3) 2.13

UCS (kPa) 86.88

California bearing ratio 2.91%

Table 3: Atterberg limits in subgrade soil by adding fly ash and
cement.

Mix ratio PL LL Plasticity index

Soil+0% FA+0% OPC 19.5 29.51 10.0

Soil+5% FA+2% OPC 23.905 34.78 10.87

Soil+10% FA+4% OPC 22.58 31.71 9.13

Soil+15% FA+6% OPC 18.98 28.67 9.72
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2.5.4. Free Swell Index (according to IS-2720). The free swell-
ing index is defined as an increase in volume caused by
external impediments when soil is submerged in water.

2.5.5. CBR Test (as per AASHTO T-193). CBR is the propor-
tion of the force required per unit area to penetrate the soil
with a standard circular piston at a speed of 1.25mm/min
to the corresponding force needed to penetrate the standard
substance. Normally, the penetration between 2.5 and 5 mil-
limeter is considered separately, with the ratio at 5mm being
more outrageous than at 2.5mm, and the ratio at 5mm is
used.

2.5.6. UCS Test (as per AASHTO T-208-90). UCS (qu) is the
load needed per unit area on which a cylindrical sample of a
cohesive soil falls in compression.

qu =
P
A
: ð1Þ

3. Results and Discussion

Laboratory experiments were carried out on natural soil
samples to evaluate various properties. The test results are
illustrated in Table 2.

As shown in Table 2, the primary index properties of
expensive subgrade soil without admixtures are demon-
strated. The schematic description of these comparisons
with admixtures is discussed separately in coming
subsections.

3.1. Influence of Fly Ash and Cement on the Engineering
Properties of Subgrade Soil. Laboratory experiments were
carried out, and the Atterberg limits were found, through
which we were able to obtain the liquid limit (LL) and the
plastic limit (PL). Through these two limits, we finally get
the plasticity index (PI). Fly ash and cement with subgrade
soil were extensively examined with the various percentages
specified in earlier Section 2, and the results are shown in
Table 3.

Table 3 reveals that with the expansion of fly ash and
cement as the supplement of subgrade soil, the plastic limit
and the liquid limit of the mixture first increase then
decrease, thus paving the road for brittle and stiffer soil.
Figure 3 illustrates the variations of LL and PL. It can be seen
from the previous results that the increase and decrease of
plastic limit value will eventually lead to the decline in the
plastic index. The plasticity index value is further reduced
by adding fly ash and cement to the subgrade soil, indicating
compressibility.

3.2. Influence of Fly Ash and Cement on Free Swell Index
(FSI). The change of free expansion index of different per-
centages of subgrade soil, fly ash, and cement mixture is
shown in the table. Therefore, we can say that the addition
of fly ash and cement reduces the FSI value, which implies
a decrease in the degree of the expansiveness of the blended
mixture. The results are presented in Table 4 and Figure 4.

The free soil index is expressed as follows [37]:

FSI %ð Þ = Vw −Vk

Vk

� �
× 100, ð2Þ

where Vw and Vk are the volume of soil sample read
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Figure 3: Effect of fly ash and cement on PL, LL, and PI.

Table 4: Effects by fly ash and cement on the FSI value.

Mix
proportion

Free swell
index (%)

Degree of
expansiveness

Percentage
decrease (%)

0% FA+0%
OPC

41 High —

5% FA+2%
OPC

34.3 Moderate 16.34

10% FA+4%
OPC

26.4 Moderate 35.60

15% FA+6%
OPC

20.6 Moderate 49.75

20% FA+8%
OPC

12 Low 70.73
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from a graduated cylinder filled with distilled water and ker-
osene, respectively.

3.3. Influence of Fly Ash and Cement on Compaction Values.
Compaction is a method of increasing soil density by using
mechanical tools to remove air voids and liquids between
soil particles. Standard proctor compaction tests are con-
ducted in the laboratory to determine the optimum moisture
content (OMC) of the soil at maximum dry density (MDD).
The results are illustrated in Figure 5 and Table 5.
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Figure 4: Free swell index for fly ash and cement mixes.
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Figure 5: Maximum dry density vs. optimum moisture content for
cement and fly ash mixes.

Table 5: The compaction test results.

Mix ratio
Moisture content

%ð Þ
Maximum dry density (g/

cc)

0% FA+0%
OPC

6.31 2.13

5% FA+2%
OPC

8.05 2.21

10% FA+4%
OPC

8.94 2.28

15% FA+6%
OPC

8.89 2.37

20% FA+8%
OPC

8.46 2.41
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Variance in dry density values is shown in Figure 5. It is
inferred that the water content disturbs the density of the
soil. As the percentage of water increases, the compacted
density tends to decrease until the max dry density is
reached, limiting the further inclusion of water to decrease

the density. In adding fly ash and cement, the water content
increases slightly, which naturally reduces the optimal water
content and increases the MDD. Thereof, we can conclude
that their maximum dry density is 2.41 in addition to 20%
FA and 8% cement (8.46% water).

3.4. Effect of Fly Ash and Cement on California Bearing
Ratio. The California bearing ratio (CBR) tests were con-
ducted per the AASHTO code. The mold was a standard
CBR with a detachable collar. The test was conducted on
samples prepared at the modified Proctor’s optimum water
content and maximum dry density. Before the test, the soil
additive mixture was compacted under the optimum water
content and soaked in water for 4 days under the condition
of overload weight of 5.72 kg. The results are plotted in
Figure 6.

Figure 6 reveals that the CBR value of the initial sub-
grade soil is 2.9. With the inclusion of fly ash and cement,
values are further improved. The optimum percentage of
mixture 20% fly ash and 8% cement gives the CBR value
10.12, the best result for subgrade soil. Furthermore, by
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Figure 6: California bearing ratio of fly ash and cement mixture.

Table 6: The effect of adding cement and fly ash on the UCS value.

Mix proportion
1-day UCS

(kPa)
7-day UCS

(kPa)
14-day UCS

(kPa)

Natural soil 86.880 — —

5% FA+2%
OPC

95.314 113.86 123.683

10% FA+4%
OPC

105.48 114.85 133.80

15% FA+6%
OPC

120.58 136.42 151.515

20% FA+8%
OPC

124.47 146.11 167.75
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performing dummy tests, the increase of the mixture supple-
ment will lead to the decrease of CBR value from a dummy
test, which indicates the reduction in subgrade strength.

3.5. Influence by Fly Ash and Cement on Unconfined
Compressive Strength. Unconfined compressive strength test,
referred to as an uniaxial compression test, is a special case
of triaxial test. In the triaxial test, the unconfined pressure
is zero. The application of the unconfined compression test
(UCS) is to quickly estimate or evaluate the unconfined
compressive strength of soil with enough cohesion to exam-
ine the unconfined state. Unlike fly ash and cement mix-

tures, the unconfined compressive strength of subgrade soil
is arranged in Table 6. This shows that the UCS value differs
from the increase in the percentage of fly ash and cement
used to calculate the shear strength.

The graph shown in Figure 7 illustrates the distinct com-
pressive strength achieved in 1 days, 7 days, and 14 days by
the subgrade soil with differing fly ash and cement propor-
tions. There was a significant rise in soil strength after treat-
ment comparison with natural soil, as shown in Figure 7.
The results show that the unconfined compressive strength
of undisturbed soil is 86.88 kPa after one day of curing. Fur-
thermore, the values were improved with the addition of
additives. The 14-day test findings differ from the 1-day
and 7-day test by demonstrating that the compressive
strength improves with the inclusion of fly ash and cement.
The changes of compressive strength up to a particular
amount of different admixtures are required to fill the pores
in the soil once the pores are filled, and the soil becomes
densified. Further expansion may try to lose soil strength.
The pozzolanic cementitious material produced by cement
hydration reaction improves the bonding strength of soil
particles [36]. The amount of pozzolanic cementitious mate-
rial increases and hardens with the extension of curing time,
which significantly enhances the compressive strength of
treated soil. Besides, the maximum UCS value is inferred at
20% fly ash and 8% cement.

3.6. Influence of Fly Ash and Cement on Scanning Electron
Microscopy Test (SEM). The micrographs of different scales
were obtained to clarify the evaluation of microstructure.

Natural soil 5% FA +2% OPC 10% FA + 4%OPC 15%FA+6% OPC 20%FA+8% OPC
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Figure 7: Comparison of unconfined compression strength for soil sample with, and without, fly ash and cement mixture.

Pore

20 𝜇m

Figure 8: SEM image of natural soil.
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The scale of 20, 10μm was shown in Figures 8 and 9 for nat-
ural and treated soil. Figure 9 indicates that the apparent
shape of the treated soil particles becomes coarser due to
the bonding influence of fly ash and cement binder, where
this binder served to attach the fine soil particles to each
other, forming broader and larger clusters of
photomicrographs.

Figures 9(a) and 9(b) show a closer SEM image of the
treated soil. Compared with the untreated soil image
Figure 8, new compounds can be identified in the micro-
structure of treated samples at (a) and (b). It indicates the
formation of cementitious products of fly ash and cement.

Figures 9(c) and 9(d) show a micrograph of the soil
mixed with bonded 15% fly ash and 6% cement. In this pic-
ture, undulating flake particles can be observed. However,
the micrograph of the mixed soil shown in image (c) shows
that the microstructure of the mixed soil is more dense,
compacted, and coherent than that of the untreated soil
shown in Figure 8. This confirms the development of
cementitious products which are concerned with improving

the geotechnical properties of treated soils in this investiga-
tion. The image in Figure 9(d) structure shows it. The results
showed that the treated soil had fewer pores and highly
denser.

4. Conclusions

The study highlighted the stabilization of the problematic
subgrade soil with cement and fly ash was investigated,
and the effect of the stabilization on the characteristics and
geotechnical properties of the subgrade soil were studied.
According to the experimental results, the following conclu-
sions can be drawn:

(1) The plastic limit, liquid limit, and plasticity index of
the subgrade soil increase first and then decrease
with FA and cement content. Meanwhile, the swell-
ing potential of soil also reduces with the inclusion
of fly ash and cement. The swelling characteristic,
namely, the free swelling index, decreased from

20 𝜇m

Pore

(a)

Packet of soil particles

10 𝜇m

(b)

Pore

FA

20 𝜇m

(c)

10 𝜇m

(d)

Figure 9: SEM photographs of treated soil containing varying percentages of fly ash and cement mixtures.
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41% to 12%, which is 70.73% lower than the initial
value

(2) With the expansion of fly ash and cement content,
the optimum moisture content decreases, and the
maximum dry bulk density increases. The compaction
curve drifts up and to the left as the optimal moisture
content is reduced, and the maximum dry unit weight
increased with an increase in fly ash and cement con-
tent. Adding fly ash and cement can be comparable
with the improved compaction effect. Therefore, the
subgrade soil becomes more stable

(3) With the increase of fly ash and cement content, the
CBR value of soil increases. The CBR value of
untreated soil was only 2.9; nevertheless, with the
addition of fly ash and cement, the CBR value fur-
ther increased. The optimum percentage of the mix-
ture (20% fly ash+8% cement) gives the CBR value
10.12, the best result for subgrade soil

(4) Significant increments were observed in the uncon-
fined compressive strength (qu) of the treated soil.
UCS increased with a steady increase in the propor-
tion of fly ash and cement binder and age expansion.
UCS of untreated soil is 86.88 kPa after a one-day
curing period. However, the maximum UCS of
167.75 kPa, i.e., 20% FA+8% cement, increases to
the initial value by 48.20%.

(5) The results show that the microstructure of treated
soil samples changes significantly after adding differ-
ent amounts of fly ash and cement through the
understanding of microscopic images. Firstly, the
particle size of the natural soil seemed to be larger
voids than that of the treated soil. After the additives,
a cement gel identical to the structure was observed
for fly ash and cement, which covered and bound
soil particles to each other. A coherent and com-
pacted soil structure was achieved because of the
reduction in the volume of the treated soil

Based on the comprehensive analysis results, it can be
concluded that wastes (by-products) such as fly ash and
cement can be effectively used in civil engineering construc-
tion. Succinctly, due to the large amount of fly ash in Paki-
stan and the rest of the world, it would be beneficial to
utilize large amounts of fly ash. Meanwhile, the use of stabi-
lized soil in this method has the dual advantages of removal
removing harmful substances from the environment and, at
the same time, the usage of inexpensive construction mate-
rial for foundations and road networks.
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With the reduction and depletion of shallow energy, the mining depth of coal around the world is increasing year by year, and the
mining depth of some coal mines in China has reached kilometers. The main roadway near the goaf with the deep high static
stress is very easy to be damaged after being disturbed by the mine earthquake. Taking the main roadway in the no. 1 mining
area of Gaojiapu coal mine in Binchang mining area, Shaanxi Province, China, as the engineering background, the high-energy
mine earthquake monitored by the on-site microseism is equivalently simulated through the dynamic module of FLAC3D, and
the spatial-temporal rotation characteristics of the principal stress of roadway surrounding rock under the disturbance of mine
earthquake are studied and analyzed and put forward corresponding prevention and control measures. Research shows early
stage of mine earthquake disturbance, roadway roof is first affected, and the principal stress of the roof has the trend of
deflection to the side of the goaf. In the middle stage of mine earthquake disturbance, the main body of roof principal stress
deflects to the side of goaf, and the deflection range is large. In the later stage of mine earthquake disturbance, the principal
stress directions in the surrounding rock reverse rotation, and the reverse rotation angle of the principal stress direction in the
roof is the largest. Finally, the asymmetric distribution characteristics of principal stress rotation are verified by using the
asymmetric deformation phenomenon on both sides of roadway surrounding rock. Based on the rotation characteristics of
principal stress under the dual influence of mine earthquake disturbance and goaf, optimize the layout scheme and blasting
parameters of blasting pressure relief holes. The transmission direction of principal stress can be changed by blasting pressure
relief method; meanwhile, the transmission of principal stress can be blocked; through the comparison of microseismic activity
law before and after pressure relief, pressure relief effect is good. The research results can provide a certain reference basis for
coal mine roadway pressure relief and reducing disaster conditions.

1. Introduction

Energy and mineral resources are important factors restrict-
ing the national economic development of all countries in
the world; with the reduction and depletion of shallow
resources, the mining depth of coal all over the world is

increasing year by year [1–3]. At present, the mining depth
of coal mines in China is increasing at the rate of 8~12m
per year; the eastern mine develops at the rate of
100~250m every ten years; it is estimated that in the next
twenty years, many coal mines will enter a depth of
1000~1500m. With the excavation and construction of
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underground space entering the deep mining, geological
environment has become more complex; it makes the rock
mechanics of deep underground engineering become the
focus of international research in the field of mining and
rock mechanics [4, 5].

After entering deep mining, while bearing high in situ
stress, the rock mass experiences strong mining disturbance,
and mining disturbance often induces seismicity, which is
called mine earthquake [6–9]. With the increase of coal min-
ing depth, underground coal mines are gradually affected by
mine earthquakes [10, 11]. Under deep in situ stress, tec-
tonic stress, and engineering disturbance, it causes the whole
coal rock system to lose structural stability; engineering
disasters such as large deformation failure, collapse, and rock
burst occur in the surrounding rock; it not only affects the
progress of the whole project but also threatens the life safety
of construction personnel [12, 13].

Many scholars have studied the deformation and failure
of roadway surrounding rock and its stress field environ-
ment. Yang et al. [14] studied the stability of roadway
surrounding rock under dynamic disturbance (stress time
curve) by using orthogonal test method. Chen et al. [15]
believe that mining disturbance changes the size and direc-
tion of stress field in roadway surrounding rock, which is
the main factor for asymmetric deformation of roadway.
Xu et al. [16] studied the stress environment of lower coal
seam roadway with the principal stress difference as the
measurement index. Yang et al. [17] studied the frequency
spectrum characteristics of rockburst vibration wave and
the failure law of roadway surrounding rock by using the
similar simulation experiment method. Li et al. [18] studied
the action of principal stress in different directions by model
test and numerical simulation, damage, and failure law of
surrounding rock of straight wall arch tunnel. Xie et al.
[19] used FLAC3D to simulate the principal stress difference
of roadway surrounding rock, the response characteristics of
plastic zone, and the evolution law of two groups of principal
stress difference under the condition of buried depth of
550~1250m. Niu et al. [20] with the help of self-developed
three-dimensional stress testing elements reveal the true
loading and unloading stress path of surrounding rock at
different depths of deep roadway and the stress state
before and after excavation; the evolution law of the prin-
cipal stress difference of surrounding rock inside and out-
side the loose zone is mainly analyzed, and combined with
the failure range and mode of surrounding rock, its mech-
anism is discussed. Li et al. [21] studied the variation law
of the direction of the principal stress field of the sur-
rounding rock on the side of the goaf and its influence
mechanism on the distribution of plastic zone of sur-
rounding rock along goaf roadway; the mechanism of
nonuniform large deformation of deep goaf roadway is
revealed. Underground rock mass engineering is usually
in a complex triaxial stress state; before the rock mass is
excavated, the primary rock stress is in equilibrium. The
original stress balance state is destroyed when excavating
roadway or mining; under the influence of mining distur-
bance, the stress in the rock mass is redistributed; extend-
ing from the excavation boundary to the interior of

surrounding rock, the stress field gradually returns to the
original rock equilibrium state [22–24]. The excavation
and construction of underground space engineering will
not only change the near-field stress of disturbed sur-
rounding rock but also change the direction of stress
[25–28]. A large number of geotechnical experiments show
that principal stress rotation is a mechanical problem that
must be considered in geotechnical engineering [29–31].

Therefore, this paper takes the principal stress closely
related to the deformation and failure of rock mass as the
starting point; the spatial-temporal rotation law of principal
stress direction under mine earthquake disturbance is
expounded and put forward effective prevention and control
measures; conclusion is verified by the deformation of road-
way surrounding rock on-site, and the effect of prevention
and control measures is tested by means of on-site micro-
seismic monitoring. The research results can provide a
certain reference basis for coal mine roadway pressure relief
and reducing disaster conditions.

2. Engineering Geological Background

Gaojiapu coal mine is located in the northwestern part of the
Binchang mining area in Shaanxi Province, China; it is the
second pair of modern large-scale mines developed and con-
structed by Shandong Energy Zikuang Group in Binchang
mining area, Shaanxi Province. Gaojiapu well field connects
with Yangjiaping and Mengcun well fields in the south,
extends to the Jinghe River in the north, adjoins Yadian
mine in the east, and extends to the border between Shaanxi
and Gansu in the west. It is the administrative division of
Gaojiapu well field under the jurisdiction of Changwu
County in Shaanxi Province, 13 km away from Changwu
County; it covers an area of 37.33 hm2. The east-to-west
length is approximately 25.7 km, and the south-to-north
width is approximately 16.6 km; the field area is
219.1699 km2, the geological resource reserves are 970
million tons, and the designed recoverable resource reserve
is 470 million tons. The design production capacity of Gao-
jiapu mine is 5.0Mt/a, and the service life is 62.5 years; in
this mine, 4# coal seam of Jurassic Yanan formation is
mainly exploited, and the average burial depth is 960m;
the average thickness of the 4# coal seam in no. 1 mining
area is 10m. The geographical location of Gaojiapu coal
mine and the distribution map of surrounding mines are
shown in Figure 1.

The main coal roadway in no.1 mining area of
Gaojiapu coal mine is located at 4# coal seam, the road-
way section shape is straight wall semicircular arch, road-
way is 5.8m wide, the wall is 3m high, and the arch is
3m high. The right side of the main roadway is the goaf
(three working faces on the right have been mined); use
the underground elevation data of the no. 1 mining area
of the coal seam to draw the surrounding environment
and topographic map of the main roadway (as shown in
Figure 2). It can be clearly seen that the main roadway
is in the syncline axis; therefore, it is seriously affected
by strong tectonic stress.
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3. Research Methods

3.1. On-Site Mine Earthquake Monitoring. Microseismic
monitoring technology is to utilize the microearthquake
phenomenon in the process of coal rock mass failure. The
seismic wave generated by the internal fracture of coal mass
is monitored in real time by setting up microseismic moni-
toring probe in three-dimensional space around the coal rock
mass. Various vibration parameters (vibration energy, vibra-
tion frequency, vibration torque, pressure drop, etc.) are
determined through the analysis of microseismic events and
focal location; on this basis, the stress state and failure of coal
and rock mass are judged. Microseismic monitoring technol-
ogy is considered as the most potential monitoring method
for deformation and instability of coal and rock mass [32].

Import the waveform file monitored by the pickup in the
microseismic system into the microseismic 3D visualization
software (independently developed by Linming Dou team of
China University of Mining and Technology), delineate the
main roadway area of no. 1 mining area through geological
coordinates, and export the data of mine earthquake events
in the area, including mine earthquake frequency, energy
level, and other information. Then, locate the exported mine
seismic data into the mine geological CAD map; the position
of the mine shock in the vertical direction can be obtained
from the profile chart. On the day of an accident in the main
roadway of no. 1 mining area of Gaojiapu coal mine, two
large energy events of 105~106 J were detected in the area
of 20 meters above the roof; the location distribution of mine
earthquake focal points is shown in Figure 3.

3.2. Numerical Simulation

3.2.1. Establishment of Numerical Model. Taking the main
coal roadway in no. 1 mining area of Gaojiapu coal mine
as the simulation object, the numerical model is established
by using FLAC3D software; model size is 520m × 400m ×
100m, and the model is established as shown in Figure 4.
According to the in situ stress measurement report on the
mine, the ratio of the maximum horizontal principal stress
to the minimum horizontal principal stress is 4.48~5.25,
and maximum horizontal principal stress is about
1.61~1.81 times of the vertical principal stress. The in situ
stress field is dominated by horizontal stress, it belongs to
high-level tectonic stress field; therefore, the influence of
principal stress on roadway surrounding rock is mainly con-
sidered. The values of physical and mechanical parameters
of surrounding rock in the model are listed in Table 1, the
Mohr-Coulumb failure criterion was adopted, and the
boundary conditions were determined as follows:

(1) The displacement boundary constraint was applied
to the model perimeter. The velocities in the x direc-
tion at the left and right boundaries, in the y direction
at front and rear boundaries, and those in the x, y,
and z directions at the bottom boundary were zero

(2) The upper boundary of this model was a free bound-
ary, and a vertical uniformly distributed load was
applied to simulate the self-weight load of overlying

strata. Given the influence of self-weight of this
model, the self-weight load of overlying strata
applied was 22.5MPa

(3) The geostatic stress field was applied to this model,
and the gravitational acceleration was taken as
9.81m/s2

(4) The average value of lateral pressure coefficient is
1.7; the applied value of lateral stress is 1.7 times of
overburden self-weight stress

Because the research object is the main coal roadway in
no. 1 mining area, one working face is excavated at one time;
as the 104 goaf is far from the main roadway, only three
working faces are excavated to simulate the goaf on one side
of the main roadway; according to the actual mining
sequence of Gaojiapu coal mine, three working faces are
excavated in turn and calculated to balance.

3.2.2. Application of Dynamic Load Disturbance. Reference
[33] obtained the waveform characteristics of roof fracture
and fault activation events through microseismic monitor-
ing; according to the elastic wave theory, any complex stress
wave can be obtained by Fourier transform of several simple
harmonic waves, that is, simple harmonic is the basic form
of downhole complex stress wave. According to reference
[34], the duration of vibration recorded by the microseismic
monitoring system is only tens of milliseconds when rock
burst occurs on-site; generally, there is no effect of multiple
rounds of impact in the dynamic load source of rock burst.
If the mine earthquake wave is simplified into simple har-
monic, the main frequency of mine earthquake is about
10~20Hz, and the period is 0.05~0.1 s; when the dynamic
load time applied in the simulation is about one period,
the coal and rock mass will be destroyed. Therefore, the
dynamic module in FLAC3D software is used to apply a sinu-
soidal stress wave 20m above the roadway to simulate mine
earthquake and set the source strength of 48MPa (equiva-
lent to 106 J energy) [35] and frequency of 20Hz; the action
time of dynamic load is 0.1 s, and the dynamic load wave-
form is shown in Figure 5

3.2.3. Study the Principal Stress Direction through the Equal
Angle Stereonet. There is a process of damage development
in the failure of coal and rock mass; under the action of
stress, there is a certain speed of crack propagation; it takes
a certain time for microcracks to propagate from micro to
penetration and nucleation to form macrofracture surface.
Therefore, under the action of dynamic load, before coal fail-
ure, the stress can increase to a higher value in a period of
time, showing high strength. On the contrary, inside the coal
body, when the superposition of dynamic load and static
load makes the principal stress axis rotate, the crack that is
not easy to expand under static load can expand and aggra-
vate the damage of coal and rock mass. The damaged coal
and rock mass forms a stacked block structure, and its
strength has various anisotropy, the principal stress direc-
tion rotates under dynamic load, and instability probability
of block structure is increased.

4 Geofluids



Under dynamic load, coal and rock masses show the
characteristics of microdamage, decrease of critical static
load stress, and increase of macrofailure strength. When
the dynamic load fluctuates in the state of “increase-
decrease-increase-decrease,” the microdamage continues,
the macrostress does not increase to the maximum, and coal
and rock mass shows damage fatigue failure. Therefore, coal
and rock masses are more likely to be damaged under
dynamic load. The large-scale coal body contains a large
number of joints and fractures. The randomly distributed
primary fractures may be formed in the coal forming process
or in the later tectonic movement. The existence of fractures
leads to the anisotropic mechanical characteristics of coal,
that is, the mechanical behavior of coal will change due to
the rotation of the direction of principal stress.

Because the three-dimensional principal stress direction
is a spatial vector, the evolution law of the principal stress
direction of surrounding rock in the mining process cannot
be described intuitively and accurately on the plane. There-
fore, this paper uses the equal angle stereonet in geological
data processing to represent the variation law of azimuth
and inclination angle in the direction of principal stress [36].

The equal angle stereonet is composed of a base circle
and longitude and latitude grid; the base circle is the stereo-
graphic equatorial large circle of the projection sphere, and
the longitude and latitude grid is composed of a series of
large longitudinal arcs and a series of small latitudinal arcs.
The geometric elements (lines and planes) of the three-
dimensional space of the object are reflected on the projec-
tion plane for research and processing, the spatial plane is
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Figure 3: Location distribution of mine earthquake sources monitored by microseism. (a) Plane distribution of mine earthquake; (b) profile
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displayed as an arc on the equal angle stereonet, and spatial
straight line is displayed as a point on the equal angle stereo-
net; position of spatial plane and spatial line is represented
by inclination angle/azimuth. The equal angle stereonet is
not only a simple and intuitive calculation method, but also
an image and comprehensive quantitative graphic method.

The principal stress direction of surrounding rock is a
vector, so the inclination angle/azimuth is used to represent
the position of this space vector. The inclination angle is
defined as the acute angle between the main stress direction

and its projection on the xy plane. Variation range of the
inclination angle is -90°~90°, a positive value indicates that
the principal stress direction is above the xy plane, and a neg-
ative value indicates that the principal stress direction is below
the xy plane. The azimuth is defined as the angle between the
clockwise rotation from the positive direction of the y-axis to
the projection line of the principal stress direction on the xy
plane; variation range of the azimuth is 0°~360°.

As shown in Figure 6, on the equal angle stereonet, the
projection of the principal stress direction is a point; by

102 goaf

101 goaf
103 goaf

Roadway

18
0m

840m

400m

Section line

4# coal

Figure 4: Numerical model of main roadway near goaf in no. 1 mining area of Gaojiapu coal mine.

Table 1: Physical and mechanical parameters of surrounding rock.

Rock formation
Bulk modulus

(GPa)
Shear modulus

(GPa)
Density
(kg·m-3)

Cohesion
(MPa)

Internal friction
angle (°)

Uniaxial tensile strength
(MPa)

Mudstone 6.08 3.47 2 480 1.2 30 0.61

Silty sandstone 10.8 8.13 2 460 2.75 38 2.67

Coarse
sandstone

12 8 2 700 2.0 45 0.2

Silty sandstone 10.8 8.13 2 460 2.75 38 2.67

Coarse
sandstone

12 8 2 700 2.0 45 0.2

Silty sandstone 10.8 8.13 2 460 2.75 38 2.67

Coarse
sandstone

12 8 2 700 2.0 45 0.2

Silty sandstone 10.8 8.13 2 460 2.75 38 2.67

4# coal 4.9 2.01 1 380 1.25 32 0.15

Mudstone 6.08 3.47 2 480 1.2 30 0.61

Coarse
sandstone

12 8 2 700 2.0 45 0.2

Medium
sandstone

11 8.5 2 820 3.2 42 1.29
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connecting the center of the equal angle stereonet with the
projection point and extending it to intersect the equatorial
large circle, the reading at the intersection is the azimuth.
Rotate the connected straight line to the horizontal along
the direction of the acute angle with the horizontal straight
line, and the indication of the projection point in the direc-
tion of the principal stress at the position on the horizontal
straight line is the inclination angle.

4. Result Discussion

4.1. Spatial-Temporal Rotation Characteristics of Principal
Stress. Figure 7 shows the equal angle stereonet of the prin-
cipal stress direction of the surrounding rock of the deep
roadway with the action time of the dynamic load.

As can be seen from Figure 7, before dynamic load dis-
turbance, due to the dual influence of high-level tectonic
stress and excavation unloading effect, the direction of prin-
cipal stress in surrounding rock deviates from xy plane
(recorded as horizontal plane), but still in a vertical plane
parallel to the x-axis (recorded as plane α).

When the dynamic load disturbance is 0.01 s, the
dynamic load stress wave does not propagate to the coal
seam, so there is no obvious change in the direction of prin-
cipal stress in the coal seam and floor. The main azimuth of
the principal stress in the roof is inclined to the side of the
roadway goaf, between 30° and 90°. The inclination angle
decreases, between 45° and 90°, deviate from the vertical
plane parallel to the y-axis (recorded as plane β).

During dynamic load disturbance of 0.03 s~0.05 s, the
azimuth of the roof varies greatly, and the inclination angle
is between 45° and 75°. As the dynamic load disturbance
stress wave propagates to the roadway floor, the inclination
angle of the main stress of the coal seam deflects towards
the horizontal plane; the inclination angle and azimuth
are reduced; by plane α, directional plane β rotates; the
rotation amplitude is close to 90°. The azimuth of the prin-
cipal stress of the floor does not change obviously, and the
inclination angle decreases slightly, but the main body is
still inside plane α.

When dynamic load disturbance is 0.07 s~0.09 s, the
principal stress of disturbed surrounding rock rotates
reversely, the principal stress of the roof faces plane β deflec-
tion, and the inclination angle increases obviously. The prin-
cipal stress of the coal seam deviates from the horizontal
plane, the inclination angle and azimuth increase, and by

plane β, directional plane α rotates. There is no obvious
reverse rotation in the main stress direction of the floor.

4.2. On-Site Investigation. At present, there is no effective
monitoring method for the rotation characteristics of princi-
pal stress; however, according to the deformation character-
istics of surrounding rock, the rotation characteristics of the
principal stress direction can be qualitatively analyzed, and
the destruction scene of the main roadway in no. 1 mining
area of Gaojiapu coal mine is shown in Figure 8.

There are obvious differences in the deformation charac-
teristics of surrounding rock on both sides of the main road-
way, the deformation of surrounding rock on the coal side of
the roadway is small, and it is mainly horizontal displace-
ment. The deformation of surrounding rock at the side of
roadway goaf is large, and the displacement direction has a
certain included angle with the horizontal plane; the vertical
spatial relationship between the roadway side and the hori-
zontal plane is no longer maintained, and the included angle
between the two is reduced to 70°. In Figure 8, the asymmet-
ric characteristics of surrounding rock deformation of road-
ways on both sides of the working face are caused by the
rotation difference in the direction of principal stress. The
surrounding rock at the coal side of the roadway is less
affected by mining, and the concentration of principal stress
is low; the rotation range of principal stress is small, and the
failure range of surrounding rock is small. Its deformation is
mainly due to the compression effect of high-level tectonic
stress, mainly horizontal deformation. The surrounding rock
at the side of roadway goaf is highly affected by mining, and
the concentration degree of principal stress is high; the rota-
tion range of principal stress is large, and the failure range of
surrounding rock is large. Its deformation is mainly due to
the plastic flow of roadway surrounding rock caused by the
deflection of principal stress.

4.3. Influence of Mine Earthquake Disturbance. The goaf is
on the right side of the main roadway in no. 1 mining area
of Gaojiapu coal mine (as shown in Figure 9). According
to the masonry beam theory, after the main roof is broken,
an arc triangular plate “b” is formed at both ends of the
working face, and a trapezoidal plate “a” is formed in the
middle of the working face. Under the support of solid coal,
coal pillar, and goaf gangue, the arc triangular plate and
trapezoidal plate form a lateral masonry beam structure
along the inclined direction of the working face. The rota-
tion of the rock block on the main roof of the fault forms
a strong horizontal extrusion force; it is possible to form a
three-hinged arch balance structure under the action of
mutual extrusion; the stability of this equilibrium structure
will depend on whether the extrusion force at the bite point
exceeds the strength limit at the contact surface of the bite
point. In this case, as long as the total stress (superposition
of static stress and dynamic stress) on the rock block contact
surface exceeds the strength limit ([σ]) at the end of the
rock block, it can lead to the rotation of the “masonry
beam” structure of the main roof and then deformation
and instability.
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Figure 5: Dynamic stress waveform.
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Under the disturbance of mine earthquake, the rotation
angle of arc triangular “b” increases, the principal stress
direction rotates, eventually loses stability, and slides to the
goaf. The principal stress distribution in the top coal on
the right side of the green dotted line is always affected by
the rotation position of the arc triangular plate “b.” The
force (F) of mine earthquake disturbance stress wave, arc tri-
angular plate, and overburden collapse rock block on direct

roof and lower coal seam, perpendicular to the contact sur-
face between the direct roof and the triangular plate. During
the rotation and sinking of the arc triangular plate “b,” the
direction of the contact surface also changes; therefore, the
magnitude and direction of the pressure (F) are related to
the rotation angle (θ) of the arc triangle. With the change
of the magnitude and direction of roof pressure (F), the
stress boundary conditions of direct roof and coal seam
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change, and it will inevitably affect the magnitude and direc-
tion of principal stress in roadway surrounding rock.

5. Pressure Relief Measures

5.1. Optimization of Relevant Parameters for Blasting
Pressure Relief. After the roadway is excavated, a free space
is formed in the rock mass; it provides space for the defor-
mation of floor rock. The root cause of roadway floor heave
are as follows: the vertical stress on the roof is transmitted to
the two sides, causing two sides to sink; the sinking of the
two sides caused the destruction of the two bottom corners;
sinking of the two sides caused the failure of the two bottom
corners; floor is squeezed by the secondary horizontal princi-
pal stress; the roadway floor expands into the roadway and
finally shows floor heave deformation. The problem of floor
heave in roadway under high stress environment becomes
particularly prominent, high stress leads to the increase of
the pressure on the roof and floor of the coal seam, and the
clamping effect on the coal seam is more obvious; as the fluid-
ity (ductility) of the coal body increases, the floor heave caused
by the subsidence of the two sides will be more serious.

Based on the previous blasting parameters of Gaojiapu
coal mine, the blasting construction technical requirements
are as follows:

(i) Materials and tools required for blasting construc-
tion: Φ60 × 440 × 1mm blasting cartridge, mine
grade III emulsion explosive, synchronous millisec-
ond delay electric detonator, blasting mud, cement,
grouting pipe, return pipe, hemp, detonator, deto-
nating cord, blasting busbar, gun rod, insulating
tape, etc.; the schematic diagram of blasting hole
charging is shown in Figure 10

(ii) Blasting method: FG-500A detonator is used for
initiation; millisecond detonate is used for group
blasting and single hole detonate

(iii) Blasting parameters and blasting operation process:

(1) Using a blasting cartridge as a carrier for explosives,
charge 20 kg

(2) The charging method is positive continuous charg-
ing and slowly sent to the hole bottom

(3) Before charging, the residual coal and rock powder
in the borehole must be removed. Use PVC gun
rod to detect the actual depth of drilling hole and
confirm that the drilling depth is normal and meets
the requirements of measures; charging can be
carried out only after there is no residual coal and
rock powder

(4) An operation platform shall be set up before charg-
ing, and a 1.2m high protective fence shall be welded
around the platform with waste anchor bolts

(5) Before charging, cut off the blasting barrel at one end
of the explosive with a saw blade; one 80mm long
steel wire shall be crossed on both sides of the blast-
ing barrel to prevent the explosive from sliding
naturally in the borehole

(6) Index the detonator to the orifice position and then
seal the hole (during grouting and hole sealing, the
grouting pipe shall be fixed with hemp and blasting
mud, and a 0.5m hole section shall be reserved at
the orifice)

(7) When blasting, two detonating cords are connected
in parallel with two-millisecond delay electric deto-
nators with the same number at the orifice, seal the
joint between detonator and detonating cord with
insulating tape, install the detonator and detonating
cord, leave a distance of 0.5m, and then, seal the hole
with sealing agent

5.2. Principle of Blasting Pressure Relief. Under the distur-
bance of mine earthquake, the main stress of roadway
surrounding rock deflects to the side of the goaf to form a
stress concentration area; the side roof and floor near the
goaf of the roadway are seriously damaged. In view of the
above problems of roof subsidence and floor heave, the pur-
pose of blasting pressure relief in the roof and floor of the
roadway is to reduce the stress concentration, block the
transmission of the principal stress in the roof and floor,
and reduce the impact of the deflection of the principal
stress. The diameter of roof blasting hole is 75mm, the dis-
tance between holes is 5m, the depth of blasting hole is
40m, the drilling inclination angle is 60°, and the charge is
20 kg. The diameter of the bottom plate blasting hole is
75mm, the spacing between holes is 1m, and the depth of
the blasting hole is 12m until the rock is seen on the floor
of the coal seam; the drilling inclination angle is 60°, the
charge is 10 kg, and the final hole position of the blasting
hole is determined at the peak stress of the floor.

The essence of blasting pressure relief is continuous
blasting of multiple blasting holes, and each blasting hole
adopts two millisecond detonators; group blasting and single
hole detonate create a free surface for the next stage of blast-
ing and make the blasting crack develop in the set direction.
By controlling the propagation direction of detonation wave,
a continuous weak structural plane is formed in the rock

Roof subsidence

Solid coal side

Floor heave

Goaf side

Figure 8: Main roadway destruction site.
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layer of roof and floor. The existence of structural plane can
change the transmission direction of principal stress so that
the principal stress does not deflect to the side of roadway
goaf. At the same time, it blocks the transmission of princi-
pal stress to the goaf side and floor of the roadway, reduce
the horizontal extrusion force on the floor coal and rock
mass, and control the serious deformation and floor heave
of the goaf side of the roadway (as shown in Figure 11).

5.3. Pressure Relief Effect Test. Microseismic activity can
reflect the fracture of coal and rock mass; therefore, the
roadway pressure relief effect can be roughly determined
based on the change of high-energy microseismic events
with time; the significant reduction of high energy events
indicates that the pressure relief effect is good.

The main roadway area is selected as the statistical area;
after the above blasting scheme is adopted for construction,
the prevention and control effect is evaluated through
microseismic monitoring. Since the construction protection
is carried out in October 2017, August and September
2017 are selected for comparison with November and

December 2017; a total of four months are used as the time
period for comparison before and after the implementation
of pressure relief measures; the plane distribution of micro-
seismic events at this stage is shown in Figure 12.

As can be seen from Figure 12, before the implementa-
tion of pressure relief measures (August~September), the
total energy of microseismic is larger, and the large energy
microseismic events (greater than 105 J) are more. During
the implementation of pressure relief measures (October),
the total number of microseismic events and large energy
microseismic events are too many due to the disturbance
caused by construction. After the implementation of pres-
sure relief measures (November~December), the total num-
ber of microseismic events decreased slightly, it shows that
the adopted pressure relief scheme transfers part of the elas-
tic energy stored in coal and rock mass to the deep. There are
no large energy microseismic events; it shows that the adopted
pressure relief scheme releases the elastic energy stored in coal
and rock mass; elastic energy is mostly released in the form of
small energy microseismic events (less than 104 J); thus, the
degree of stress concentration is reduced.
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Figure 12: Plane distribution of microseismic events before and after prevention and control of main roadway. (a) August 2017; (b)
September 2017; (c) October 2017; (d) November 2017; (e) December 2017; (f) August to December 2017.
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6. Conclusions

The main roadway near the goaf with the deep high static
stress is very easy to be damaged after being disturbed by
the mine earthquake. Taking the main coal roadway of no.
1 mining area of Gaojiapu coal mine as the engineering
background, through numerical simulation and field moni-
toring methods, the spatial-temporal rotation characteristics
of the principal stress of roadway surrounding rock under
the disturbance of mine earthquake are studied and analyzed
and put forward corresponding prevention and control mea-
sures. The research results can provide a certain reference
basis for coal mine roadway pressure relief and reducing
disaster conditions. The main conclusions of this paper are
summarized as follows:

(1) In the early stage of mine earthquake disturbance,
the roadway roof is first affected, and the main stress
of the roof tends to deflect to the side of the goaf. In
the middle stage of mine earthquake disturbance, the
main body of roof principal stress deflects to one side
of goaf, and the deflection range is large. In the later
stage of mine earthquake disturbance, the principal
stress direction in the surrounding rock rotates
reversely, and the rotation angle of the principal
stress direction in the roof is the largest

(2) The asymmetric distribution characteristics of prin-
cipal stress rotation are verified by using the asym-
metric deformation phenomenon on two sides of
roadway surrounding rock; based on the rotation
characteristics of principal stress under the dual
influence of mine earthquake disturbance and goaf,
optimize the layout scheme of blasting pressure relief
hole and blasting parameters. The transmission
direction of principal stress can be changed by blast-
ing; at the same time, it blocks the transmission of
principal stress, through the comparison of micro-
seismic activity law before and after pressure relief;
the pressure relief effect is good
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Through field observation and theoretical study, we found that the Hanxing mining area has a typical ternary structure in coal
mining under high water pressure of the aquifer. This ternary structure is the Ordovician limestone aquifer-aquiclude
including thin limestones-coal seam. Although the aquiclude is considerably thick, there is still a great risk of water burst
during mining under water pressure in the deep burial environment. Multidimensional characteristics of floor water inrush in
deep mining are summarized in the paper, including water migration upwardly driven by the Ordovician confined water, the
planar dispersion of the water inrush channel, the stepped increase of the water inrush intensity, the hysteretic effluent of the
water inrush time and the exchange, and adsorption of the water quality. The water inrush mechanism is clarified that the
permeability, dilatancy, fracturing, and ascending of the water from the Ordovician limestone aquifer form a planar and
divergent flow through the transfer, storage, and transportation of thin limestone aquifers. The corresponding water inrush
risk evaluation equation is also proposed. Based on the thickness of the aquiclude, the thickness of the failure zones, and the
water inrush coefficient, the floor aquiclude is classified into five categories. While water inrush cannot be completely
controlled by the traditional underground floor reinforcement with ultra-thick aquiclude or even zonal grouting, a
comprehensive prevention and control concept of the four-dimensional floor water hazard in full time-space domain are
proposed. A tridimensional prevention and control model of three-dimensional reticulated exploration, treatment, verification,
and supplementation is presented. A full time domain technological quality control process of condition assessment,
exploration, remediation, inspection, evaluation, monitoring, and reassurance is formed, and a water disaster prevention
method with full time-space tridimensional network in deep coal mining is established. Case study in the Hanxing mining area
demonstrates that the proposed methods are highly effective.

1. Introduction and Background

The Ordovician limestone aquifer contains abundant water
with very high water pressure. It is deposited in the bottom
of coal measure formations and exists in many mining areas
in Northern China (Figures 1 and 2). The Ordovician aquifer
has caused numerous aquifer water inrush accidents during
coal mining. Water inrush from the Ordovician aquifer is

one of the major hazards in mining safety [1]. Many studies
have been conducted to investigate the mechanism and miti-
gation methods of water inrushes in this area [2–4]. However,
coal mining in those cases was mainly at a shallower depth
(<700m), where the burial depth and water pressure were rel-
atively low, and the water inrush accidents were not very seri-
ous. As the mining depth increases in recent years
(depth>700m), in situ stresses and water pressures increase
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greatly in the mining area, causing water inrush to become
more serious and water disasters more devastated [3–5]. Fur-
thermore, the existing theories and methods of water inrush
prevention are not very suitable for this new situation [6–9].
Therefore, it is of critical importance to understand new
mechanisms and prevention methods of water inrushes for
coal mining at a great depth.

Safe mining under water pressure refers to coal mining
over confined aquifers. Since the first water inrush from
the Ordovician limestone aquifer occurred in the Kaiping
coalfield in 1920 [10], different models for mining under
water pressure and predicting water inrushes have been pro-
posed [1]. To date, the development history of mining under
water pressure is divided into three stages. The first stage
was from the early 1950s to the mid-1980s, in which the sys-
tem of technologies and theories had been basically formed

[11]. Some systematic researches on the main technical mea-
sures of drainage and depressurization for confined water or
grouting for aquicludes were carried out [12], and the con-
cept of mining under water pressure and the risk evaluation
method of water inrush coefficient were put forward. The
system of mining under pressure technologies [13], includ-
ing mining methods and the water control technologies,
such as exploration, prevention, and guarantee, had been
basically formed, and the theories [14], including water
inrush mechanism, safety evaluation, and water inrush pre-
diction, had also been preliminarily constructed. The second
stage, from the late 1980s to 2009, was the popularization
and application stage of the theory and technology. With
the acceleration of mining depth, the mining under water
pressure for lower coal seam formations faced the dangerous
condition of water inrush coefficient T > 0:06MPa/m, with
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Figure 1: Map view of location of the Hanxing coalfield and other coalfields in North China coalfield: (a) The Ordovician hydrogeological
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the frequency of water inrushes increased, the underground
treatment of grouting reinforcement of floor aquicludes or
thin limestone transformation had been widely applied,
and a large number of coal resources had been safely mined
[15]. The third stage refers to recent 10 years, in which the
regional preact grouting technology for deep mining was
developed. The shallow coal resources were exhausted and
had to turn to deep mining, facing a more dangerous situa-
tion of water inrush coefficient T > 0:1MPa/m, the fre-
quency of floor water inrushes was high, the water influxes
were large, and the treatment technology for shallow mining
was obviously not suitable for deep mining. With the help of
horizontal drilling technology, the regional preact grouting
technology tends to mature [6, 7, 9].

With the increasing depth of the coal seammining, north-
ern China coal fields face various safety issues that are different
with those in the shallow mining. In situ stresses, tectonic
stresses, water pressure, and temperature continuously
increase. Exploitation of deeper coal formations, especially
safe mining under water pressure in the deep coal formations,
faces new challenges, which is due to the fact that aquifer con-
tainment characteristics, water filling regularities of the deep
Ordovician limestone karst cavities, main control factors of
coal floor water inrush, and water inrush mechanism change
fundamentally. The theories and techniques of safe mining
under water pressure are also changed profoundly.

The Hanxing mining area consisted of three parts: Feng-
feng, Handan, and Xingtai mining areas and is a typical north-
ern China coalfield (Figure 1). It is the main coal production
zone in China, with an annual coal production of 7930 tons.
The coal and rock formations in this area have a typical ternary
tactic model, i.e., the coal seams are above the Ordovician lime-
stone but separated by aquicludes and thin limestones (see
Figure 3). The Ordovician limestone aquifer with rich water
and high water pressure is a regional main water supply source
[16]. However, it also threatens the mining of coal seams by
recharging the thin limestone aquifers in the coal measures,
i.e., the Benxizu, Daqing, Shanfuqing, and Yeqing limestones
from bottom to top. Coal mining may not only cause the water
inrush and coal mine flooding but also induce the aquifer water
level to drop sharply, affecting water resources and ecological
environment [2]. Mines within the area mostly have shifted to
deep mining. In this situation, water pressure of the Ordovician
limestone can be as high as 10MPa and water inrush coefficient
exceeds 0.1MPa/m. Based on the national regulations, coal
seam cannot be exploited without adopting additional mea-
sures. In order to exploit the deep or the lower group of coal for-
mations, zonal preact grouting method is developed on the
basis of traditional shallow mine floor reinforcement. Although
greatly reducing the risks of water inrushes, it still cannot elim-
inate the hazard of water inrushes. The main reason is that deep
safe mining under water pressure theory has not yet been estab-
lished nor is the technical system.

2. Water Inrush Prevention Theory of Deep
Mining under Water Pressure

Safe mining under water pressure originally means mining
safely by taking advantage of natural capability of floor aqui-

clude for resisting confined aquifer. Because of its simple
concept and easy application, the water inrush coefficient
method is still widely used in China, and it can be used in
either shallow or deep mining, regardless of the conditions
of aquicludes. According to related research, this method is
only applicable in the condition that the thickness of aqui-
clude is less than 60-80m, and the water pressure is less than
4MPa. In addition, with the great variations in the deep
mining environment, the theory and technology of mining
under water pressure also need to improve.

2.1. Distinguishing Deep and Shallow Mining for Water
Inrush Prediction. According to the current situation of min-
ing, the mining depth in China is set to be 700 to 1500m.
Most of shallow rock masses are in the state of elastic stress,
while at the deep depth, rock masses may show large defor-
mation under high crustal stress and mining disturbance.
Practice shows that the prediction and evaluation theories,
detection method, monitoring tools, and treatment technol-
ogy used for shallow mining are difficult to achieve effective
control of deep water inrush disaster. The risk evaluation
method of water inrush, i.e., water inrush coefficient, based
on thin plate theory [17], may not be valid in the deep depth.
Therefore, the concept of deep mining is proposed from the
perspective of mine water inrush prevention and treatment.
The surface formed by Eq. (1) in space is defined as the
interface between shallow depth and deep depth, with shal-
low depth above it and deep depth below it. Equation (1)
is derived from the formation breakdown pressure in
hydraulic fracturing (e.g., [18]):

P0 = 3σ3 − σ1 − Pp + Rm, ð1Þ

where σ3 and σ1 are the minimum and maximum in situ
stresses, Pp is the water pressure of the Ordovician aquifer,
and Rm is the tensile strength of the rock.

Due to the relief of the vertical stress after mining, the
evaluation criterion by Eq. (1) varies to P0 ≥ σ3 + Rm.
According to water filling characteristics, the treatment to
the floor in deep mining then shifts to large scale grouting
from centralized channel treatment, so that the deep water
inrush prevention and control method of zonal preact grout-
ing are formed.

2.2. Water Inrush Prediction of the Ordovician Limestone in
Shallow Mining. In traditional shallow mining, the thickness
of floor aquiclude is generally within 60~80m, and the con-
fined water pressure is below 3.0~ 4.0MPa. In this condi-
tion, the water inrush coefficient method is suitable for
evaluating the risk of safe mining under water pressure.
According to regulations issued by the Chinese government,
the conditions for normal mining under water pressure are
that the water inrush coefficient for the floor in the area with
geologic structures is generally not greater than 0.06MPa/m
and for the floor in the normal area is not greater than
0.1MPa/m. The water inrush coefficient can be expressed
in the following [2]:

T = P/M, ð2Þ
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where T is the water inrush coefficient, P is the water
pressure, and M is the thickness of the aquicludes.

Based on classical thin plate theory in elastic mechanics,
critical water pressure of water inrush (Figure 2, black line)
can be expressed as

P = 0:0011M2 + 0:0019M + 0:1: ð3Þ

The empirical equation for the critical water pressure of
water inrush (Figure 2, light blue line) obtained from the
measured data can be written in the following:

P = 0:1409e0:0583M: ð4Þ

The water inrush coefficient method is also shown in
Figure 2 (blue line). Compared with these water inrush pre-
diction methods to the actual water inrush statistical data,
each prediction has its limitation. Therefore, a combined
method is needed for a good prediction.

In the working faces at shallow and middepth, the char-
acteristics of water inrush from Figure 2 can be summarized
as follows:

(1) The working faces could be safely extracted under
conditions of confined water pressure less than
2.0MPa and the thickness of the floor aquiclude
more than 35m, or the pressure less than 1.2MPa
and the thickness more than 20m

(2) The most prominent feature is that most floor water
inrushes occur when the thickness of aquiclude is
less than 30m and the confined water pressure is less
than 3.0MPa

(3) The water inrushes in shallow mining are mostly
from the present karst runoff zones or water rich
zones, with abundant and low salinity water mainly
composed of Ca-HCO3 or Ca·Mg-HCO3, and their
channels are mainly concentrated water passage in
large and medium-sized geologic structures such as
paleosinkholes and faults, with huge water quantity

2.3. Water Inrush Characteristics of the Ordovician
Limestone in Deep Mining. With the increase of mining
depth, the water inrush threat of the confined aquifer in
the Ordovician limestone under coal seams becomes
increasingly prominent [19–21]. According to statistics,
since 1995, 13 cases of water inrush incidents (Table 1)
occurred in the Hanxing deep mining area, and they were
all caused by water conducting geologic structures and
mining-induced fractures.

Large numbers of water inrush cases in deep mining
show that there are several characteristics of water inrushes.
Water influx increases gradually while the peak values far
less than those in the shallow mining, the channels of the
influx scattered, and the delayed occurrence of the influx.
The water quality of the influx has high salinity with the cat-
ions mainly Na+ or Na+ and Ca2+. The detailed behaviors of
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the water inrushes in the deep mining are listed in the
following:

(1) Water inrush source. The Ordovician limestone is
the general source, and the water pressure in the
confined aquifer is the driving force. Thin limestones
store and accumulate water from the Ordovician
aquifer and act as a connecting path. The water with
high pressure moves upward from the Ordovician
aquifer through fractures to pass the bottom layer
of the thin limestone and move to upper layer of
the thin limestone till breaking through the coal
seam floor and forming water inrush in the mining
area

(2) Water inrush channels. The dispersed fracturing
zones in the floor, which may connect to the hidden
geologic structures, are the main water-conducting
channels. For instance, on July 25 of 2014, the mine
flooding accident occurred in 2306 working face of
the Wutongzhuang mine. The mining depth reached
700m, the water pressure was as high as 6.5MPa,
and the distance of the mining area to the Ordovi-
cian limestone aquifer was 160m. Water inrush
influx in this accident reached as high as 11264

m3/h. Although the inflow channels were the floor
fractured zones, it connected to the Ordovician lime-
stone by a hidden paleosinkhole

(3) Water inrush intensity. As confined water of the
Ordovician limestone flows to the floor and continu-
ously fractures the floor rocks, the water-conducting
channels increase and more water flows into the
channels, and the water inflow presents a step
growth trend, eventually forms a water inrush disas-
ter. The water influx generally reaches the peak value
through several or even dozens of step growths from
a small to a large value (Figure 4) and then stabilizes
or decreases depending on the water supply situation
of the Ordovician aquifer

(4) Water inrush time. With the initial or periodic
mining-induced pressure caused by the collapses of
the coal seam roof, the floor deformation and heave
appear in the goaf area, and this may cause water
inrush. Due to the delay of the floor fracturing pro-
cess, the water inflow has an obvious delay phenom-
enon [22, 23]

Table 1: Statistics of water inrushes from coal floor in the Hanxing deep mining area.

No. Mine
Occurred time

(year.month.day)
Occurred sites

Influxes
(m3·h-1) Pathway types

1
Wutongzhuang

mine
1995.12.3

Main and auxiliary
shaft connecting

roadway
34000

Shaft submergence caused by the Ordovician limestone
water inrush through water conducting fault

2
Wutongzhuang

mine
2000.5.14

Tunneling of north
main return air

roadway
160.2

Ordovician limestone water outflow from the floor of
fractured zone connected to water conducting

paleosinkhole

3 Xingdong mine 2003.4.12
Tunneling of 2903

working face
7000 Driving outflow from the water conducting paleosinkhole

4
Wutongzhuang

mine
2004.8.10

Mining of 2101 working
face

180
Ordovician limestone water outflow from the floor of
fractured zone connected to water conducting fault

5 Lincheng mine 2006.12.16
Mining of 0915 working

face
4200 Coal mine submergence by small water conducting fault

6 Jiulong mine 2009.1.8
Mining of 15423N

working face
7200

Ordovician limestone water outflow from the floor of
fractured zone connected to paleosinkhole

7 Huangsha mine 2010.1.19
Tunneling of 2124

working face
7200

Ordovician limestone water outflow through small faults
connected to large water conducting fault

8
North well of
Xingdong mine

2010.11.15
Mining of 92081
working face

1500
Ordovician limestone water outflow from the floor of

fractured zone

9 Xingdong mine 2011.4.13
Mining of 2127 working

face
125

Ordovician limestone water outflow from fractured zone
connected by hidden microfaults

10 Huangsha mine 2011.12.11
Mining of 2106 working

face
24000

Ordovician limestone water outflow from the floor of
fractured zone connected to a hidden paleosinkhole

11
Wutongzhuang

mine
2014.7.25

Mining of 2306 working
face

11250
Ordovician limestone water outflow through small faults

connected to a hidden paleosinkhole

12 Jiulong mine 2017.1.17
Mining of 15252N

working face
300

Ordovician limestone water outflow from a hidden
paleosinkhole

13 Xingdong mine 2018.3.5
Mining of 2228 working

face
2649 Ordovician limestone water outflow from a group of faults
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(5) Water inrush source and quality. The water quality
of high mineralized water in the deep Ordovician
limestone is different from that in the normal lime-
stone, the water gradually changes from Na+ or
Na+ and Ca2+ to Ca2+ or Ca2+and Na+ and from
SO4

2-·Cl- or Cl-·SO4
2- to HCO- in the initial stage

of influx (Figure 5)

2.4. Water Inrush Mechanism for Deep Mining. The water
inrush from the Ordovician aquifer can be assumed as a typ-
ical ternary structure model of the Ordovician limestone-
thick aquiclude- (or with thin limestone-) coal seam. Due
to the equilibrium of stresses of the surrounding rocks and
water pressure prior to mining, the confined water in the
aquifer ascends to a certain height inside fissures in the floor
strata and maintains a static state. Once mining starts in the
working face, the vertical stress of the overlying strata is
removed in the mined area, causing the floor strata to be
almost in a state of two-dimensional stresses. Under the high
water pressure, the confined water in the Ordovician lime-
stone seepages, expands, and fractures along fissures in the
floor strata and continuously moves upward. After the water
intruding into the first layer of thin limestone, the thin lime-
stone is filled by the Ordovician limestone water (Figure 6).
The water continues to flow up to the second and then the
third layer of thin limestone, till it reaches the mining dis-
turbed zone and failure zone of the coal seam floor and
forms water inrush in the mining area (Figure 6).

The water inrush coefficient expressed in Eq. (2) and
other equations such as Eqs. (3) and (4) presented in
Figure 2 can be applied to estimate water inrush potentials.
However, the water inrushes and the coal seam floor failures
in deep mining have different behaviors from the shallow
mining. Therefore, only using Eqs. (2)–(4) are not sufficient,
and different prevention models are needed to be consid-
ered, as described in the following sections. In addition,
numerical analyses need to be applied to analyze rock fail-
ures and water inrush possibilities based on the water inrush
mechanism shown in Figure 6.

2.5. The Method of Risk Evaluation in Deep Mining under
Water Pressure. Safe mining under water pressure refers to
coal mining over aquifers with confined water pressure.
Generally speaking, it refers to the mining to achieve the
safety goal under natural conditions, i.e., only using the floor
aquiclude to resist the aquifer water pressure rather than
taking prevention measures to decrease water level by drain-
age and pressure reduction or local grouting reinforcement.
At present, most of coal mines in North China coalfields
adopt this method but taking appropriate measures. In deep
mining, this method is no longer applicable.

Water inrush from the floor can be divided into two
basic mechanisms [24, 25]: microfracturing of thick plate
and failure of thin plate (key layer). The thin plate criterion
is the ultimate bending moment theory:Mp ≥Ms (Mp stands
for actual bending moment, and Ms stands for critical bend-
ing moment). The microfracturing of thick plate criterion is
a mechanical criterion: P0 > 3σ3 − σ1 − Pp + Rm (similar to
Eq. (1)). According to water inrush mechanism and the sta-
tistical data of water inrush cases, the water inrush coeffi-
cient method is suitable for the thin plate theory. For the
typical ternary structure model of the Ordovician
limestone-thick aquiclude coal seam, the thickness of aqui-
clude is far more than 80m, and water coefficient is no lon-
ger suitable for the risk evaluation of this rock structure
model. For thick and ultra-thick aquicludes, theoretically,
the holistic breaking the thick plate is impossible to occur.
Under the presumption of no straight through structural
channel exists, the only way that the Ordovician limestone
water can transfer upwards is to ascend through fissured
water-conducting fractures. Therefore, P0 > 3σ3 − σ1 − Pp +
Rm can be used to evaluate the water inrush risk of deep
Ordovician limestone and thin limestones under the coal
floor.

2.6. Prevention Models of Safe Mining under Water Pressure.
According to the thickness of aquiclude (M), the failure
depth of floor (hd), height of the water conducting zone
from the Ordovician limestone (hr), and water inrush
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coefficient (T), five categories for the floor aquiclude are
classified [26, 27]. They are ultra-thin, thin, medium thick,
thick, and ultra-thick aquiclude formations, and five preven-
tion models of safe mining under water pressure are pro-
posed correspondingly (Figure 6).

(1) While 0<M ≤ hd + hr < 30m and T > 0, the aqui-
clude is classified as the ultra-thin aquiclude. For this
category, as long as mining is under pressure, that is,
confined water pressure exists, and water inrush
from floor will happen

For this case, grouting should be carried out in the Ordo-
vician limestone aquifer, and the grouting rock selection
should mainly meet the condition of T ≤ 0:1MPa/m and
taking into account the water rich property of the Ordovi-
cian limestone.

(2) While hd + hr <M ≤ 80m, and T > 0:06MPa/m, it is
a thin aquiclude case. According to thin plate theory
and statistics of water inrush cases, when the thick-
ness of aquiclude is within 60-80m, the water inrush
coefficient method is suitable for the risk assessment

of water inrushes, and the thickness of aquiclude of
80m is the critical value. In this category, water
inrush risk is high

In this category, grouting at the top of the Ordovician
limestone aquifer as well as grouting reinforcement in the
floor aquiclude should be carried out. The grouting rock
layer selection should mainly meet the condition of T ≤ 0:1
MPa/m and also need to consider the water rich property
of the Ordovician limestone. The reinforcement of the floor
should be selected in the rocks below the floor failure zone.

(3) While hd + hr <M ≤ 80m, and T ≤ 0:06MPa/m, it is
the medium thick aquiclude. In this category, risk of
water inrushes is low

In this model, the grouting reinforcement of the floor
aquiclude should be adopted, and the grouting layer should
be selected in the rocks below the floor failure zone.

(4) While 80m <Mðhd + hr <MÞ, and T > 0:1MPa/m,
it is classified as thick aquiclude. In this category,
although the water inrush risk is relatively high, the
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Figure 6: Mechanism of water inrush from the Ordovician limestone and thin limestones in deep mining.
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actual possibility of water inrushes is not high, unless
large geologic structures exist in the floor

In this case, the key method to prevent water inrushes is
to explore and prevent large and medium-sized geologic
structures.

(5) While 80m <M ðhd + hr <MÞ and T ≤ 0:1MPa/m,
it is the ultra-thick aquiclude. In this category, the
risk of water inrushes and the actual probability of
water inrushes are very low, unless large geologic
structures exist in the floor

In this case, the key method to prevent water inrushes is
also to explore and prevent large and medium-sized geologic
structures.

3. A Case Study in the Wutongzhuang
Coal Mine

3.1. General Situation. The Wutongzhuang coal mine is
located in the southern Fengfeng coalfield, and the studied
area is No. 6 Panel of mining area located in the south wing
of the mine field, which includes working faces of No. 2601,
No. 2602, No. 2603, and No. 2604, while No. 2602 working
face is the first one with a strike length of 834m and dip
length of 256m. The elevation of coal seam floor is
-704.3m~ -775.5m, and the buried depth is about 900m.
The coal seam, which has a thickness of 3.7m, is monoclinic
structure, and its inclination is 8° ~20° with an average of 14°.
Normal faults are relatively developed inside the working
face, and 5 faults in total are found in the transport roadway
and cut-out roadway, with fault displacement of H = 0:7 ~
4:2m. Comprehensive mechanized full height mining tech-
nology is adopted.

The strata in the Fenfeng coalfield are formations in ages
of (from old to new) the Paleozoic Cambrian, the Ordovi-
cian (water rich confined aquifer), the Carboniferous-
Permian (coal measures), the Jurassic, the Paleogene, and
the Neogene.

3.2. Treatment Method of Safe Mining of Deep Coal Seam
under Water Pressure. On July 25 of 2014, a water inrush
accident occurred in No. 2306 working face of the Wutongz-
huang mine, and the peak value of water influx reached
11264 m3/h. Before coal extraction, a large number of dril-
ling exploration and grouting projects were implemented
using the shallow underground floor reinforcement technol-
ogy [28]. The grouting boreholes almost overlaid the whole
working face floor. The high density of boreholes and scale
of the project was never seen before in the similar situations,
but water inrush accident still could not be prevented.

The cause analysis of this accident shows that the water
inrush channel was a deep buried paleosinkhole, while the
top of the paleosinkhole was more than 100 meters away
from the coal seam, and the existing treatment method
applied in the shallow mining case is invalid for this case.
At that time, the zonal preact grouting method had just been
applied to the deep mining with some successful cases

achieved. This method had been introduced to complete
the No. 6 and No. 8 panel mining area successively. In the
treated working faces, the underground exploration of the
Yeqing and Shanfuqing limestones was carried out. The
results show that there were still many boreholes with large
amount of water outflow after coal mining; therefore, the
goal of cutting off the hydraulic connection between the
Ordovician limestone and thin limestones had not been fully
realized. This indicates that the zonal preact grouting
method still has some defects.

Therefore, the grouting method in the studied area was
to be improved, and the supplementary project was
designed. Firstly, the grouting in the Ordovician limestone
was changed from single-layer to double-layer grouting,
and then grouting in two thin layers of limestone is added.
Secondly, different directional drillings for grouting bore-
holes were designed in different grouting layers, so that an
exploration and prevention mode of multilevel three-
dimensional networks was formed. This greatly improved
the accuracy of exploration and made pale-sinkholes or large
and medium-sized faults under control, so that the risk of
flooding could be eliminated (Figure 7).

After the completion of the project, verification of geo-
physical and drilling explorations was carried out again,
and numbers of boreholes with water inflow were signifi-
cantly reduced. In a small number of abnormal boreholes,
grouting was supplemented until the abnormality was elim-
inated. Thus, the deep safe mining with water pressure was
realized.

3.3. Technology of Deep Safe Mining under Water Pressure.
Water inrush prevention technology in deep mining has
been formed based on the successful experience of the
Wutongzhuang coal mine and is widely applied in the Yang-
dong, Jiulong, and Xingdong coal mines, where good results
are achieved.

This technology presents an idea of comprehensive
water inrush prevention for the aquifers of Ordovician lime-
stone and thin limestones in time and space domains. In the
full time domain, this technology integrates all aspects of
technical operations and quality control, from evaluation
of water inrush, prediction, coal floor exploration, grouting
treatment, grouting inspection, to operation monitoring,
and quality guarantee. This technology also has the three-
dimensional water inrush prevention system of construc-
tion, including surface and underground, multilayer and
multilevel network treatment, and double target layer
inspection in a full space domain (Figure 3).

3.4. Applications in the Wutongzhuang Coal Mine

3.4.1. Assessments of Hydrogeological Conditions. The chem-
ical composition, structures, lithologic combination, and
fractures in the Ordovician limestone control its water bear-
ing characteristics. Vertically, the Ordovician limestone can
be divided into three formations and eight intervals. Among
them, the third formation is located at the top, and its thick-
ness is 103m with relatively shallow burial and rich water
content. After further exploration and evaluation, the layers
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of 40-60m and 20-30m below the top surface of the Ordo-
vician limestone contain abundant water, and they are the
ideal layers for grouting.

The thin limestone aquifers are heterogeneous, their
thicknesses gradually increase from the top to the bottom,
and the average thicknesses of the Yeqing, Shanfuqing, and
Daqing limestones are 2.5m (with the maximum of 5.4m),
5.5m, and 5-6m (with the maximum of 10m), respectively.
After evaluation, these three aquifers can all be used as dril-
ling and grouting target layers. And the Yeqing and Shan-
fuqing can be used as ideal layers for underground
verification of the grouting results and supplementary
grouting.

3.4.2. Comprehensive Exploration and Treatment in Three-
Dimensional Network

(1) The Preact Grouting of Layer from 40M to 60M below
the Top Surface of the Ordovician Limestone. According to

the design, zonal preact borehole grouting was carried out
in No. 6 panel, including totally 2 main boreholes and 25
horizontal branch boreholes in the Ordovician limestone
(Figure 8), and the branch boreholes were planned and
drilled in a fish bone shape (the coss-section is as shown in
Figure 7), with a borehole spacing of 50-60m. A total of dril-
ling distances of the boreholes was 21437m, which borehole
leakage occurred 24 times, with a total of 34845 tons of
cement slurry injected. After zonal treatment, karst fissures
at the top of the Ordovician limestone aquifer in No. 6 panel
were effectively sealed.

(2) Grouting Treatment and Verification in the Yeqing and
Shanfu Limestones. Geophysical methods were used to
detect No. 2602 working face. According to the detection
results, 17 verification holes were designed with a total dril-
ling length of 2337m (the coss-section is illustrated in
Figure 7). However, due to the large amount of water
influxes from many boreholes with high water pressure

 

Determine the target layers of exploration treatment

Underground exploration and
grouting

+
Ordovician limestone second
target layer or thin limestone

zonal pre-act grouting

Horizontal Vertical

Design scheme

Normal

Study on the top surface three zones of
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Study on run off condition of
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treatment in multiple mining areas

Conventional drilling exploration and verification
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Geophysical prospecting and drilling
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Mining under pressure Monitoring and early warning
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Figure 7: Workflow chart of multilevel and three-dimensional regional treatment mode of water inrush from coal floor in deep mining.
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and high water temperature during drilling, additional veri-
fication boreholes had to be continuously added. Eventually,
106 boreholes were drilled with a total drilling length of
12671m and 998.77 tons of cement slurry injected.

The effect of underground verification project was
reexamined. In the original design and construction, 70
boreholes were designed to drill through the Yeqing and
end in the Shanfuqing limestone. While the aquifers were
exposed, most of the boreholes had abnormal water
influxes and abnormal temperature, and water sampling
in these boreholes showed that these aquifers exhibited
water characteristics of the Ordovician limestone. This
indicates that the Yeqing and Shanfuqing aquifers were
connected to the Ordovician aquifer. When the drilling
went through the Yeqing limestone, 57 out of 70 boreholes
had water influxes. 15 boreholes had water influxes over
10m3/h, and 3 boreholes had water influxes over 60
m3/h. The highest water temperature was 45.7°C, and the
water pressure was close to the highest level of the Yeqing
aquifer. After drilling to the Shanfuqing limestone, 67 out
of 70 boreholes had water influxes, 28 boreholes had water
inflow over 10m3/h, and 6 boreholes had water inflow
over 60 m3/h. The highest water temperature was 45.9°C,
and the water pressure was close to the highest level of
the Shanfuqing aquifer.

Comprehensive analysis of the hydrological data of the
verification holes and the water discharge test data were con-
ducted. It shows that the Shanfuqing aquifer still received
water recharge from the Ordovician limestone, and the ver-
tical recharge of the Ordovician limestone aquifer has not
been completely cut off by the treatment project. Hence, it
is necessary to further supplement the treatment project.

(3) The Supplemental Grouting to Seal the Top of the Ordovi-
cian Limestone and the Daqing and Shanfuqing Thin Lime-
stones. Based on the above grouting treatment, an
optimized design for supplemental grouting was given. The
layer of 20-30m below the top of the Ordovician limestone
was designed to grout and to cross with the existing grouting
layer, i.e., 40-60m below the top of the Ordovician lime-
stone. And the horizontal branch boreholes in the Daqing
and Shanfuqing were designed in a belt-shaped arrange-
ment, forming three-dimensional grouting networks for
intensive exploration and treatment. A total of 6 main bore-
holes and 21 branch boreholes were constructed in the sup-
plementary project, including 16 branch boreholes in the
Ordovician limestone, 1 branch borehole in the Daqing
limestone, and 4 branch boreholes in the Shanfuqing lime-
stone (Figure 8). A total of 23000.9m of drilling work were
completed, 7066.5 tons of cement injected, and 20 times of
borehole leakage occurred. The grouting volume at the
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largest leakage point was 1126 tons, and the grouting volume
at the other leakage points was less than 1000 tons.

3.4.3. Tests and Assessments of the Treatment Effectiveness

(1) Assessment of the Thin Limestones. Before the treatment,
the number of boreholes with water influxes accounted for
a large proportion: 69.8% of the total 106 boreholes in the
Yeqing, 92.4% in the Shanfuqing, and 100% in the Daqing.
After the treatment, it was verified that the number of
boreholes with water influxes was very small, the water
volume was less than 10 m3/h, the fissures in the thin
limestones were filled, and the hydraulic connection was
effectively cut off.

(2) Drilling Verification and Assessment of the Geophysical
Abnormal Areas. After the completion of the regional grout-
ing treatment project, 8 abnormal areas with low resistivity
delineated by the geophysical method were eliminated,
which were verified by underground drilling. Before mining,
the water discharge test was carried out in the Yeqing thin
limestone and proved that hydraulic connection between
thin limestone aquifers was effectively controlled.

(3) The Integrity and Stability of Aquiclude under the Work-
ing Face Floor. The distance from coal seam No. 2 to the
Yeqing, Shanfuqing, and Daqing limestones and the Ordovi-
cian limestone is 37-42m, 71-76m, 107m, and 148m,
respectively. The rock types in the floor strata of the aqui-
clude are medium fine sandstone, siltstone, shale and mud-
stone, containing both good plasticity and resistance to
seepage of soft rock and good resistance to deformation of
the stiff rock. The aquiclude has good stratum integrity in
its original state. Through grouting reinforcement, rock
strength and stability of the aquifers are also improved.

During tunneling in the working face, a total of 5 faults
were exposed, which were all normal faults with displace-
ments of 0.7 to 4.2m. These faults were all exposed and
treated by 7-9 verification holes, and the water resistance
of the fault zones was strengthened.

(4) The Risk Assessment of Water Inrush. The water inrush
risk of mining under pressure in coal seam No.2 can be
assessed by the water inrush coefficient in Eq. (2) according
to the national regulations.

After zonal grouting, 60m rocks in the top of the Ordo-
vician limestone could be considered as the aquiclude as
analyzed above. Therefore, water inrush coefficient was
changed from 0.072MPa/m to 0.0536MPa/m, less than the
critical value of 0.1MPa/m required by the regulations.
Hence, the coal mining operations were allowed.

(5) Working Face Water Inflow Prediction. During the
extraction of No. 2602 working face, water from sandstone
aquifers above coal seam No. 2 and from thin limestone
aquifers under coal seam No.2 may enter the goafs of the
working face. Using the analogy method and hydrogeologi-

cal analysis method, the normal water inflow from the roof
rocks is 26.5m3/h, and water inflow from the Yeqing and
Shanfuqing limestones is 60 m3/h and 35 m3/h, respectively.
The total of inflow is estimated 121.5m3/h with a maximum
of 240 m3/h, which belongs to normal water inflow and
safely handled by mining operations.

(6) Dewatering Capacity of the Working Face in the No. 6
Panel. There are three dewatering systems in total in the
No. 6 panel of the mining area, through examination and
verification, and the maximum drainage capacity of system
is 600 m3/h, which is 2.5 times of the maximum water inflow
estimated in the above section. The dewatering capacity fully
satisfies the requirements.

3.4.4. Monitoring Methods for Safe Coal Extraction

(1) Using the thin limestone aquifers as monitoring
indicators, three observation points of boreholes,
three long-term observation holes, and dewatering
system monitoring points were equipped in upper
and lower roadways, respectively, forming a dynamic
hydrogeological monitoring system. Monitoring
results show that no abnormality occurred during
the extraction

(2) 12 monitoring points of microseismic monitoring
system and two monitoring substations were
installed in upper and lower roadways and cut-out
roadway in the working face. During extraction,
two abnormalities occurred but were not hydrogeo-
logical abnormalities

(3) In the process of extraction, the existing mining
pressure monitoring system was used to intently
monitor the variation of water inflow during the first
and periodic abutment pressures and the time when
the length and width of mining face are approxi-
mately equal, as a supplemental system to monitor
the water inflow from the floor strata

4. Conclusion

Through theoretical study on water inrush mechanisms and
prevention methods and a systematic case study, the follow-
ing conclusions are drawn for deep mining under water
pressure:

(1) There are multidimensional characteristics of water
inrushes from the coal floor in deep mining, includ-
ing the water migration upwardly driven by the
Ordovician confined water, the planar dispersion of
the water inrush channel, the stepped increase of
the water inrush inflow, the hysteretic flow of the
water inrush time, and the exchange and adsorption
of the water quality

(2) The water inrush mechanism is clarified that the per-
meability, dilatancy, fracturing, and ascending of the
water from the Ordovician limestone aquifer form a
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planar and divergent flow by the transfer, storage,
and transportation of thin limestone aquifers. The
corresponding water inrush risk evaluation method
is proposed

(3) Based on the thickness of the aquiclude, the failure
depth of the floor and the Ordovician limestone
water conducted zone height, and the water inrush
coefficient, the floor aquiclude is classified into five
categories: ultra-thin, thin, medium thick, thick,
and ultra-thick aquiclude formations. Five preven-
tion models of safe mining under water pressure
are proposed correspondingly

(4) The water disaster prevention method with full time-
space tridimensional network in deep coal mining is
established. Case study shows that water inrush pre-
vention technologies, including underground large-
area grouting and four-dimensional time-space com-
prehensive water disaster control, can achieve an
excellent result
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This study is aimed at better understanding the deformation and failure mechanism of surrounding rock during excavation
unloading of a high-stress rock mass and determining the reasonable reinforcement time for the surrounding rock. To
fulfill this aim, true triaxial tests were carried out on different loading and unloading paths during the unilateral unloading
of a high-stress rock mass. The variational condition for minimization of plastic complementary energy is obtained, the
optimal reinforcement time is determined, and the range of the plastic zone in the surrounding rock reinforced by anchor
mesh-cable-grouting is compared and analyzed. The results are as follows: (1) Based on the Mohr-Coulomb yield criterion
and the deformation reinforcement theory of surrounding rock, the stable state with the minimum reinforcement force is
obtained. (2) After the true triaxial tests on the unilateral unloading of the third principal stress were carried out under
different confining pressures, loading continued to be performed. Compared with rock failure without confining pressure, in the
conventional uniaxial compression test, the failure of samples is dominated by composite splitting-shear failure; the unilateral
unloading stress-concentration failure is a progressive failure process of splitting into plates followed by cutting into blocks and
then the ejection of blocks and pieces. (3) The relationship between the time steps of the surrounding rock stability and the
excavation distance is obtained. The supporting time can be divided into four stages: presupport stage, bolt reinforcement stage,
anchor cable reinforcement stage, and grouting reinforcement stage. (4) In the range of within 5m behind the tunneling face,
the plastic zone of the surrounding rock with support is reduced by 7m as compared with that with no support. In the range of
over 5m behind the tunneling face, the plastic zone of the roadway floor with support is reduced by 2.6m as compared with
that without support, and the deformation is reduced by 90%. These results can serve as a reference for controlling the behavior
of surrounding rock during excavation unloading of high-stress rock masses.

1. Introduction

After roadway/tunnel excavation, the surrounding rock
suffers deformation, thus resulting in stress redistribution.
In the process of constant stress adjustment, the internal
structure of the rock mass changes. With time, the stress
in the surrounding rock near the excavated rock mass reaches
its critical failure strength, and overall failure occurs [1, 2].
Therefore, understanding the failure characteristics and
determining the rational supporting time of surrounding

rock near the excavated rock mass can help effectively control
the deformation of surrounding rock [3–5].

There have been many studies on the stability of sur-
rounding rock of underground roadways from the perspec-
tives of stress, deformation, energy, etc. using various
research methods [6–8]. Wu et al. [9] adopted a variety of
research techniques to analyze the zonal deformation and
failure characteristics and stress distribution characteristics
of the roof, floor, two sides, and four corners of a tilted
stratum roadway. Besides, the stability control technology
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for controlling the nonhomogeneous deformation of the
tilted stratum roadway was proposed with engineering ver-
ification. Zhang and Han [10] analyzed the magnitude,
direction change, and distribution characteristics of crustal
stress in mines based on the measured crustal stress data
in the mining areas and studied the influence of crustal
stress on roadway stability; they provided a reliable basis
for the design of a reasonable support structure for road-
ways. Gou et al. [11] investigated the effect of horizontal
tectonic stress on the stability of surrounding rock of a
roadway by numerical simulation and showed that with
an increase in the horizontal stress, the horizontal stress
transfers to the deeper parts of the roadway roof and floor;
this causes floor heave and fold failure of the roadway and
shear deformation and wedge caving of the roof, with
deformation and failure of the roof and floor being greater
than that of the two sides of the roadway. Li et al. [12]
mainly analyzed the stress distribution, deformation, and
failure mechanism of surrounding rock in deep parts by
using the elastic-brittle constitutive model and sliding failure
theory. Yang et al. [13] showed that the rotation angle of the
main roof was the main factor leading to roof deformation;
the roof convergence could not be reduced by strengthening
the roadway support, and the roof convergence, as well as the
fracture direction, could be effectively controlled by increas-
ing the roof cutting height and angle. Yao [14] is of the opin-
ion that the surrounding rock support of a roadway is closely
related to the initial stress, excavation mode and progress,
surrounding rock grade, etc. Han et al. [15] studied the stress
characteristics of rock strata experiencing roof cutting and
pressure relief and determined the key parameters of roof
cutting height, roof cutting angle, and hole spacing based
on the theoretical analysis method of mine ground pressure.
They showed that the roof cutting could significantly reduce
roadway stress and deformation and improve roadway
support and production efficiency. Xu et al. [16, 17] con-
ducted true triaxial tests to study the damage and fracture
characteristics of marble under excavation unloading of a
high-stress rock mass; they showed that for the excavation
unloading surface, the main failure surface is near the free
surface as the stress decreases. Dong et al. [18] studied
the mechanical characteristics and failure mechanism of
surrounding rock during excavation unloading of a deep
circular roadway and established the strength criterion and
a tension-compression damage model for dynamic unload-
ing to obtain the failure characteristics of the excavation
unloading surface. These scholars evaluated the failure char-
acteristics, overall stability, and reasonable support structure
of surrounding rock after excavation unloading of roadways
from various perspectives; however, they did not propose a
reasonable supporting time or specific measures according
to the actual situation.

Based on the failure mechanism of the surrounding
rock of roadways during excavation unloading, many
scholars have put forward reasonable supporting times
and supporting modes [19–21]. Su et al. [22] determined
the primary support timing through the evolution of safety
factors during tunnel excavation. Zhou et al. [23] analyzed
the changes of stress in the plastic zone, displacement of

the tunnel wall, and support pressure in the tunnel support-
ing process and proposed a reasonable supporting time for
staged tunnel supporting. Sun and Zhang [24] put forward
the layer model, obtaining the deformation process and sup-
porting characteristics of the surrounding rock, and studied
the synergistic supporting mechanism of the composite
supporting layer. Yu [25] studied the space-time evolution
of surrounding rock deformation under the disturbance of
tunnel excavation and established a three-dimensional
mechanical model to study the interaction between tunnel
structure and surrounding rock. He also analyzed the sup-
porting effects of various supporting structures and obtained
the mechanical characteristics and practicability of compos-
ite supporting structures. Dong [26] and Hou et al. [27]
mainly summarized three supporting technologies in terms
of control technologies: the combined supporting technol-
ogy with anchor bolt (cable) as the main part supple-
mented by other technologies, the integrated supporting
technology with the integration of anchor bolt, and the
combined technology with supports. However, they only
analyzed the supporting effect from one aspect or through
multiple ways and adopted a single or multiple supporting
means for combined support; they, however, did not propose
a reasonable supporting time and appropriate supporting
mode from the optimal supporting time in different stages
of surrounding rock of roadways under excavation unload-
ing. Therefore, building on many previous studies, the
reasonable supporting time and stability were explored in
this study.

In this study, based on the Mohr-Coulomb yield crite-
rion and the minimum plastic complementary energy, the
failure and reinforcement time of surrounding rock were
analyzed. True triaxial tests on different loading and unload-
ing paths were conducted to investigate the stress failure
characteristics of a rock mass during excavation unloading.
Through 3DEC numerical simulation, the optimum support-
ing time for surrounding rock during excavation unloading
at different stages was determined, and on-site verification
was conducted.

2. Theoretical Analysis on Surrounding Rock
Reinforcement during Excavation Unloading

2.1. Mohr-Coulomb Yield Criterion. According to the method
of calculating the safety coefficient of points in surrounding
rock based on the Mohr-Coulomb theory, the Mohr-
Coulomb yield function is expressed by the principal stress
as follows:

f σ1, σ2, σ3ð Þ = 1
2

σ1‐σ2ð Þ‐ 12 σ1 + σ3ð Þ sin φ‐c cos φ, ð1Þ

where σ1, σ2, σ3 denote the first, second, and third principal
stresses, respectively; φ denotes internal friction angle; and
c denotes cohesion.

With the elastic theory as the basis, it is considered that
yield occurs when the stress value meets certain conditions;
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to represent the safety degree of a rock mass, engineering
researchers propose the concept of the safety coefficient [22]:

F =
H χð Þ
f σð Þ , ð2Þ

where H denotes material parameter, which is the function
of the internal variable χ of scalar, and F denotes the safety
coefficient; F > 1 indicates no yield inside the yield surface,
F = 1 indicates a critical state on the yield surface, and F <
1 indicates shear failure outside the yield surface.

According to the Mohr-Coulomb yield criterion, the
distance between the stress state at any point in the rock
mass and the strength envelope curve is determined (shown
in Figure 1).

If the strength envelope curve is translated downward,
that is, corresponding to the reserve safety margin, then
the safety coefficient based on the Mohr-Coulomb yield cri-
terion is

F = ∣AC ∣
∣AB ∣

=
∣AD ∣ cos φ

∣AB ∣
=
c cos φ + σ1 + σ3ð Þ/2ð Þ sin φ

σ1 − σ3ð Þ/2 :

ð3Þ

2.2. Deformation Reinforcement Theory of Surrounding Rock.
It is supposed that for the action on an elastic-plastic struc-
ture, the body force is f = f i, the stress boundary is Sσ, and
the boundary condition is T = TI = σijnj. Then, regarding
any given virtual displacement δu = δui, the corresponding
virtual strain is δεij. Based on the virtual displacement prin-
ciple, the following can be obtained:

ð
V
δεijσ

1
ijdV =

ð
V
δui f idV +

ð
Sσ

δuiTidS: ð4Þ

Considering any coordinated equilibrium stress field σ1
and coordinated stable stress field σ, the difference between
them is the plastic stress increment field Δσp:

Δσp = σ1 − σ: ð5Þ

Substitute Equation (5) into Equation (4), and through
the transposition of terms, the following can be obtained:

ð
V
δεijσijdV =

ð
V
δui f idV +

ð
Sσ

δuiTidS −
ð
V
δεijΔσ

p
ijdV ,

ð6Þ

Δεp = Δλ
∂f
∂σ

, ð7Þ

Δεp = C : Δσp = C : σ1 − σð Þ: ð8Þ

By substituting Equation (8) into Equation (7) and
noting that σ is on the yield plane, the final stress state
σ can be determined, that is,

C : σ1 − σð Þ = Δλ
∂f
∂σ

, f σð Þ = 0: ð9Þ

Due to the deformation compatibility characteristic of σ1,
it actually represents a certain deformation state. Therefore,
Equation (6) can also be expressed as follows: an unstable
deformation state can be stabilized by applying reinforce-
ment force. There are many such reinforcement schemes.
The stable stress field σ in accordance with the plastic
constitutive equation (orthogonal flow rule and consistency
condition) is determined as follows: everywhere within V0,
σ1 = σ, and σ is determined by using Equation (9) in each
point within V1. It is clear that the stable stress field σ deter-
mined in this way is the stress field closest to the stress field
σ1 in the set S, i.e., L or ΔE is the minimum.

Thus, an important conclusion can be drawn as follows:
for a specific rock mass with an unstable deformation struc-
ture, the plastic constitutive relation makes the structure
approach the nearest stable state, or the plastic constitutive
relation makes the structure approach the stable state requir-
ing the minimum reinforcement force. The variational con-
dition for minimizing the plastic complementary energy is

δ ΔEð Þ = 0, δ2 ΔEð Þ > 0: ð10Þ

For a specific rock mass with unstable deformation
structure, it indicates δσ1 ≡ 0. Due to the positive definite-
ness of C, the second-order variation of the plastic comple-
mentary energy is constantly positive:

δ2 ΔEð Þ =
ð
V
δσ : C : δσdC > 0: ð11Þ

Thus, the following can be obtained:

δ ΔEð Þ = −
ð
V
δσ : C : σ1 − σð ÞdV = −

ð
V
δσ

: ΔεpdV = 0: ð12Þ

C

c

o A

D

𝜏

𝜎3
𝜎

𝜎1
𝜑

𝜑

Figure 1: Calculation diagram for the safety coefficient of points
based on Mohr-Coulomb theory.
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3. Test Analysis of a High-Stress Rock
Mass during Excavation Unloading

Rock masses usually exist in a certain stress environment,
and they are in a three-dimensional stress equilibrium state
before excavation. In both TMB excavation and borehole-
blasting excavation, the original balance is broken, forming
a free surface on the rock mass, and the stress state trans-
forms from the original three-dimensional six-sided stress
into a three-dimensional five-sided stress, leading to the
redistribution of stress in the surrounding rock. Stress
concentration occurs in the surrounding rock near the free
surface. When the secondary stress exceeds the bearing limit
of the surrounding rock, the rock mass suffers failure.
Therefore, the use of a unilateral unloading and loading
method can more truly reflect the failure state of surround-
ing rock in practical engineering.

3.1. Test Equipment. The true triaxial disturbance unloading
rock test system used in this study (see Figure 2) can expose
a surface of the sample to simulate the phenomenon of a free
surface occurring after excavation in underground engineer-
ing; this is achieved through an independent loading in three
mutually vertical directions and sudden unloading in a
single surface in the horizontal direction. In the vertical
direction (Z) of the system, the maximum load of the load-
ing cylinder is 5000 kN; the disturbance cylinder is installed
on the lower beam of the vertical loading frame, with a max-
imum dynamic load of 500 kN; the maximum loads of the
two loading cylinders in the horizontal direction (X, Y) are
both 3000 kN; one of the cylinders is a dynamic cylinder,
which is used for quick unloading; the loading and unload-
ing are controlled by a fully digital servo controller, which
provides the necessary means for determining the stress state
of the rock mass when it suffers failure.

3.2. Test Scheme. This test mainly simulates the stress-
concentration failure test of unilateral unloading under a true
triaxial, three-dimensional, and hexahedral stress state. A
cuboid marble with good integrity and uniformity was used
as the rock sample; it had an initial density of 2758 kg/m3, a
water content of 0.02%, and a size of 100mm × 100mm ×
200mm.

3.2.1. Conventional Uniaxial Compression Test. To obtain
the conventional compressive strength, deformation param-
eters, and failure characteristics of the marble, and to serve
as a reference for the unilateral unloading and loading tests
under true triaxial, three-dimensional, and hexahedral stress
states, the confining pressure of sample #1 was designed to
be zero in this test (see Table 1). To better observe the vari-
ation in the postpeak curve, the deformation mode was used
for loading in the test (see Figure 3(a)), with a loading rate of
0.05mm/min and σ as the stress.

3.2.2. Unilateral Unloading Stress-Concentration Failure
Test. When simulating deep tunnel excavation, the sur-
rounding rock that is originally in the three-dimensional
stress state develops a free surface, and the mutual extrusion
of the surrounding rock in the tangential direction inten-

sifies the failure caused by stress concentration. The samples
used in this test are numbered from #2 to #5, and the loading
was controlled by loading at a loading rate of 0.5MPa/s. The
stress loading path during the test is shown in Figure 3(b).
First, in the X, Y , and Z directions, the load is applied at
0.5MPa/s to the set initial stress level (see Table 1). After
reaching the initial stress level, the stress remains unchanged
in the Y and Z directions, and transient unloading was per-
formed on a surface in the X direction at a speed of 50mm/s
(see Figure 4(b)). Then, loading was performed in the Z
direction at a speed of 0.5MPa/s until failure.

3.3. Stress-Strain Curve. The stress-strain curve for the true
triaxial third principal stress with different confining pres-
sures continuing to be loaded after unilateral unloading is
shown in Figure 5. Compared with rock sample #1 without
confining pressure failure, the stress-strain curve of the
stress-concentration type has the following characteristics:
in the case without confining pressure, the peak value is
88MPa, and with the confining pressure increasing, the
peak points increase to 151MPa, 162MPa, 200MPa, and
264MPa, respectively. The prepeak curve also shows notable
yield points. With the increase in the confining pressure, the
yield point and the peak point increase, and the slope of the
curve between the yield point and the peak point is moderate.
The corresponding failure phenomenon is the splitting
failure in the free surface and the potential shear failure in

Figure 2: True triaxial disturbance unloading rock test system
(Figure 2 is reproduced from Xu et al. [28]).

Table 1: Initial stress values.

Sample number σ1 σ2 σ3
#1 0 0 0

#2 50 5 2.5

#3 50 10 5.0

#4 50 20 10.0

#5 50 30 20.0
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the rock mass. The axial strain before the peak is larger than
that after the peak, and the postpeak stress after the peak
shows a brittle drop. The postpeak stress-strain curve is rela-
tively steep and inclined. When the confining pressure is
30MPa and 20MPa, the postpeak curve is the steepest and
the postpeak strain is the smallest. This shows that with an
increase in the confining pressure, the failure changes from
composite tensile-shear failure to splitting failure; with an
increase in the confining pressure, the failure of the samples
is the most severe, and the intensity of the rock burst is
greater.

3.4. Failure Characteristic Analysis

3.4.1. Conventional Uniaxial Compression Test. In conven-
tional uniaxial compression tests, the macroscopic failure
type of marble samples is mainly a composite splitting-
shear failure (as shown in Figure 6). Because marble is a hard
rock and has a relatively high brittleness coefficient, under
the condition of no confining pressure, the lenticular angle
of the cubic sample experiences a boundary constraint effect.
In the failure process, there is a splitting failure surface at the
upper part of the rock samples, which is almost parallel to
the first principal stress surface. After failure, a peeling sur-
face forms on the rock sample. There is a master shearing
surface at the lower part of the rock sample, on which there
is a large quantity of scratches and small fragments and
powders of the rock sample. This is due to the secondary
shear failure caused by stress concentration at resistance to
load in the process of shear slip.

3.4.2. Unilateral Unloading Stress-Concentration Failure.
After the rock sample is maintained for a certain period
of time from triaxial compression to the initial state, rapid
unloading is performed on the unilateral third principal
stress, and the rock sample is in the stage of microcrack
development. The number of microcracks increases, but
no macroscopic cracks occur on any of the rock samples.
Afterward, loading continues to be performed on σ1; when
it is loaded to 70% of the failure peak, after plate crack
and ejection occurs on the #2~#5 rock samples, plate fail-
ure occurs on the free surface, with the generation of fine
white rock powder. Two larger shear oblique cracks
appear inside the rock mass, and a large amount of fine
white rock powder appears in the cracks. With the
increase in the axial stress, the plate crack width increases,
and the rock sample reaches the final failure mode (see
Figure 7). The slabby splitting of the rock mass is domi-
nated by a tensile fracture, with a local shear stress. It is
a progressive failure process of splitting into plates, followed
by cutting into blocks, and then the ejection of blocks and
pieces. This indicates that in the unilateral unloading process
of σ3 and σ2 restricts the lateral expansion of the rock
samples under the action of σ1, leading to the development
of rock samples towards the free surface. The continuous
deformation causes the rock samples to transform from a
state of compression to tension. When the tensile strength
is reached, longitudinal cracks running through the rock
samples are generated near the unloading surface, and rock

plates parallel to the unloading surface form. With the con-
tinuous unloading of the unloading surface, the rock slab
reaches the critical buckling value, and with the release of
excess energy, rock burst failure occurs. The morphology of
the rock samples after failure is shown in Figure 7. The
#2~#5 rock samples all suffer plate cracks on the free surface,
showing the three types of sheet shape, thin-plate shape, and
wedge shape. This indicates that tensile failure occurs under
true triaxial unilateral unloading conditions with confining
pressure. With the increase in the confining pressure, the fail-
ure of rock samples shows dual characteristics, with tension
failure occurring first followed by compression-shear failure.
V-shaped failure pits appear on the free surface, and pene-
trating shear fractures appear in the areas far away from the
free surface. When the confining pressure increases to a
certain extent, the rock samples suffer splitting failure, and
splitting and penetrating cracks form over the entire rock
mass. This shows that in the excavation process of a deeply
buried roadway with high crustal stress, the two sides will
show an instantaneous “unloading” effect, with instanta-
neous rebound deformation occurring. With the stress redis-
tribution and stress concentration in local regions, when the
tensile strength of the surrounding rock is exceeded, acci-
dents such as plate cracks, rib spalling, and rock bursts will
gradually occur on the two sides.

Splitting
failure

Flaking
surface

Shear
failure

Figure 6: Macroscopic failure diagram for conventional uniaxial
compression.

Unloading direction

2# 3# 4# 5#

Figure 7: Schematic diagram for unilateral unloading stress
concentration macroscopic failure.
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4. Reasonable Supporting Time for
Surrounding Rock of a High-Stress Rock
Mass Under Excavation Unloading

After the excavation of a high-stress rock mass, with time,
the bearing capacity of the surrounding rock itself decreases,
creating a fractured zone with both depth and breadth. The
stress concentration is caused by the bearing capacity of the
rock mass itself. When the local high stress generated by the
stress concentration exceeds the strength of the rock mass,
the rock mass will deform towards the excavation surface,
thus leading to failure. From the excavation surface to the
deep part, it can be divided into three zones: failure zone
(completely losing bearing capacity), plastic zone (having
certain bearing capacity), and elastic zone (having intrinsic
bearing capacity) (as shown in Figure 8). To reduce the
range of the failure zone and the plastic zone and reasonably
control the deformation of the surrounding rock, it is neces-
sary to support the surrounding rock in a timely manner.
According to the basic principle of NATM construction, as

shown in Figure 9, selecting the best supporting time is the
key after roadway excavation.

The number of time steps is the number of iterative steps
calculated through numerical simulation, and it is the num-
ber of steps needed to be calculated in the process of estab-
lishing the stress balance of surrounding rock. However,
the measurement unit used in the actual construction is
time. The establishment of the relationship between time
and the number of steps facilitates the numerical simulation
results to guide the site construction better and more effec-
tively. In the process of numerical simulation, when the
displacement field, stress field, and plastic zone do not
change with the increase in the time steps, the calculation
reaches equilibrium, and the surrounding rock reaches the
equilibrium and stable state. In the excavation process of a
high-stress rock mass, the effect of each excavation unload-
ing on the displacement field, stress field, and plastic zone
is the key factor for guiding the site construction. When
the calculation reaches the equilibrium state, it indicates that
the effect of excavation unloading ends. According to the
displacement curve of the surrounding rock deep in the roof
during roadway excavation in numerical simulation, the
relationship between the number of time steps required to
achieve surrounding rock stability and the excavation dis-
tance can be determined through

y = 656:4791 +
50:15365 − 656:4791ð Þ

1 + exp x − 6:5871ð Þ/1:81038ð Þð ÞR
2 = 0:99585:

ð13Þ

4.1. Determination of Reasonable Reinforcement Time. The
meaning of reasonable reinforcement time is the time corre-
sponding to maximizing the bearing capacity of the plastic
zone without loosening failure occurring. 3DEC was used
to conduct numerical simulation on the roadway excavation
process to monitor the curves of the change of the conver-
gence quantity and convergence rate of the surrounding
rock at the top and sides of the roadway with time, as shown
in Figure 10. It basically reflects the movement and

Loose area
Plastic zone

Elastic zone

P0

r1
r2

r0

(a)

r

𝜎

𝜎𝜃max
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𝜎r

𝛾H

r0

r1

(b)

Figure 8: Stress distribution in rock mass around the roadway.

Support
force P

Optimal
reinforcement
time

Collapse

Optimal
reinforcement
force

Wall displacement uO

Figure 9: Diagram for the reasonable supporting time of
surrounding rock.
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(c) Displacement curve of surrounding rock deep on the right side of the roadway

Figure 10: Continued.
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deformation of the surrounding rock. Reasonable reinforce-
ment and supporting time should be the corresponding time
when the surrounding rock displacement tends to be rela-
tively stable.

As can be seen from Figure 10, due to the influence of
roadway excavation, the surrounding rock within 1m
away from the roadway roof is severely deformed and bro-
ken into blocks, showing large deformation, and the final
deformation reaches 452mm. Due to the inherent load-
bearing capacity of the surrounding rock in the plastic
zone, the surrounding rock that is 1m-4m away from
the roadway roof is subjected to a declining convergence
amount and convergence rate from the inner side to the
outer side. The convergence amount of the surrounding rock
within the range of 4m to 5m from the roof is basically the
same. Therefore, it can be seen that, in the case with no
support, the surrounding rock within 3m and over 4m from

the roof shows a bed-separation phenomenon. Similar results
can be obtained from the curves for convergence amount and
convergence rate on the right side.

Analyzing the convergence amount and convergence
rate of the surrounding rock at the top and right side of
the excavation roadway with high-stress rock mass shows
that the deformation of the surrounding rock at the top of
the roadway changes dramatically in the first 520 steps of
roadway excavation, and the convergence rate of the sur-
rounding rock also shows a sharp change. The convergence
amount of the roof tends to be relatively stable after 620
steps. When the number of time steps is 112, 236, and 520,
the convergence rates of the surrounding rock of the roof
all show the trend of increasing and decreasing, indicating
that the plastic zone of the surrounding rock plays its own
role of load-bearing during the time steps of 0-112, 192-
236, and 482-520; during this time, the convergence rate of
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(d) Change curve of the convergence rate of surrounding rock deep on the right side of the roadway

Figure 10: Corresponding curves for the number of time steps and surrounding rock deformation of the roadway.
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displacement decreases. With the increase in the displace-
ment, the rock mass within the plastic zone loses its bearing
capacity. The convergence rate of the surrounding rock
displacement increases. Similar results can be obtained from
the change curves of convergence amount and convergence
rate on the right side. Thus, it can be seen that the optimal
supporting time can be divided into four stages: (I) presup-
port stage: controlling the convergence amount of the
displacement of the rock mass on the roadway surface to
prevent the rock mass on the roadway surface from suffering
tensile failure; (II) bolt reinforcement stage: increasing the
strength of the plastic zone in the roadway and improving
the bearing capacity of the plastic zone; (III) anchor cable
reinforcement stage: further increasing the strength of the
plastic zone in the roadway, enhancing its inherent bearing
capacity, and reducing the deformation of the surrounding
rock; and (IV) grouting reinforcement stage: carrying out
grouting reinforcement on the rock mass within the plastic
zone in the roadway to ensure the long-term stability of
the roadway.

4.2. Technical Scheme for Surrounding Rock Reinforcement
and Support. After the excavation of a high-stress rock mass,
with time, stress concentration will occur in the surrounding
rock of the roadway, and stress release will occur within a
certain range, making the surrounding rock suddenly suffer
severe deformation and failure; this severe deformation
and failure will gradually extend to the deeper parts of the
surrounding rock.

Anchor bolt (mesh) support plays a positive role in
improving the strength and stress state of surrounding rock.
The higher prestress can improve the stress state and control
the deformation of surrounding rock. The combination of
anchor cable and anchor bolt can make the anchorage struc-
ture of the anchor bolt hang in the harder and more stable
rock strata deep in the surrounding rock. Cement grout
plays a bonding role and can penetrate the loose zone to
improve the strength of the surrounding rock around a
roadway. Therefore, an anchor mesh-cable-grouting rein-
forcement technology for deep roadways is proposed. The
concept is as follows:

(1) The deformation characteristics of high-stress road-
ways show that their support cannot reach the goal
in one step; providing support is a process requiring
secondary support or multiple supports

(2) During roadway excavation, the surrounding rock
can be permitted to suffer some loose deformation
and release some deformation energy accumulated
in the surrounding rock, but it is necessary to under-
take measures like initial spraying to seal the sur-
rounding rock in time

(3) Anchor bolt-cable support with high strength and
high prestress can be carried out on the roadway in
a timely manner

(4) According to the monitoring results, after the severe
deformation stage of the roadway, grouting rein-

forcement should be carried out on the surrounding
rock of the roadway at the right time to strengthen
the surrounding rock and improve its overall bearing
capacity

According to the special conditions of the air return
cross-hole in the No. 81 mining area of the Xinhu Coal Mine
that has a kilometer-deep well, a corresponding support
scheme is put forward as follows: Supporting parameters:
GM22/2600-490 rebar high-strength anchor bolt is used as
anchor bolt; the row spacing between anchor bolts is 800 ×
800mm, with a rectangular layout; the anchor rod tray is
200 × 200 × 10mm. Two rolls of the K2950 resin anchoring
agent are used for each anchor bolt above the arch camber,
and two rolls of the Z2950 resin anchoring agent are used
for each anchor bolt at the sides. The anchor cable is pre-
stressed steel strand anchor cable, with a specification of Φ
21:8 × 7300mm; two rolls of the Z2950 type and one roll
of the K2950 resin anchor agent are used for each anchor
cable; the row spacing is set to be 1600 × 1600mm; a 300
× 300 × 15mm anchor tray is used for matching with each
anchor cable; and the lockset at the outcrop of the anchor
cable is 150~250mm. Two rolls of the Z2950 resin anchor-
ing agent are used for each anchor bolt on the side. The
metal mesh is processed using Φ6.0mm round steel, with
length × width = 2400 × 900mm, and mesh of 100 × 100
mm connected by hook, and with the stubble of 100mm.
The full-face shotcrete is 100mm thick, and the concrete
strength is C20. Grouting anchor bolts are laid out on the
full face, and grouting anchor bolts are processed by using
Φ25 × 2800mm steel pipe, with the row spacing between
them being 1600 × 1600mm. At ≯70m lagging behind the
tunnel face, grouting anchor bolts are set up, and grouting
is carried out. P.O42.5-type ordinary Portland cement is
used as the cement for grouting, with a water : cement ratio
of 1 : 1 and a grouting pressure of 2MPa. Parameters of the
supporting grouting and anchor cable are as follows: a hol-
low mine anchor cable is used as the anchor cable for grout-
ing, with a specification of Φ22 × 7000mm. The tray of the
anchor cable is TPF300 × 300 × 15mm, and the lockset at
the outcrop of the anchor cable is 150~250mm. 5 anchor
bolts are laid out in each row along the roadway, with a
row spacing of 2400 × 2400mm. Two rolls of the Z2950
resin anchoring agent are used for each anchor cable for
the grouting. P.O42.5-type ordinary Portland cement is used
as the grouting cement with a water : cement ratio of 1 : 1. At
≯140m lagging behind the tunnel face, the grouting anchor
cables are set up and grouting is carried out with a grouting
pressure of 3MPa.

4.3. Analysis of the Support Effect of Surrounding Rock. To
obtain the deformation, failure, and stress distribution
characteristics of the surrounding rock at the roof and
floor and the two sides of a high-stress roadway, the mechan-
ical characteristics of the surrounding rock of the roadway
were analyzed through 3DEC numerical simulation as shown
in Figure 11.

Three-dimensional failure field characteristics of the
high-stress surrounding rock during excavation support.
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Figure 12 shows the failure diagrams for the areas 5m in
front of the tunneling face, at the tunneling face, 5m behind
the tunneling face, and the heading direction of tunneling.
As can be seen from the figure, although the rock mass
5m away from the tunneling face has not been excavated,
the rock mass suffers failure due to the support factor.

After the roadway is excavated, the surrounding rock
suffers failure quickly in a wide range under the action
of high stress, but the deformation of the surrounding
rock is restricted by the support. In the area within 5m
behind the tunneling face, the plastic zone of the sur-
rounding rock in the entire surrounding rock roadway
no longer expands, forming a circular plastic zone with
an approximate radius of 2.2m, which is 7m smaller than
that in the case without support. In the roadway, more
than 5m behind the tunneling face, the plastic zone range
at the side no longer expands, but the plastic zone of the
floor still continues to expand, and the final plastic zone
range of the floor reaches 5.9m, which is 2.6m smaller
than that in the case without support.

4.4. Field Feedback on the Excavation Support Effect of
Surrounding Rock. In this study, the deformation and failure
characteristics of a high-stress rock mass were obtained
through true triaxial tests on different loading paths.

According to the deformation reinforcement theory, a com-
posite support scheme of anchor mesh and cable shotcrete
+shallow and deep hole grouting is designed and proposed,
and the support effect was verified through numerical simu-
lation. Through field practice, with the support field drawing
shown in Figure 13, the reliability of the test results was ver-
ified, which serves as a reference for related projects.
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(c) 5 m behind the tunneling face
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Figure 12: Diagram for the plastic zone of roadway excavation support.

Figure 13: Field support drawing.
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5. Conclusion

(1) True triaxial tests were carried out to compare and
analyze the conventional uniaxial compression test
results of a high-stress rock mass and the unilateral
unloading stress-concentration failure tests; we
obtained the progressive failure process of the sur-
rounding rock, in which the failure characteristics
of the rock mass under conventional uniaxial load is
a composite splitting-shear failure, while the unilat-
eral unloading stress-concentration failure character-
istic follows the process of splitting into plates,
followed by cutting into blocks, and then the ejection
of blocks and pieces

(2) The roadway tunneling process was simulated
through numerical simulation to obtain a reasonable
reinforcement time for surrounding rock. It can be
divided into four stages, i.e., the presupport stage,
the bolt reinforcement stage, the anchor cable rein-
forcement stage, and the grouting reinforcement
stage

(3) Under reasonable support, the plastic zone of the
entire surrounding rock forms a circle of approxi-
mately 2.2m, which is 7m smaller than that without
support. The plastic zone at the side no longer
expands, but the plastic zone of the base plate still
expands, finally reaching 5.9m, which is 2.6m
smaller than that without support. The deformation
is significantly reduced
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Exploiting the working face in coal mines using a super long mining length and large mining height has become important for
intensive production with high yield and high efficiency. The paper develops a roof structure model to analyze the influence of
195m, 242.4m, and 376m working face lengths at large mining height in Wangzhuang Coal Mine in China as the case study.
The roof fracture characteristics, migration law, and strata behavior law under different working face lengths are compared and
studied by numerical simulation, and the reliability of support selection in the working face at large mining height is analyzed
by field measurement statistics. The results show that the roof fracture mode of a super large working face is a successive
layered fracture. The length of the working face has little effect on the roof fracture step length, and the fracture step length is
positively correlated with the thickness of the rock stratum. The roof subsidence law for a super large working face is different
from the intermittent subsidence of the unimodal Gaussian distribution curve of ordinary working faces, which shows the
intermittent subsidence of multiple ordinary working faces. The roof periodic weighting of a super large working face, which
fluctuates violently within 100m at both ends, is more drastic than that of an ordinary working face as a whole. Field statistical
analysis shows it is more appropriate to choose high-strength support for a super large working face.

1. Introduction

With the rapid growth of the world economy, the market
demand for coal continues to increase year by year, and high-
yield and highefficiency coal mines are increasingly common
[1–5]. After years of development, full-height fully mecha-
nized mining at one time has become an important technol-
ogy for highyield and highefficiency mining in thick coal
seams [6]. In addition to increasing the mining height,
increasing the length of the working face has become a new
direction for high yield and high efficiency working face min-
ing [7]. It is generally considered that a working face with a
length of more than 250m is a super large face [8]. Lengthen-
ing the working face can improve the per unit yield of the
working face and simplify the production system and reduce
coal loss, which all enhance mine productivity. Super large

working face production technology has become a crucial
development direction for intensive coal mine production
technology [9].

In recent years, research on super large working faces
has mainly focused on medium-thick coal seams. In 2002,
the average length of longwall working faces in Australia
was 227m, the average annual distance was 2,160m, and
the average yield of working faces was 2.82 million tons
[10]. In 2004, the length of some fully mechanized coal min-
ing faces in the United States was close to 300m, the maxi-
mum advancing length was 4,580m, and the average yield
of working faces increased from 1.52 million tons to 3.26
million tons [10]. According to incomplete statistics, there
are 11 working faces over 300m long in the United States
and 18 in Germany, with the longest working face of
506m (coal seam thickness of 1.9~ 2.3m) [11]. Russia,
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Poland, and other major coal producing countries are also
developing super large working faces. In 2007, the first super
large working face of 400m (with an average thickness of
1.7m) was put into production in China at the Yujialiang
Coal Mine in Shendong Mining District of the Shenhua
Group [12]. In 2012, the longest face was the 450m fully
mechanized working face (with an average thickness of
2.11m) at the Halagou Coal Mine in Shendong Mining Dis-
trict [13, 14].

While lengthening working faces, China is also research-
ing very high working faces for thick coal seams. In 2005,
Shangwan Coal Mine in Shendong Mining District built
the world’s first fully mechanized coal mining face a length-
ened working face with a large mining height of 300m and
average coal seam thickness of 5.5m [15]. In 2008, Shang-
wan Coal Mine completed the design of a lengthened thick
working face with a large mining height of 300m and aver-
age coal seam thickness of 5.5m, which is the world’s first
fully mechanized mining working face with yield of over
10 million tons [15]. In July 2010, in high gas conditions,
the fully mechanized mining technology for large mining
height was applied in the Dongsi Panel of the Sihe Coal
Mine of the Jincheng Anthracite Coal Mining Group, and
a 300m super large working face was successfully mined
with an average thickness of 6.2m [16].

To sum up, working faces of 300m length are mainly
concentrated in medium-thick coal seams [17], and the thick
coal seam mining is difficult; so, the application is relatively
less. The increase of face length and mining height will form
a larger roof structure, which will exert more load on face
supports. Thus, when the length of the working face
increases, the roof will present new deformation and loading
characteristics, which is a very important and meaningful
topic.

This paper systematically compares and studies the roof
fracture characteristics and strata behavior of long working
faces using field investigation, theoretical analysis, and
numerical simulation [18, 19]. The study uses the coal seam
occurrence status and mining characteristics of the 3500
Working Face, which has large mining height, in the Wangz-
huang Coal Mine in China. The 3500 Working Face is a typ-
ical working face with variable sizes. The working face length
has experienced three stages: 242.4m, 195m, and 376m, and
the average thickness of coal seams is 5.02m. It is a fully
mechanized full-seam large coal mining working face. This
working face provides a practical basis for the comparative
analysis of the mine pressure behavior law of working faces
with different lengths, and therefore, it has vital theoretical
and practical value.

2. Case Study Overview

The 3500 Working Face of the Wangzhuang Coal Mine is
located in the south of Dongzhang Village in Changzhi,
Shanxi Province, China. The mined coal seam is the No. 3
coal seam, in the No. 35 mining area. The average burial
depth of the 3500 Working Face is 200m, and the strike
length is 1,066.4m. The 3500 Working Face is located in
the north of the No. 35 mining area, 50m away from the

3403 Working Face in the east (mined in 2011), three main
roadways of Nanyi in the west, the 3401 Working Face and
3402 Working Face and villages in the north, and the 3501
Working Face in the south (mined from 2013 to 2014). It
is shown in Figure 1. The length of the working face at the
section of 231m away from the cut of the 3500 Working
Face in the original design is 242.4m, and that at the
remaining sections is 195m. In the north of the original
3500 Working Face, another working face (149.5m in length
and delineated by the prospect entry in the No. 35 Mining
Area North) exists, and the net coal pillar size between the
working faces is 20m. To improve the recovery rate of coal
resources, the No. 35 Mining Area in the north of the origi-
nal 3500 Working Face and the original 3500 Working Face
has been integrated into one working face for mining. After
reintegration, the 3500 Working Face has the shape of a
“knife handle,” and it is divided into three parts: length of
242.4m in the first part of the working face in the 231m sec-
tion, length of 195m in the middle part in the 320m section,
and length of 376m in the remaining part.

The 3500 Working Face uses a comprehensive retreating
mechanized coal mining method of longwall full-seam spon-
taneous caving mining. The No. 3 coal seam mined through
the 3500 Working Face has a thickness of 4.20 to 5.50m
(average length of 5.02m) and a dip angle of 2°–4°. The coal
seam roof is mainly composed of carbonaceous mudstone,
mudstone, and fine sandstone. The floor is mainly composed
of mudstone and fine sandstone. Table 1 summarizes the
distribution and the physical and mechanical characteristics
of the coal seam and roof strata of the 3500 Working Face.

3. Analyses of Roof Fracture Characteristics of
Super Large Working Faces

With the advance from open-off cuts of the working face, the
suspended roof length of the goaf continues to increase. Due
to the action of mine pressure, every rock stratum on the
roof will bend, subside, and become distorted, and when
the rock stratum reaches its ultimate strength, it will fracture
and cave in [20–24]. Based on the level, thickness, strength,
and load of rock strata, the influence of different working
face lengths on the roof caving step length is compared
and analyzed.

3.1. Calculation of Roof Strata Load. The initial caving step
length is the main sign to measure the stability of strata
behaviors of the working face. Before calculating the caving
step length, it is necessary to calculate the load of each rock
stratum. Due to the different thickness and lithology of each
stratum, the load on the i stratum is calculated according to
the following formula:

qnð Þi =
Eihi

3 γihi + γi+1hi+1+⋯+γi+nhi+nð Þ
Eihi

3 + Eihi
3+⋯+Ei+nhi+n

3 , ð1Þ

where ðqnÞi is the load on the i stratum when the n stratum
above the i stratum is considered:

Ei ⋯ Ei+n is the elastic modulus of each stratum.
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hi ⋯ hi+n is the thickness of each stratum.
γi ⋯ γi+n is the density of each stratum; i = 1, 2, 3⋯
When ðqi+n+1Þi < ðqi+nÞi, that is, ðqi+nÞi as the load

applied to the i stratum, the result of equation (1) is used
as the load on the i stratum to calculate its caving step
length.

The data in Table 1 is put into equation (1), and the load
on each stratum is calculated. The calculation results are
shown in Table 2.

3.2. Calculation of Caving Step Length of Each Roof Stratum.
For super large working face mining, it is difficult to fully

Figure 1: Layout of 3500 Working Face and mining dates of goafs.

Table 1: Distribution and physical and mechanical characteristics of the coal seam and roof strata of 3500 Working Face.

Stratification
No.

Roof strata
Thickness

(m)

Influence coefficient
of stratification and

joint fracture

Poisson’s
ratio

Tensile strength
(MPa)

Modulus of
elasticity (GPa)

Apparent density
(kg/m3)

15 Fine sandstone 1.18 0.5 0.20 11.64 32.5 2673

14 Mudstone 6.0 0.35 0.22 4.21 14.3 2573

13 Fine sandstone 0.7 0.5 0.20 11.64 32.5 2673

12
Argillaceous
sandstone

3.0 0.45 0.24 9.76 19.7 2640

11 Mudstone 8.84 0.35 0.22 4.21 14.3 2573

10
Argillaceous
sandstone

0.6 0.45 0.24 9.76 19.7 2640

9 Mudstone 5.22 0.35 0.22 4.21 14.3 2573

8
Argillaceous
sandstone

1.5 0.45 0.24 9.76 19.7 2640

7 Fine sandstone 3.7 0.5 0.20 11.64 32.5 2673

6 Mudstone 0.6 0.3 0.24 4.59 14.8 2527

5 Fine sandstone 3.7 0.5 0.20 11.64 32.5 2673

4 Mudstone 1.0 0.35 0.22 4.21 14.3 2573

3 Fine sandstone 4.6 0.5 0.20 11.64 32.5 2673

2 Mudstone 1.4 0.35 0.22 4.21 14.3 2573

1 Carbon mudstone 0.3 0.25 0.24 4.59 14.8 2527

0 No. 3 coal seam 5.02 / 0.33 2.33 6.3 1430
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define the problem by solving a single plane problem. There-
fore, the roof of the coal seam is regarded as a plate struc-
ture, and the initial caving step length and the periodic
caving step length of each roof stratum are calculated
according to plate theories [25], as shown in Figure 2.

The maximum tensile stress intensity theory is used as
the fracture criterion of slope roof fracture:

σ1 = σb, ð2Þ

where σ1 is the maximum tensile stress in the roof, MPa; σb
is the tensile strength of roof strata, MPa.

The maximum tensile stress of the roof σ1 is calculated
by the following formula:

σ1 =
Mmaxymax

I
, ð3Þ

whereMmax is the maximum bending moment acting on the
roof strata, MPa·m; I is the area moment of inertia of roof

strata, if the section thickness is h, I = h3/12, the unit is 1;
then,

M = σ1h
2

6 : ð4Þ

Let lm = h/ð1 − μ2Þ ⋅ ffiffiffiffiffiffiffiffiffiffiffi2σb/q
p , where q is the uniform load

of the roof, MPa; μ is Poisson’s ratio of the rock stratum.
For the island mining face of the three-sided goaf, if the

cut length is 242.4m, all three sides of the mining face are
goafs. According to the theoretical analysis of the plate, the
initial caving step length is

L =
b ⋅
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where b is the length of the working face, m.
For the working face with two adjacent sides mined out

and two adjacent sides fixed, if the cut length is 195m and
376m, the two adjacent sides of the mining working face
are goafs, and the others are unexploited solid coal. Accord-
ing to the theoretical analysis of the plate, the initial caving
step length is

L =
b ⋅
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where b is the length of the working face, m.
When the working face length of the No. 3 coal seam is

242.4m, equation (5) is introduced; when the length of No. 3

Table 2: Load, initial caving step length, and periodic caving step length of roof of No. 3 coal seam.

Stratification No. Roof strata Thickness (m) Rock stratum load kN

Initial caving step length
(m) of each rock stratum
with different working

face lengths

Periodic caving step
length (m) of each rock
stratum with different
working face lengths

195m 242.4m 376m 195m 242.4m 376m

11 Mudstone 8.84 >372.4 36.088 36.070 36.068 14.730 14.722 14.722

10 Argillaceous sandstone 0.6 15.48 18.460 18.460 18.460 7.535 7.535 7.535

9 Mudstone 5.22 149.8 33.594 33.582 33.580 13.712 13.707 13.706

8 Argillaceous sandstone 1.5 39.6 28.861 28.855 28.854 11.780 11.778 11.777

7 Fine sandstone 3.7 133.12 41.6588 41.623 41.619 17.004 16.989 16.987

6 Mudstone 0.6 15.2 12.775 12.775 12.775 5.214 5.214 5.214

5 Fine sandstone 3.7 113.8 45.074 45.020 45.014 18.397 18.376 18.373

4 Mudstone 1.0 25.7 15.531 15.531 15.531 6.339 6.339 6.339

3 Fine sandstone 4.6 203.3 41.911 41.874 41.869 17.106 17.091 17.090

2 Mudstone 1.4 36.0 18.372 18.371 18.371 7.499 7.498 7.498

1 Carbon mudstone 0.3 7.58 9.045 9.0454 9.0454 3.692 3.692 3.692

Village
478.5 m

320 m 231 m

24
2.

4 
m

19
5 

m37
6 

m

Goaf

Goaf

Goaf

Mining
working face

Figure 2: Structure model of 3500 Working Face.

4 Geofluids



coal seam is 195m and 376m, equation (6) is introduced,
and the initial caving step length of each roof stratum is cal-
culated according to plate theories, as shown in Table 2. The
periodic caving step length of the old roof is often deter-
mined by the cantilever fracture of the old roof. According
to the calculation of mechanics of materials, the initial cav-
ing step length is 2.45 times the periodic caving step length.
The calculation results of the periodic caving step length are
shown in Table 2.

3.3. Analysis of Fracture Characteristics of Roof Strata.
According to the calculation results in Table 2, the fracture
characteristics of roof strata are as follows:

(1) The roof caving mode of the goaf of the 3500 Work-
ing Face is successive layered caving. When the
working face begins to advance from the cut, the first
layer of carbonaceous mudstone caves in first, with a
caving height of 0.3m. When the working face con-
tinues to advance to 18.4m, the second mudstone
layer caves in, with the roof caving height of 1.7m.
When it advances to 41.9m, the roof is covered with
fine sandstone, and the mudstone on it is fractured.
The fractured height of the roof is 7.3m. After that,
the working face advances for three cycles; that is,
when the working face advances to 45m, the fifth
layer of fine sandstone is fractured, and the overlying
mudstone, fine sandstone, and argillaceous sand-

stone are fractured along with it, with the fractured
height of the roof more than 31m

(2) The step length of the first caving of the immediate
roof of the 3500 Working Face is 12m. The caving
step length of the initial fracture of the main roof is
about 35–37m. The periodic caving step length of
the basic roof is 14–15m

(3) With the increase of the working face length, the
roof rock stratum caving step length is basically
unchanged. It can be considered that the working
face length is in the range of 195m to 376m, and
the working face length has little influence on the
roof caving step length. By comparing the caving
step lengths of different rock strata, it can be inferred
that the caving step lengths are positively correlated
with the thickness of rock strata

4. Study on Strata Behavior Law of Variable-
Sized Working Faces through
Numerical Simulation

4.1. Construction of Numerical Calculation Models. In the
numerical simulation, 3DEC is used to compare and analyze
the deformation characteristics, movement law, and stress
variation law of the roof in the process of advancing towards
working face lengths of 195m and 376m [26, 27].

(a) (b)

(c) (d)

Figure 3: Nephogram of roof strata displacement when advancing to 15m (unit: m): (a) slice of the 195m working face in advancing
direction, (b) slice of the 376m working face in advancing direction, (c) lengthwise slice of the 195m working face, and (d) lengthwise
slice of the 376m working face.
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(1) Establishment of the three-dimensional model. Assum-
ing that the dip angle of each stratum in the model is 0
and the thickness is uniform, a three-dimensional cal-
culation model within the study range is established
according to the physical and mechanical parameter
Table 1 of the roof and floor strata of coal seams. The
model size of the 195m working face is 400m × 495
m × 61:3m (length × width × height), with 13,610
deformable blocks which are divided into 334,440units.
The model size of the 376m working face is 500m ×
676m × 61:3m (length × width × height), with 38,916
deformable blocks which are divided into 856,100 units.
To analyze the study area more accurately and control
the number of blocks within a reasonable range, the
model is divided into unequal blocks. In the model,
the Mohr-Coulomb constitutive model is adopted for
the block, and the Coulomb friction model for the
structural plane, with gravity g = −9:81m/s2. The
boundary conditions of the model are as follows: the
bottom is fixed, the lateral side limits the horizontal dis-
placement, and the upper part uses the stress boundary
to simulate the compressive stress of overlying strata on
the model

(2) Simulation of working faces and hydraulic support.
After the calculation model reaches the initial state
before mining, the excavate command of 3DEC soft-
ware is used to simulate coal cutting. Every time the
working face advances 2.5m at a time, the fill com-

mand is used to backfill the goaf formed by coal cut-
ting and to assign a smaller elastic modulus, to
simulate the supporting effect of the hydraulic
support

(3) Interpretation of the model response. The three-
dimensional discrete element method is used for
program analysis and calculation, to simulate strati-
fication, fracturing, and caving of rock mass, and
judge the state of rock mass and support by integrat-
ing the distribution of plastic zones, subsidence
amount, and stress

4.2. Deformation Characteristics and Roof Migration Law. As
the working face continues to advance, the deformation
characteristics and migration laws of the roof under different
advancing distances are compared and analyzed, as shown
in Figure 3–9.

Figure 3 shows that the first caving step lengths of the
immediate roof of the 195m working face and the 376m
face are almost the same, at 15m. When the working face
advances to 15m, the displacement of the roof of the
195m working face is about 100~150mm, and the whole
working face subsides evenly. The displacement of the roof
of the 376m working face is about 180~200mm, and the
middle of the working face largely subsides.

Figure 4 shows that when the working face advances to
30m, the roof subsidence amount of the 195m and the
376m working faces increases, and the subsidence range of

(a) (b)

(c) (d)

Figure 4: Nephogram of roof strata displacement when advancing to 30m (unit: m): (a) slice of the 195m working face in advancing
direction, (b) slice of the 376m working face in advancing direction, (c) lengthwise slice of the 195m working face, and (d) lengthwise
slice of the 376m working face.
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the roof extends to the basic roof. At this time, the subsi-
dence curve of the 195m working face presents an asymmet-
ric Gaussian distribution, in which the central axis deviates
slightly to one end of the working face, with roof subsidence
of 400~600mm. The roof subsidence of the 376m working
face is different. The roof of the 376m working face shows
integral subsidence. The initial fracture of the main roof
occurs, and the masonry structure [28, 29] is formed, with
roof subsidence of about 500~700mm.

Figure 5 shows that when the working face advances to
32.5m, the moving range of the roof of the 195m working
face continues to gradually expand, and the basic initial frac-
ture of the main roof occurs, and the masonry structure is
formed. The subsidence amount of the roof of the 376m
working face increases in local areas along the lengthwise
direction of the working face.

Figure 6 shows that when the working face advances to
35m, both working faces show obvious subsidence. The dif-
ference is that the 195m working face follows the subsidence
rule of the Gaussian distribution curve, while the roof of the
376m working face shows intermittent subsidence. Because
the length of the 376m working face is about twice that of
the 195m working face, the figure shows intermittent subsi-
dence in two to three intervals. Therefore, it can be inferred
that the roof subsidence of a super large working face can be
regarded as the combined subsidence of several common
working faces.

Figure 7 shows that when the working face advances to
37.5m, the damage range of the roof of both working faces

continues to expand, and the subsidence amount of the roof
continues to increase.

Figure 8 shows that the damage range of the roof of both
working faces continues to extend to the upper part of the
roof. The difference is that the deformation of each part in
the lengthwise direction of the 195m working face is quite
different, and the 376m working face is again characterized
by uniform subsidence.

Figure 9 shows that when both working faces advance to
45m, the displacement and deformation of the roof of the
376m working face is larger than that of the 195m working
face, and the roof is pressed periodically.

Through the above analysis, it can be concluded that the
roof displacement of the 195m working face follows the sub-
sidence rule of the Gaussian distribution curve, while the
roof of the 376m working face shows intermittent subsi-
dence. Moreover, it can be inferred that the roof subsidence
of the super large working face is the combined subsidence
of several common working faces.

4.3. Comparison and Analysis of Roof Periodic Weighting
Law. Comparison and analysis of the periodic weighting
intensity law of both working faces are shown in
Figures 10 and 11.

Figure 10 shows that the periodic weighting of the 195m
working face is generally stable, which is high and even in
the middle and low at both ends. Within 20m of both ends,
weighting gradually increases from 675 kPa to 800 kPa.
Within 20–175m of the middle of the working face,

(a) (b)

(c) (d)

Figure 5: Nephogram of roof strata displacement when advancing to 32.5m(unit: m): (a) slice of the 195m working face in advancing
direction, (b) slice of the 376m working face in advancing direction, (c) lengthwise slice of the 195m working face, and (d) lengthwise
slice of the 376m working face.
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(a) (b)

(c) (d)

Figure 6: Nephogram of roof strata displacement when advancing to 35m(unit: m): (a) slice of the 195m working face in advancing
direction, (b) slice of the 376m working face in advancing direction, (c) lengthwise slice of the 195m working face, and (d) lengthwise
slice of the 376m working face.

(a) (b)

(c) (d)

Figure 7: Nephogram of roof strata displacement when advancing to 37.5m(unit: m): (a) slice of the 195m working face in advancing
direction, (b) slice of the 376m working face in advancing direction, (c) lengthwise slice of the 195m working face, and (d) lengthwise
slice of the 376m working face.
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(a) (b)

(c) (d)

Figure 8: Nephogram of roof strata displacement when advancing to 40m(unit: m): (a) slice of the 195m working face in advancing
direction, (b) slice of the 376m working face in advancing direction, (c) lengthwise slice of the 195m working face, and (d) lengthwise
slice of the 376m working face.

(a) (b)

(c) (d)

Figure 9: Nephogram of roof strata displacement when advancing to 45m(unit: m): (a) slice of the 195m working face in advancing
direction, (b) slice of the 376m working face in advancing direction, (c) lengthwise slice of the 195m working face, and (d) lengthwise
slice of the 376m working face.
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weighting is uniformly distributed, remaining basically sta-
ble at 800 kPa.

Figure 11 shows that the periodic weighting of the 376m
working face is generally high in the middle of the working
face while low at both ends, fluctuating in a small range in
the middle but oscillating violently at both ends. Within
100–275m in the middle of the working face, there is arc
fluctuation which is high in the middle and low at both ends,
and the average weighting is maintained at 877.80 kPa. The
maximum weighting is 985.67 kPa, and the minimum is
676.83 kPa within 100m from both ends. Weighting oscilla-
tion is obvious.

Comparing Figures 10 and 11 shows that the periodic
weighting of the 376m working face is more violent than
that of the 195m working face. The 376m working face
oscillates sharply within 100m at both ends, while the
195m working face gradually decreases from the middle of
the working face to both ends. The average periodic weight-
ing of the 376m working face is about 80 kPa higher than
that of the 195m working face. Through the above analysis,
it can be concluded that the working resistance of the sup-
port needed in a super large working face is greater. Thus,
attention should be paid to the intensity of support within
100m of the end of the face.

5. Measurements and Analysis of Working
Resistance of Working Face Support

The 3500 Working Face in the Wangzhuang Coal Mine is
monitored and counted in real time, and the supporting
strength of hydraulic support with different working face
lengths is compared and analyzed. Through theoretical and
numerical calculation and analysis, ZY10000/26/55D Two-
column Shield Hydraulic Support is selected as the hydraulic
support for the 3500 Working Face. Table 3 summarizes the
statistics of working resistance for hydraulic support in work-
ing faces of three lengths: 195m, 242.4m, and 376m.

The field measurement results show that the measured
working resistance of support at 195m and 242.2m of
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Figure 10: Weighting law of 195m working face.
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Table 3: Statistical results of working resistance of hydraulic
support in working faces.

Working face
length (m)

Supporting
intensity (kPa)

Working resistance
of support (kN)

195 880.2 8518.1

242.4 921.4 9136.8

376 991.2 9621.4
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working faces is within the rated working resistance range. In
the 376m working face, field measurement exceeded the rated
working resistance in 2.76% of statistical cycles, among which
the maximum working resistance is 10,049 kN once and
10,098 kN twice. ZY10000/26/55D Hydraulic Support can
meet the support requirements of super large working faces.

6. Conclusions

(1) Roof caving in goafs of the super large 3500 Working
Face occurs as successive layered caving, with roof
fracture height of more than 31m

(2) With the increase of the working face length, the
caving step length of the roof stratum is basically
unchanged. Working face length in the range of
195m to 376m has little effect on the roof weighting
length. By comparing the caving step lengths of dif-
ferent rock strata, it can be inferred that the caving
step length is positively correlated with the thickness
of the rock stratum

(3) The roof displacement of the 195m working face fol-
lows the subsidence rule of the Gaussian distribution
curve, while the roof of the 376m working face
shows intermittent subsidence. Therefore, it can be
inferred that the roof subsidence of the super large
working face can be regarded as the combined subsi-
dence of several common working faces

(4) The average periodic weighting of the 376m working
face, which is more violent, is about 80 kPa higher
than that of the 195m working face. The 376m
working face is characterized by violent oscillation
at both ends and fluctuations within a small range
in the middle. Weighting increases gradually within
20m of the end of the 195m working face, and the
middle of the working face shows uniform weighting

(5) Comparison and analysis of the statistical results of
the field working resistance of working faces of
195m, 242.4m, and 376m length confirm that
ZY10000/26/55D Hydraulic Support can meet the
requirements of super large working faces
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Determining the parameters of boreholes drilled for relieving pressure in coal seams is the key preventing and controlling
rock bursts in boreholes of large diameter. In this study, theoretical analysis, numerical simulation, literature research, and
other analysis methods are applied to study the angles of elastic energy dissipation and stress transfer, the distribution law
of the pressure relief area, and the areas of stress concentration, energy, stress, displacement, and plastic behavior of large-
diameter pressure relief boreholes in coal seams under high-stress conditions. The results are then used to evaluate the
relationship between large-diameter pressure relief boreholes and the borehole arrangement. The following results are
obtained. (1) A large-diameter results in a large amount of elastic energy released by the surrounding coal, low residual
elastic energy density, strong interaction between boreholes, large pressure relief range of the borehole, and high pressure
relief efficiency. (2) The main evaluation factor of the borehole pressure relief effect is its thickness and stress
concentration area; secondary evaluation is based on the areas of energy, displacement, stress, and plastic behavior. (3) Six
evaluation index systems are established to evaluate the effects of borehole pressure relief, which are found to be the
thicknesses of the borehole pressure relief area and stress concentration area, reduction degree of energy density,
percentage of stress reduction, displacement, and penetration degree of the plastic area. (4) It is determined that when the
diameters of the pressure relief boreholes are 100, 120, 180, and 200mm, a single-row borehole arrangement is adopted; a
three-pattern borehole arrangement is adopted with diameters of 140 and 160mm. These research results can provide
theoretical support in selecting reasonable borehole arrangements for pressure relief boreholes of different diameters.

1. Introduction

With the increases in coal mining depths in recent years, fre-
quent mine rock burst accidents in coal mines have become
major disasters [1–4]. However, large-diameter boreholes
drilled in coal seams can effectively relieve the pressure on
the seams, thus reducing the occurrence of rock burst acci-
dents [5–8]. Many factors can affect the pressure relief func-
tion of boreholes such as mining technology geological
factors, hole depth, and borehole aperture [9–11]. For a spe-
cific coal seam, considering the small fluctuation of geologi-
cal factors such as coal seam strength and burial depth,
mining technology factors such as mining height and mining
method are basically fixed; only the borehole arrangement,

angle, depth, diameter, spacing, and other physical factors
can be changed. Therefore, determining reasonable borehole
parameters for coal pressure relief is the key for preventing
rock burst accidents.

Many scholars at home and abroad have conducted
abundant research on coal pressure relief boreholes. Li
et al. [12] studied the influencing factors of pressure relief
boreholes in a high-stress coal roadway and showed that
the borehole diameter, spacing, and depth jointly affect the
pressure relief effect of the borehole. The research results
of Geng et al. [13] showed that the arrangement of pressure
relief boreholes has a certain influence on the pressure relief
effect and that the effects vary with the borehole arrange-
ment. The research results of LAN [14] showed improved
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pressure relief effects of boreholes in high-stress areas of coal
seams over those in low-stress areas. Jia et al. [15] studied
the influence of borehole spacing, diameter, and depth on
the strength of samples through laboratory tests and numer-
ical analysis and found that stress release caused by crack
propagation and penetration is fundamental for pressure
relief in boreholes, with a larger borehole diameter, deeper
depth, and smaller spacing showing better pressure relief
effects. Yi et al. [16] studied and analyzed the pressure relief
effects of large-diameter boreholes in soft and hard coal
seams through numerical simulation, with better effects
shown in the soft seams. Wang et al. [17] used stress transfer
and surrounding rock deformation control effects as direct
evaluation indices of the borehole pressure relief effect, cate-
gorizing the degree of borehole pressure relief as insufficient,
sufficient, or excessive. Then, the dynamic action laws of
length, diameter, and spacing of the pressure relief boreholes
were applied to determine the stability of rocks surrounding
a deep roadway. On the basis of the results, a method for
determining the key parameters affecting the pressure relief
was proposed. Liu et al. [18] and Zhang et al. [19] used
numerical simulation based on Fast Lagrangian Analysis of
Continua in Three Dimensions (FLAC3D) to determine that
the peak stress of a coal seam can be transferred to deep
areas by optimizing the borehole arrangement parameters.
Qin [20] studied the stress, energy, and impact tendencies
of coal and concluded that the pressure relief effect of
large-diameter boreholes can be improved by adjusting the
pressure of the coal, dissipating the energy, and reducing
the impact properties. Li and Xiong[21] used automatic
dynamic incremental nonlinear analysis, ADINA finite ele-
ment analysis software, to study and evaluate the pressure
relief effects of boreholes in stress concentration areas of
rock bursts. Zhu et al. [22] put forward a concept based on
the energy dissipation index, from which they deduced a
quantitative calculation method of antiscour borehole
parameters. Shi et al. [23] applied the Mohr strength theory
and FLAC3D and determine that varying the borehole spac-
ing and arrangement can significantly reduce large energy
vibration occurring in rocks surrounding roadway to greatly
reduce the impact risk of coal seams. Li et al. [24] studied the
characteristics of the abutment pressure distribution, design
scheme of the pressure relief borehole depth, and pressure
relief effects in a large coal pillar after mining was conducted
on a working face. On the basis of the results, a method was
proposed for resolving the dangerous conditions of large
coal pillars by controlling the depth and density of the pres-
sure relief borehole, which enabled the transformation of
stress distribution in the pillar from “single peak” to “ladle-
shaped.”Wang et al. [25] studied the effect of borehole pres-
sure relief from the perspective of energy. Zhai et al. [26]
considered that pressure relieved by large-diameter borehole
is more effective for stress relief in large areas. Li et al. [27]
put forward a method or evaluating pressure relief effects
based on the tensile strain value of optical fiber and the pres-
sure relief radius. In their study, the pressure relief process in
the borehole was divided into four stages: fracture develop-
ment, limit equilibrium, hole collapse, and crushing coal
compaction. Zhang et al. [28] considered that a greater bore-

hole density results in more energy released from the coal
seam and thus better pressure relief effects of the borehole.
Ge at al. [29] studied the relationship between different coal
strengths and the spacing of pressure relief boreholes and
put forth a formula based on the results.

Although such studies on pressure relief boreholes of
large diameter in coal bodies are abundant, reasonable
arrangement of pressure relief boreholes of various diame-
ters under high-stress conditions has been studied less
often. Thus, the present study uses the angles of energy
dissipation and stress to evaluate the pressure relief effects
of single-row, triple-flower, and double-row borehole
arrangement schemes for pressure relief boreholes with
varied diameters. The results are then applied to obtain
the relationship between the borehole diameter and the
arrangement mode. This research will provide certain the-
oretical support for pressure relief technology of large-
diameter boreholes.

2. Mechanism Analysis

2.1. Stress Transfer Mechanism of Pressure Relief Borehole.
Pressure relief using large-diameter boreholes is an effective
measure for eliminating or reducing the risk of rock burst.
After a pressure relief borehole is constructed in coal seam,
the stress of the coal seams near the borehole is evaluated.
By applying elastic-plastic theoretical analysis, an equation
for such stress can be obtained [15, 30]:

σx = δ 1 − r2

l2

� �
,

σy = δ 1 + r2

l2

� �
,

τ = 0:

8>>>>>><
>>>>>>:

ð1Þ

Radius of plastic zone RS [15, 30]:

RS = r
l + ccotφ
ccotφ

1 − sin φð Þ
� � 1−sin φð Þ/ 2 sin φð Þ

: ð2Þ

In these equations, σx, σy, τ, and δ are the radial, tan-
gential, shear, and original rock stresses near the borehole,
respectively (units: MPa); r is the borehole radius (m); l is
the distance between the coal and the borehole center (m);
RS is the radius of the plastic zone (m); c is cohesion in
the coal (MPa); and φ is the friction angle in the coal
(MPa).

According to Equations (1) and (2), the stress around the
borehole is redistributed from the original three-way stress
state to the one-way stress state after the pressure relief bore-
hole is arranged in the coal. When the stress of the coal is
greater than its uniaxial compressive strength, the coal will
be destroyed, and a plastic zone will appear around the bore-
hole. The stress near the borehole is then transferred to a
more distant location to form a new high-stress concentra-
tion area, and the elastic energy is accumulated locally in
the plastic zone radius RS to form an elastic-plastic region.
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With the increase in distance between the coal and the bore-
hole, the stress state of the coal gradually returns to the orig-
inal rock stress state (as shown in Figure 1).

After the construction of the large-diameter pressure
relief borehole in high-stress coal, a new free surface is
essentially created on the surface of borehole. The original
rock stress at the free surface of the coal changes, and the
stress in the area close to the borehole is released. The
coal near the borehole contains cracks, and a broken area
much larger in diameter than that of the borehole itself is
created. When multiple boreholes are continually con-
structed in the coal, the broken areas connect, resulting
in complete fracture of the rock mass along the borehole
section. Then, the high-stress concentration area of the
surrounding rock support is transferred to deep regions
to achieve pressure relief (as shown in Figure 2). The
crushing area changes the stress state of the coal seam,
which reduces the ability of the coal seam to store destruc-
tive energy destructive energy and thus reduces the possi-
bility of rock burst.

2.2. Energy Dissipation Mechanism of Pressure Relief
Borehole. A coal unit in a rock mass deformed by external
force was selected as the research object of the present study.
Assuming that the activity was closed, i.e., the object did not
exchange heat with the outside components, the total work
performed by the external force is converted into energy
U according to the first law of thermodynamics [31].

U =U j +Uθ: ð3Þ

In this equation, U j is the dissipated energy of the ele-
ment, and Uθ is the elastic strain energy of the element
that can be released.

U =
ðε1
0
σ1dε1 +

ðε2
0
σ2dε2 +

ðε3
0
σ3dε3, ð4Þ

U j =
1
2σ1ε

e
1 +

1
2σ2ε

e
2 +

1
2σ3ε

e
3, ð5Þ

εei =
1
Ei

σi − vi σj + σk

� �� 	
: ð6Þ

In Equations (4)–(6), εi, εei , Ei, and vi are the total
strain, total elastic strain, elastic modulus, and Poisson’s
ratio of the three principal stresses, respectively.

Assuming that the coal is an isotropic medium and that
the initial values of Ei and vi in the three principal stress
directions are E0 and v0, respectively, Equations (5) and
(6) can be obtained, and the elastic strain energy can be
released by the coal unit [32].

U j =
1
2E0

σ2
1 + σ22 + σ23 − 2v0 σ1σ2 + σ1σ3 + σ2σ3ð Þ� 	

: ð7Þ

The change process of coal mechanics is essentially the
process of energy dissipation, and that of coal instability is
the rapid release process of accumulated elastic strain

energy. When the accumulated energy of the coal unit is
greater than its ultimate elastic energy, the coal unit will
fracture. In the case of fixed coal occurrence and technical
mining conditions, a greater amount of elastic strain energy
of the coal unit released by the large-diameter pressure relief
borehole is related to lower residual elastic strain energy,
lower impact risk, and lower possibility of rock burst. There-
fore, the effect of borehole pressure relief can be evaluated by
the amount of elastic strain energy consumed by the large-
diameter pressure relief borehole.

To study the energy release problem of large-diameter
pressure relief boreholes in a coal unit, numerical simulation
software can be used to calculate the local energy release rate
of the coal unit and its elastic release energy [33].

LERR j =Uj max −U j min, ð8Þ

EREj = 〠
m

j

LERR jV j

� �
: ð9Þ

In the above equation, LERR j is the local energy release
rate of the jth coal unit, Uj max is the peak elastic strain
energy density prior to breakage of the coal of the jth unit,
U j min is the valley value of the elastic strain energy density
of the jth coal unit after fracturing, EREj is the elastic strain
energy released by the coal unit, and V j is the volume of the
coal seams in unit J .

From Equation (7), the following can be concluded.

U j max =
1
2E0

σ2j1 + σ2
j2 + σ2j3 − 2v0 σj1σj2 + σj1σj3 + σj2σj3

� �h i
,

ð10Þ

Original rock stress zone

Elastic and plastic zone

Plastic zone

Borehole

Figure 1: Elastic-plastic zone and stress distribution around a
single borehole.
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U j min =
1
2E0

σ2
j1′ + σ2

j2′ + σ2
j3′ − 2v0 σj1′σj2′ + σj1′σj3′ + σj2′σj3′


 �h i
:

ð11Þ
In Equations (4)–(6), σj1, σj2, and σj3 are the principal

stresses in three directions at the peak elastic strain energy
density of the coal element, and σj1′ , σ j2′ , and σj3′ are those
at the valley value.

3. Numerical Simulation Scheme and Results

3.1. Modeling and Scheme. To study the different diameters of
pressure relief boreholes and to determine the most effective
type of borehole arrangement, the Mohr Coulomb model
was established by using FLAC3D numerical simulation soft-
ware. Six types of pressure relief boreholes of varied diameters
were selected, and each group of pressure relief borehole was
divided into single-row, triple-flower, or and double-row type.
The detailed arrangement is shown in Figure 3, with panel (d)
showing the borehole spacing. In total, 18 groups of models
were used; their size, number of units, number of nodes, and
other parameters are shown in Table 1. The top of the model

was subjected to a high stress of 45MPa; the bottom and sur-
rounding parts of the model were fixed; and the top was in
free-boundary condition. The mechanical parameters of the
coal are shown in Table 2.

3.2. Results Analysis

3.2.1. Arrangement of Single-Diameter Pressure Relief
Borehole. The pressure relief borehole of 140mm in diame-
ter was used as an example for analyzing the thicknesses of
the zones of pressure relief, stress concentration, energy den-
sity, stress, strain, and plastic behavior near the borehole
under the arrangements of single-row, triple-flower, and
double-row boreholes. On the basis of the results, the opti-
mal borehole arrangement was obtained.

(1) Thicknesses of Borehole Pressure Relief and Stress Concen-
tration Areas. Figure 4 shows the thickness distribution of
the pressure relief and stress concentration areas under dif-
ferent borehole arrangements. The thicknesses of the two
areas are closely related to the borehole. Therefore, the thick-
nesses of the pressure relief area and the stress concentration

Stress before pressure relief

Coal

Broken zone

Connected areaBorehole

σ

Stress after pressure relief

Figure 2: Diagram showing pressure relief in coal borehole.

2d

(a) Single row

2d

d

(b) Triple flower

d
2d

(c) Double row

Figure 3: Different borehole arrangements.
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Table 1: Parameters of numerical calculation model.

Serial number Borehole diameter Borehole arrangement Model size/M Number of units Number of nodes

1 100mm Single row 2:3 ∗ 0:5 ∗ 3 15360 23763

2 100mm Triple flower 2:5 ∗ 0:5 ∗ 3 18240 28197

3 100mm Double row 2:5 ∗ 0:5 ∗ 3 17920 27231

4 120mm Single row 2:36 ∗ 0:5 ∗ 3 16340 24856

5 120mm Triple flower 2:6 ∗ 0:5 ∗ 3 18240 28917

6 120mm Double row 2:6 ∗ 0:5 ∗ 3 17920 27249

7 140mm Single row 2:4 ∗ 0:5 ∗ 3 15360 23763

8 140mm Triple flower 2:66 ∗ 0:5 ∗ 3 18240 28161

9 140mm Double row 2:66 ∗ 0:5 ∗ 3 17920 27195

10 160mm Single row 2:44 ∗ 0:5 ∗ 3 15360 23799

11 160mm Triple flower 2:72 ∗ 0:5 ∗ 3 20160 31209

12 160mm Double row 2:72 ∗ 0:5 ∗ 3 20160 31209

13 180mm Single row 2:48 ∗ 0:5 ∗ 3 15360 23787

14 180mm Triple flower 2:78 ∗ 0:5 ∗ 3 20160 31179

15 180mm Double row 2:78 ∗ 0:5 ∗ 3 23630 37777

16 200mm Single row 2:52 ∗ 0:5 ∗ 3 15360 23799

17 200mm Triple flower 2:84 ∗ 0:5 ∗ 3 20160 31209

18 200mm Double row 2:84 ∗ 0:5 ∗ 3 20160 31209

Table 2: Mechanical parameters of the coal.

Elastic modulus
(GPa)

Shear modulus
(GPa)

Density
(ρ/kg m3)

Internal friction angle
ψ (°)

Tensile strength
(MPa)

Cohesive force
(MPa)

7.1 4.3 1640 30 5.6 2.1

(a) Single-row arrangement (b) Triple-flower arrangement

(c) Double-row arrangement

Figure 4: Thickness distribution of vertical stress relief zone of the borehole.
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Figure 5: Energy density distribution in the coal unit.
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Figure 6: Vertical stress distribution.
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Figure 7: Displacement distribution.
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area at the dotted lines (a) (along the center of the borehole)
and (b) (along the center of the borehole spacing) were sta-
tistically analyzed. As shown on the figure, when the pres-
sure relief boreholes were arranged in single-row, triple-
flower, and double-row forms the thicknesses of the pressure
relief areas along the direction of the dotted line in
Figure 4(a) were 1, 1.1, and 1.6m, respectively, and the
thickness of the stress concentration area was 0m. The
thicknesses of pressure relief zones along the direction of
the dotted line in Figure 4(b) were 0.56, 0.55, and 0.3m,
and those of the stress concentration zone were 0.11, 0.2,
and 0.48m, respectively. The average thickness of the pres-
sure relief zone of the three different arrangements was
0.78, 0.83, and 0.95m, and that of stress concentration area
was 0.11, 0.2, and 0.48m, respectively.

The above analysis results demonstrate that the thick-
ness of the pressure relief zone was largest in the double-
row arrangement, although this led to the thickest stress
concentration zone between boreholes. Under the triple-
flower arrangement, the thickness of the pressure relief
(stress concentration) zone was larger than (similar to) that
in the single row. Therefore, the triple-flower arrangement
is the best method for relieving the pressure.

(2) Change in Elastic Energy Density. Figure 5 shows that the
initial elastic energy density of coal is about 1 × 105 J/m3. After
the pressure release by the large-diameter borehole, the mini-
mum elastic energy densities around the borehole were 4:5 ×
103, 3:8 × 103, and 4:9 × 103 J/m3 under single-row, triple-
flower, and double-row arrangements, respectively. Moreover,
the arrangements of single row and double row caused the elas-
tic energy to reaccumulate between boreholes. Therefore, the
triple-flower arrangement had the best effect on coal energy
release.

(3) Stress Distribution Law. Figure 6 shows that the proto-
rock stress of the coal seam was about 40MPa. After the
construction of large-diameter pressure relief boreholes,

the minimum pressure near the borehole was reduced to
about 1, 1.3, and 1.3MPa under single-row, triple-flower,
and double-row arrangements, respectively, and the stress
was reduced by about 97%. The three-flowered borehole
arrangement resulted in a small stress concentration area
between boreholes and smaller stress peak values. Although
the stress concentration area between boreholes was also
smaller under the single-row arrangement, the peak stress
was greater. Moreover, both the stress concentration area
and the stress peak value between the boreholes under the
double-row arrangement were larger.

(4) Displacement Law. Figure 7 shows that the large-
diameter pressure relief boreholes under single-row, triple-
flower, and double-row arrangements exhibited maximum
displacement of 2:8 × 10−3, 2:3 × 10−3, and 2:1 × 10−3 m. It
shows that the arrangement of double-row pressure relief

None

shear–n
shear–p

shear–p

(a) Single-row arrangement

None

shear–n
shear–p

shear–p

(b) Triple-flower arrangement

None

shear–n
shear–p

shear–p

(c) Double-row arrangement

Figure 8: Distribution of plastic zone.
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Figure 9: Thickness of pressure relief zone in boreholes with
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boreholes has the least impact on the displacement of the
coal seam and the effect of controlling the deformation of
the roadway is the most significant.

(5) Plastic Zone Expansion. Figure 8 shows that under the
different arrangements of large-diameter pressure relief
boreholes, the plastic zones of the single-row boreholes
expanded and penetrated each other, and an effective pres-
sure relief area was formed between the boreholes. Under
the three-flower borehole arrangement, the plastic zones
between the boreholes were not connected. Under the
double-row borehole arrangement, the plastic zone of the
diagonally protruding area between the holes was connected

but did not penetrate the horizontal interval of the borehole.
Thus, under the three-flower and double-row borehole
arrangements, the pressure relief effects of the borehole were
not ideal.

The above analysis indicates that according to the angles
of stress and energy, when the diameter of the pressure relief
borehole was 140mm, although the single-row and double-
row borehole arrangements exhibited the best pressure relief
effects in the displacement monitoring and the plastic zone,
the boreholes were scattered and had less of a coupling effect
as well as easy formation of large stress concentration areas,
high peak stress, and large elastic energy density accumula-
tion areas between them. Moreover, when the diameter of
the pressure relief borehole was 140mm, the pressure relief
effect was the best under the three-flower borehole
arrangement.

3.2.2. Analysis of the Arrangement of Pressure Relief
Boreholes with Different Diameters

(1) Thickness of Pressure Relief Zone of Boreholes with Differ-
ent Diameters. Figure 9 shows that an increase in the diam-
eter of the pressure relief borehole causes the thickness of the
pressure relief zone of the borehole to become significantly
larger. In the single-row borehole arrangement, the thick-
ness of the pressure relief zone in the boreholes of 100,
120, 180, and 200mm in diameter was in the middle of the
triple-row and double-row arrangements. In the 140 and
160mm diameter boreholes, the thickness of the pressure
relief zone was in the middle of the single-row and triple-
flower arrangements.

(2) Thickness of Stress Concentration Area of Boreholes with
Different Diameters. Figure 10 shows that as the diameter
of the borehole increases, the thickness of the stress
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Figure 10: Thickness of stress concentration zone in boreholes with different diameters.
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concentration area also increased, but the thickness of the
stress concentration area changed less. In the single-row
borehole arrangement, the thickness of the stress concentra-
tion area was the smallest. The thickness of the stress con-
centration area in the three-flower arrangement was in the
middle. Under the double-row borehole arrangement, the
thickness of the stress concentration area was the largest.

(3) Changes in Elastic Energy Density of Boreholes with Dif-
ferent Diameters. Figure 11 shows that the remaining elastic
energy density of the coal seam decreased as the diameter of
the pressure relief borehole increased. Under the three-
flower borehole arrangement, the residual elastic energy

density of the coal seam was the smallest. In the single-row
borehole arrangement, the residual elastic energy density of
the coal seam was in the middle. Under the double-row
borehole arrangement mode, the residual elastic energy den-
sity of the coal seam was the largest.

(4) Stress Distribution Law of Different Diameter Boreholes.
Figure 12 shows that as the borehole diameter increased,
the coal seam stress decreased more. For the pressure relief
borehole 100mm in diameter under the three-flower
arrangement, the coal seam pressure relief degree was the
highest, followed by the single-row arrangement and
double-row arrangement. In the pressure relief boreholes
with diameters of 120, 180, and 200mm, under the single-
row borehole arrangement, the degree of pressure relief for
coal was the highest, followed the double-row arrangement
and the three-row arrangement. For pressure relief bore-
holes 140 and 160mm in diameter, the degree of pressure
relief of the coal seam was in the middle when the three-
flower arrangement was used.

(5) Displacement Law of Boreholes with Different Diameters.
Figure 13 shows that as the borehole diameter increased, the
maximum displacement of the coal seam increased. The
pressure relief boreholes with different diameters and
double-row arrangement had the largest coal displacement.
When the three-flower arrangement was used, the coal dis-
placement was the smallest, and the single-row arrangement
had middle displacement.

(6) Expansion Law of Plastic Zone of Different Diameter
Boreholes. Table 3 shows that when the pressure relief bore-
holes with different diameters were arranged in a single row,
the plastic zone was connected. Under the three-flower and
double-row arrangements, the plastic zone was not continu-
ously connected; when the double row was arranged, how-
ever, the diagonally protruding area between the boreholes
was continuously connected.

Based on the above analysis, reasonable arrangement of
six types of pressure relief boreholes with different diameters
were studied and analyzed. To obtain the final result conve-
niently and concisely, six indexes were put forward as the
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Table 3: Plastic zone connection of pressure relief boreholes with
different diameters.

Borehole
diameter
(mm)

Connection
status of the
plastic zone of
single-row
arrangement

Connection
status of the
plastic zone of
three-flower
arrangement

Connection
status of the
plastic zone of
double-row
arrangement

100 y n n

120 y n n

140 y n n

160 y n n

180 y n n

200 y n n
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evaluation basis: the average thickness of the pressure relief
area (along the dotted lines A and B), the average thickness
of the stress concentration area (along the dotted lines A and
B), the degree of energy density reduction, the percentage of
stress reduction, the size of displacement, and the penetra-
tion degree of the plastic zone. Among them, the best, mid-
dle, and worst pressure relief result of each index of each
diameter borehole was regarded as “excellent,” “good,” and
“poor,” respectively. The specific evaluation results are
shown in Table 4.

From Table 4, it can be concluded that with borehole
diameters of 100, 120, 180, and 200mm, although the thick-
ness of the stress concentration area was excellent when the
boreholes are arranged in a double row, the pressure relief
area of the borehole was too small and thus poor. Therefore,
the single-row arrangement was optimal. When the borehole
diameters were 140 and 160mm, the arrangement mode
under the optimal pressure relief effect of the borehole was
the three-flower arrangement. Based on the above analysis,
when the diameter of the pressure relief borehole is different,
the optimal arrangement of the borehole is also different.

4. Theoretical Verification

According to the research results in the literature [34], the
pressure relief effects of boreholes were evaluated in the
present study under the actual conditions of a mine. To
improve the effects of a borehole 200mm in diameter, three
types of borehole arrangement schemes were designed and
studied: single-row, three-flower, and square-row arrange-
ments. Through the research and analysis of the thickness
and degree of pressure relief area, it was concluded that the
proportion of pressure relief area was not different between
single-row and three-flower arrangements, although the
single-row arrangement showed better effects. In the
square-row arrangement, the proportion of the vertical
stress concentration area between boreholes was too large
owing to the increase in borehole spacing. In terms of the
relief effect of vertical stress, the single-row borehole
arrangement was the best, followed by the three-flower and
square-row arrangements. This is because the boreholes
were too scattered, and the mutual coupling effect was small,
which can easily form a new stress concentration area.

When the borehole diameter was 200mm, as shown in
Table 4, the single-row borehole arrangement was the opti-
mal solution, which is consistent with the above research
results.

5. Discussions

In view of the fact that there is no mature theoretical system
for the arrangement of pressure relief boreholes with differ-
ent diameters of single strength coal under high stress condi-
tions, the current design of the arrangement of pressure
relief boreholes is mostly determined according to the com-
bination of field experience and national standards. In this
paper, under high stress conditions, a reasonable drilling
arrangement for pressure relief boreholes with different

diameters of a single strength coal seams is proposed. Its
advantages and disadvantages are as follows:

(1) By means of theoretical analysis and numerical sim-
ulation, the rational layout of different diameter
pressure relief boreholes of single strength coal
under high stress condition is studied. The basis of
reasonable arrangement of pressure relief boreholes
with different diameters of single strength coal under
high stress condition is put forward. The evaluation
table of pressure relief effect of different diameters
and different arrangement of pressure relief bore-
holes is established. The theory of selecting the
arrangement of pressure relief boreholes according
to the diameter of boreholes is added, which can pro-
vide theoretical guidance for determining the rea-
sonable arrangement of pressure relief boreholes
with different diameters in coal mine area

(2) In this paper, the object of study only selected the 6
different diameters of pressure drilling, 18 kinds of
model is established, the base also is small and is
only a preliminary exploration of a theoretical
research direction, although it has certain theoretical
guiding significance, but whether it has the broad
applicability of different intensity of coal, more
research is needed; the theory also needs experts fur-
ther explore perfect

6. Conclusion

(1) With an increase in the diameter of the pressure
relief borehole, the released elastic energy of the coal
near the borehole increased; the residual elastic
energy density decreased; the coupling between the
boreholes was enhanced; the pressure relief range
of the borehole increased; and the pressure relief effi-
ciency was improved

(2) Taking the thicknesses of pressure relief and stress
concentration zones as the main evaluation basis
and the distribution law of elastic energy density,
stress, displacement, and plastic zone after the pres-
sure release of the coal seam as the auxiliary evalua-
tion factors, the pressure relief boreholes with
different diameters were examined, and a reasonable
borehole arrangement was determined

(3) Six evaluation index systems were proposed to eval-
uate the pressure relief effect: the thickness of the
pressure relief zone, thickness of the stress concen-
tration zone, degree of energy density reduction, per-
centage of stress reduction, displacement, and
penetration degree of the plastic zone. It was deter-
mined that when the borehole diameters were 100,
120, 180, and 200mm, the single-row borehole
arrangement had the best pressure relief effect.
When the borehole diameters were 140 and
160mm, the three-flower drilling arrangement was
best

11Geofluids



(4) It is concluded that pressure relief boreholes with
different diameters should adopt different borehole
arrangement theories. The results of this research
provide a reference basis for setting the optimal pres-
sure relief effect in mining areas according to the
actual drilling diameter
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This research is aimed at investigating the influence of the coal height ratio on the mechanical properties and damage behavior of
rock-coal-rock combined samples (RCRCS) under coupled static and dynamic loads. For this purpose, a uniaxial cyclic dynamic
loading experiment with four different coal height ratios of RCRCS was conducted. Mechanical properties, failure modes, and
wave velocity evolution of RCRCS were analyzed; the process of rock burst under coupled static and dynamic loads in rock-
coal-rock combined structure was discussed. The following research results are obtained. (1) The peak strength of RCRCS
under static and dynamic load decreases with the increasing coal height ratio as an inverse proportional function. (2) The
loading and unloading modulus remains consistent for the same levels of dynamic load; the coal height ratio of 40% may be
the limit for the stable value of modulus. (3) The increase of the coal height in RCRCS leads to a gradual increase of the
energy release rate; the cracks develop preferentially in coal and then extend to rock sample. The distribution of AE events and
damage is consistent with the distribution of passive wave velocity. The research results provide important scientific bases for
the guidance of early warning of rock burst.

1. Introduction

Rock burst is a dynamic disaster in mining engineering with a
sudden and violent release of elastic energy accumulated in
coal and rock, which poses a significant risk to mine safety
[1–3]. The number of coal mines in China with rock burst
disasters has been raised from 32 in 1985 to more than 253
in 2019 [4]. For rock bursts in China, some typical features
were observed: (1) Accidents are mostly occurred next to
gobs or advancing working face [5, 6]. (2) Coal bodies were
broken into powder and rushed out several meters, accompa-
nied by the extensive collapse of the overburden strata; the
weak floor suddenly rushed uplifted and caused the entire
roadway section to be closed instantly [7]. (3) Accidents are
mostly controlled by high static stress caused by mining dis-

turbance, complex geological environment, and dynamic
stress caused by fault slipping, hard roof breaking, and
large-charge roof blasting [8, 9]. Observations showed that
the clamping effect of roof-floor surrounding rock on the
coal body becomes more significant as the mining depth
increases. Rock burst is not caused by a single rock layer or
coal seam but by the structural damage of the roof-coal-
floor combined system. Therefore, it is of great significance
to investigate the interaction mechanism of static load and
dynamic disturbance in the process of rock burst [10–12].

In recent years, certain researchers have conducted valu-
able laboratory experiment investigations on mechanical
behaviors of coal-rock combined samples. Petukhov and
Linkov [13] first discussed the postpeak failure properties
of two-body combined samples composed of rock and coal.
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Zhao et al. [14] carried out the uniaxial compression test and
studied the effect of peak compression strength upon the AE
characteristics and P-velocity. Zuo et al. [15] investigated the
deformation and failure behavior of rock-coal-rock com-
bined body containing a weak coal interlayer by uniaxial
and triaxial tests. Chen et al. [16] analyzed the evolution of
internal cracks of coal-rock combined samples based on X-
ray computed tomography observations. Zhao et al. [17]
established the equivalent homogenous model of coal-rock
combined samples and obtained the strength behavior of
the combined model composed of different rock mediums
and structural plane.

With further in-depth study, researchers are gradually
aware that dynamic disturbance functions as an unneglect-
able external condition among numerous factors that induce
rock bursts under deep mining [18, 19]. Zhang et al. [20]
studied the energy dissipation characteristics of pure coal
samples under multilevel frequency cyclic loading. Gong
et al. [21] explored the effect of high loading rate on the
mechanical properties of coal-rock combinations. Hu et al.
[22] reproduced the cyclic disturbance-induced rock burst
in the laboratory using a true triaxial testing system.

However, existing research results mainly focused on the
mechanical behavior of coal-rock combined samples under
pure static load, while a limited number of studies have been
published on the deformation properties and damage behav-
ior of RCRCS under coupled static and dynamic loads. In
this study, an experiment of RCRCS with different coal
height ratios under coupled static and dynamic loads was
conducted. Effects of coal height ratio on mechanical prop-

erties, failure mode, and wave velocity evolution of RCRCS
are mainly researched in this study. Further, the process of
rock burst under coupled static and dynamic loads was
discussed, which provides important reference bases for the
on-site early warning of rock burst.

2. Methodology

2.1. Sample Preparation. Coal samples used for the experi-
ment were collected from the 3-3# coal seam in Yutian coal
mine which is located in Xinjiang Uygur Autonomous
Region, China; siltstone samples were collected from the
immediate roof of the 3-3# coal seam. According to the Chi-
nese National Standard for Coal Mining Industry, both the
coal seam and siltstone layer have an extremely strong burst
tendency as shown in Table 1. Numerous researches showed
that the coal height ratio has a significant control effect on
the mechanical properties of RCRCS [23]. To reflect the
clamping effect of roof samples on the coal samples, four sets
of samples with different coal heights were prepared for the
experiment. Every set had different coal height as shown in
Figure 1: group “A”—coal height ratio 20%, group “B”—coal
height ratio 30%, group “C”—coal height ratio 30%, and
group “D”—coal height ratio 50%. The height of floor
siltstone samples was always 25mm, while the height of roof
siltstone samples changed with the coal height.

According to the requirement by the ISRM standard
[24], the combined samples were with a diameter of
50mm and a height of 100mm. Every part of the RCRCS

Table 1: Burst tendency index of the 3-3# coal seam and siltstone from Yutian coal mine.

Coal burst tendency index

Dynamic failure
duration (ms)

Elastic strain energy index Bursting energy index
Uniaxial compressive

strength (MPa)
Burst tendency
classification

37.60 3.44 20.79 17.82 Strong

Siltstone burst tendency index

Elastic modulus (GPa) Bending energy index
Strong

12.20 169.88

55 mm

20 mm

25 mm

45 mm

30 mm

25 mm

35 mm

40 mm

25 mm

25 mm

50 mm

25 mm

R

C

R

R

C

R

R

C

R

R

C

R

Coal height ratio: 20% Coal height ratio: 30% Coal height ratio: 40% Coal height ratio: 50% 

Group A Group B Group C Group D

Figure 1: Sketch map of rock-coal-rock combined samples.
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was bonded with super glue; physical properties and initial
wave velocity of RCRCS were listed in Table 2.

2.2. Test Device and Measuring System. The tests were car-
ried out in the State Key Laboratory of Coal Resources and
Safe Mining of China University of Mining and Technology.
The test system is divided into a loading system, an acoustic
emission monitoring system, and a high-speed camera sys-
tem (Figure 2). The 370.50 fatigue-testing machine produced
by MTS Corporation in the United States was used to per-
form multilevel cyclic dynamic load, with a maximum load
of 500 kN. The loading system can realize constant ampli-
tude, variable amplitude, and block waveform loading. The
PCI-II monitoring system produced by PAC Corporation
was applied to capture AE signal features during the test.
Eight R15-a sensors were arranged on the surface of the
combined sample to be measured through hot melt adhesive
to obtain the spatial distribution of AE events. The sampling
rate of the system was 2MHz and the gain of the preampli-
fier was set as 40 dB. The values of peak definition time
(PDT), hit definition time (HDT), and hit lockout time
(HLT) were selected as 50μs, 200μs, and 300μs, respec-
tively. The GX-3 high-speed camera system produced by
NAC Corporation in Japan was used to capture the defor-
mation and failure characteristics of combined samples in
the whole test, which can shoot 2000 frames per second,
showing the resolution of 680 × 480 pixels.

2.3. Test Scheme. The dominant frequency band of a wave-
form signal of a typical rock burst accident in Yutian coal
mine was analyzed. On this basis, the frequency of the
applied cyclic dynamic load was determined as 5Hz by com-
bining with the mechanical properties of the fatigue testing.
Relevant research results showed that the strain rate of
dynamic load in the coal mine is usually within the range
of 10-3·s-1~101·s-1 [25], and the strain rate of cyclic dynamic
load considered in this paper is about 10-2·s-1, which meet
the above requirements. Therefore, the test results can better

reflect the actual situation of rock burst due to external
dynamic load disturbance.

The stress-controlled was used in the test, and the load-
ing path was divided into four stages as shown in Figure 3,
(I) static load stage: the load reached 10 kN at a rate of
300N/s from the initial state; (II) hold load stage: the static
load remains unchanged for 10 s; (III) cyclic dynamic load
stage: the oil source drives the indenter to apply a sinusoidal
dynamic load to the samples; (IV) hold load stage: the static
load remains unchanged for 10 s. The dynamic load fre-
quency was 5Hz; the upper and lower load limits are
10 kN in each cyclic dynamic load stage, while 100 cycles
were repeated. Afterward, the procedure was repeated in
the order of I-II-III-IV until the combined sample was
irreversibly damaged; the test was ended.

3. Results

3.1. Strain-Stress Curve. As the most important constitutive
relationship in material mechanics, the strain-stress curve
can reflect the deformation behavior of the material under
a given stress state. Figure 4 illustrates the strain-stress curve
of RCRCS with different coal height ratios under coupled
static and dynamic loads. To facilitate the analysis, the stress
behavior of the pure coal and siltstone sample under static
load is drawn for comparison. In addition, from reaching the
peak strength to completely losing the load-bearing capacity,
both RCRCS and the pure coal sample undergo an obvious
yielding stage and fail gradually. However, siltstone samples
with higher brittleness have a faster fracture rate and a more
violent stress reduction process. The coal height ratio has a
key influence on the mechanical properties and failure behav-
ior of RCRCS, which will be analyzed in detail.

The peak strength of the RCRCS with different coal
heights under coupled static and dynamic loads is shown
in Figure 5. In terms of general rules, the peak stress of
RCRCS under coupled static and dynamic loads gradually
decreases with the increase of coal height, and higher than
the coal samples, lower than the siltstone samples, which is
consistent with the conclusions obtained by previous
scholars. The relationship between coal height and the peak
stress of RCRCS can be described by the inverse propor-
tional function as shown in Equation (1).

σc = 20:6 + 0:57
hc

, ð1Þ

where σc and hc are peak strength and coal height of RCRCS
under coupled static and dynamic loads, respectively.

According to the peak strength of the RCRCS, the σc ∼ hc
curve is divided into three stages. In stage I (coal height ratio
between 0–only siltstone was tested and 20%), the peak
strength decreases sharply from 77.0MPa to 23.45MPa. In
stage II (coal height ratio between 20% and 50%), the peak
strength experiences a slight decrease from 23.45MPa to
19.54MPa. In stage III (coal height ratio between 50% and
100%), the peak strength decreases from 19.54MPa to
14.59MPa, which can be defined as a proximate stable trend.

Table 2: Physical properties and initial wave velocity of RCRCS.

Coal
height
ratio (%)

Sample
unit

Diameter
(mm)

Length
(mm)

Mass
(g)

Wave
velocity
(m/s)

20

1a1-A1 49.83 100.80 438.6 1828.68

1a1-A2 49.96 101.61 421.7 1896.31

1a1-A3 49.25 100.68 432.8 1912.49

30

1a1-B1 49.51 100.04 398.7 1744.27

1a1-B2 49.80 101.42 426.8 1738.04

1a1-B3 49.68 100.47 413.1 1813.16

40

1a1-C1 49.51 100.70 422.7 1710.57

1a1-C2 49.10 101.50 397.4 1695.36

1a1-C3 50.04 101.37 438.6 1743.45

50

1a1-D1 49.09 101.38 421.7 1566.54

1a1-D2 49.29 100.09 403.2 1468.28

1a1-D3 50.15 100.78 429.3 1347.06
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There, it seems that the critical coal height of 20% and 50%
have a key effect on the peak strength of RCRCS.

The static load is applied to the top of the combined
samples, while the cyclic dynamic load is applied to the bot-
tom. Regardless of static or dynamic load, once the external
load reaches the ultimate bearing strength of the coal sam-
ple, the entire RCRCS will lose stability. It can be found that
the peak strength under coupled static and dynamic loads is
closer to that of the pure coal sample. Therefore, it can be
considered that the bearing capacity of RCRCS is closer to
the coal sample.

3.2. Elastic Modulus of Cyclic Dynamic Load. The research
showed that different loading paths significantly affected
the process of connection and coalescence of microfractures.
Moreover, the evolution trends of microscopic parameters
can be characterized based on various macroscopic parame-
ters, such as elastic modulus and Poisson’s ratio [26]. Elastic

modulus of coal and rocks reflect their ability to resist defor-
mation under the stress condition, which can be determined
under a static load in three different ways [27, 28]. In gen-
eral, the degree of consolidation between material particles
increases with increasing stress. However, the evolution laws
of the elastic modulus of RCRCS under cyclic dynamic load-
ing are still unclear. In this paper, the loading elastic modu-
lus El and unloading elastic modulus Eu in each hysteresis
loop were tested, which also meets the recommendations
of ISRM; these two moduli can show the effect of dynamic
loads on the RCRCS.

The tangential elastic moduli were calculated using
Equation (2) and Equation (3), where σA, σB, and σC are
the start, middle, and end stress of each strain-stress loop
(hysteresis loop), respectively. As shown in Figure 6, εA, εB,
and εC are the start, middle, and end strain of each hysteresis

(a)

(b)

(c)

AE sensors

ab

c

Figure 2: Test device and measuring system. (a) MTS Landmark 370.50; (b) PCI-II AE system; (c) NAG GX-3 high-speed camera.
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loop, respectively. The evolution laws of tangential elastic
moduli with the number of cycles at each dynamic stress
levels were presented in Figure 7.

El =
σB − σA

εB − εA
, ð2Þ

Eu =
σC − σB
εC − εB

: ð3Þ

As shown in Figure 7(a), the coal height ratio is 20%.
The stress in the compaction stage was relatively low, and
the microcracks inside the RCRCS were basically closed.
Therefore, the tangential elastic modulus in the first cyclic
dynamic load level essentially did not change and main-
tained a relatively stable value. The average loading modulus
value is 3.01GPa, while the average unloading modulus
value is 3.02GPa in level I. Both were between coal samples
(2.08GPa) and siltstone (12.20GPa) and closer to that of the
coal samples. It was found a slightly increasing trend of the
El and Eu in the second dynamic load level which was
induced by the compaction effect. As the continuously
strengthened number of loading cycles, the time of occlusion
and reconstruction of microfracture surfaces greatly
declined, which inhibited the connection and coalescence
of the microfracture surfaces. The average loading modulus
value is 3.96GPa, while the average unloading modulus
value is 4.08GPa in the second dynamic load level. In the
third cyclic dynamic load level, the El and Eu both showed
sharply fluctuated. The average loading modulus value is
4.71GPa, and the average unloading modulus value is
4.99GPa. Overall, the elastic modulus in the hysteresis loop
increased with an increase in the cyclic dynamic stress level,
but the value of the increase was decreased.

The failure of 1a1-B2 and 1a1-C2 samples occurred in
the fourth cyclic dynamic load stage; a slight decrease and
fluctuation trends were observed and caused by damage to
the RCRCS owing to cyclic loading, which is representative
of the progressive damage of macroscopic parameters. It is
worth noting that in the 1a1-D2 sample, the coal height ratio
is increased to 50%. A slight decreasing trend of the El and
Eu in level-I and a remarkable decreasing trend near the fail-
ure level can be found. As the proportion of coal height ratio
increases, the pores, cracks, and discontinuities inside the
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combined structure increase, which further leads to a
decrease in the resistance to deformation of the RCRCS.
Therefore, the coal height ratio of 40% may be the limit for
the stable value of loading and unloading modulus under
the dynamic load. For higher coal contribution in the com-
bined samples, it starts cracking under higher loads, and
consequent cycles of dynamic loads and modulus values
decrease.

In addition, Lei et al. [29] maintained that an increase in
the lower stress limit will make the rock harder, while the
lower stress limit close to zero will make the rock softer. In
this paper, it is also clearly observed that the unloading elas-
tic modulus value is obviously lower than the loading mod-

ulus under low-constraint conditions. For the RCRCS which
final failure occurred during the dynamic loading level, the
two modulus values are basically completely close, indicating
that the cyclic dynamic loading caused dense microcrack
damage inside the combined sample and reduced the tan-
gential modulus in the hysteresis loop, reflecting the pro-
gressive damage characteristics of the RCRCS under the
coupled static and dynamic loads.

3.3. The Energy Dissipation. As a quasibrittle material, the
RCRCS always exchange energy with the external system
under coupled static and dynamic loads. In terms of early
warning of rock burst and deeply understanding the fatigue
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characteristics of rock, energy dissipation has great signifi-
cance for damage evaluation. For the RCRCS studied in this
paper, part of the energy comes from the heat dissipated by
conduction, convection, and radiation, and the other part
comes from the energy dissipated by the damage of the
material itself. Since the thermal energy of RCRCS general
remains unchanged under coupled static and dynamic loads,
the energy dissipation trend caused by damage is basically
the same as the total energy dissipation. So, the total dissi-
pated energy can be represented by the energy dissipation
caused by damage. Energy dissipation of a single hysteresis
loop is given by Equation (4), where εi, εi+1, σi, and σi+1
are the stress and strain data corresponding to the i and i
+ 1 hysteretic loop, respectively. The unit of Ui is J/m3

which represents the dissipated energy per unit volume
between two consecutive data points. The cumulative dissi-
pated energy density Ua is given by Equation (5)–Equation
(6), which represents the cumulated dissipated energy from
the first cycle to the nth cycle.

Ui = 〠
n

i=1

εi+1 − εið Þ σi+1 − σið Þ
2 , ð4Þ

Ui =
ðmax

min
Ui =

þ
σdε, ð5Þ

Ua = 〠
n

i=1
Ud: ð6Þ

Figure 8 shows the accumulated dissipated energy den-
sity of the combined samples with different coal heights at
each cyclic dynamic load stage. Obviously, the accumulated
dissipated energy increases linearly with the number of
cycles within the same stress level, while the rate of increase
of the dissipated energy remains unchanged.

The increasing rate of dissipated energy density (slope of
the curve) gradually increases with the stress level. The final
failure of 1a1-A1 and 1a1-D2 samples were both occurred in
the static load stage, while 1a1-B2 and 1a1-C2 were both
unstable in the fourth cyclic dynamic load stage. There is
an obvious abrupt increment of the accumulated dissipated
energy density in the last cycle before the final failure, which
indicates that the macroscopic instability of the RCRCS that
occurs in the cyclic dynamic loading stage is significantly
different from that of the static load stage. In this case, the
failure is still brittle, but the accumulated energy is con-
sumed and released rapidly and violently. This is also the
essential difference between high stress-dominated and
cyclic dynamic load disturbance-dominated rock burst.

The rate of energy dissipation can indicate the mechan-
ical response speed of RCRCS under coupled static and
dynamic loads. In this paper, we define a new energy dissi-
pation rate index as: dUa/dN . Figure 9 plots the quantitative
relation between the accumulated energy dissipation density
rate of the RCRCS with different coal height ratios and cyclic
dynamic stress levels. The relationship between accumulated
energy dissipation density rate and the dynamic stress level
can be well fitted with an exponential function with high

consistency <0.9719~1.00>. Besides, it is clear that with the
increase of dynamic stress level, the growth of accumulated
energy dissipation density rate increases. This demonstrates
that under the higher stress level, the effect of cyclic dynamic
load accelerates the growth and penetration speed of micro-
cracks in RCRCS, and the rate of energy release also
increases. The combined structure is easier to complete the
transformation from a steady state to an unsteady state. In
addition, with the increases of coal height ratio in RCRCS,
the rate of accumulated energy dissipated density increase,
which indicated that as the weaker part of RCRCS, the coal
body mainly participates in the response to static and
dynamic load, and controls the overall stability.

The total amount of energy dissipation refers to the dis-
sipated energy counting from the first cycle to the last cycle
up to failure. Previous studies have shown that the total
amount of energy dissipated is constant for specific material
such as concrete [30]; it is only related to the stress path and
stress level. However, this experiment shows another form of
the energy dissipation of RCRCS. Figure 10 shows that the
total energy dissipation corresponding to different cycles of
dynamic times is quite different, indicating that the total dis-
sipated energy could not be a material constant, but a vari-
able related to the total number of cyclic load cycles.

3.4. Spatial Distribution of AE Events and Failure Mode. The
AE source location has been widely used to detect the origin
and propagation of cracks in various materials, such as con-
crete [31], rock [32], rock-like material [33], coal [34], and
metal [35]. It can realize the continuous visualization of
the spatio-temporal evolution law of material damages in
the whole loading process. As shown in Figure 11(a), AE
event energy (unit: aJ) can be divided into seven grades.

To reflect the internal fracture propagation and damage
development of the RCRCS under coupled static and
dynamic loads, the load process is sequentially decomposed
into the “static + hold load” stage and the “dynamic + hold
load” stage. The failure characteristics of the RCRCS under
instantaneous dynamic failure are analyzed by capturing
the images of the combinations before failure with the
high-speed camera. Limited by the article length, to show
the influence of different coal height ratios on the failure
modes of the combined samples, the biggest (50%) and
smallest (20%) coal height ratios in each group are selected
to perform the analysis.

The first analysis considers the 1a1-A1 sample of group
“A” with a coal height ratio of 20%. Figure 12(a) indicates
that the low-energy AE events are initiated in the middle
of the coal body of the RCRCS during the initial static load
stage, which is mainly due to the closure of primary cracks
and pore. The cyclic dynamic load under low stress levels
has no obvious effect on the microfracture of RCRCS. With
the increase of stress level, the AE events with large energy
evolve from coal sample to the roof siltstone. In the second
“dynamic + hold load” stage, the growth of AE events is
the most obvious, especially the AE events in the roof rock
samples began to gather significantly. In the next “static +
hold” stage, the development of microfractures in the coal
body is almost full, while there are still only a few low-
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energy AE events in the floor rock samples. Until the last
“dynamic + hold” load stage, the distribution of AE events
in the floor rock sample has been extended to the top end,
and the RCRCS structure is close to critical instability. The
AE events in the roof rock sample are distributed in a “cone”
shape, and the position of its generatrix is the contour where
splitting failure occurs, which well corresponds to area A in
1a1-A1 as shown in Figure 12(b). According to the failure
process, the coal sample is the first to spray particles, while
there is no obvious deformation of the roof and floor silt-
stone samples. Subsequently, the coal sample showed a visi-
ble horizontal volume expansion; the side of the roof rock
sample appeared longitudinal splitting failure. A strong
impact tendency occurred accompanied by the coal pulver
and mass ejection violently.

The second analysis considers the 1a1-D2 sample of
group “D” with a coal height ratio of 50%. Figure 13(a) indi-
cates that the AE events are distributed both in the roof, coal,
and floor samples in the initial load stress, especially in the
interface between the coal and rock samples above and
below. The cyclic dynamic load under initial stress levels
caused RCRCS to produce a series of low-energy AE energy,
different from group “A”; the top and bottom siltstone sam-
ples significantly participate in the mechanical response to
static and dynamic loads at this time. Subsequent cyclic
dynamic load causes the microfractures in the coal body to
continue to develop until it reaches a near-destructive state.
This indicates that the damage evolution in the RCRCS is
not homogenous at the beginning; top and bottom rock
parts experience more damage characterized more and
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Figure 8: Accumulated dissipated energy density of RCRCS.
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stronger AE events. Figure 13(b) documents that the left part
of the coal sample burst first out at failure (area B), then the
roof siltstone sample showed complete longitudinal splitting
failure.

In summary, the damage evolution of RCRCS under
coupled static and dynamic loads can be described as fol-
lows: (1) When the coal height ratio is small, the damage
first initiates in the coal sample, then more and more cracks
appear in the roof sample. Finally, the RCRCS was
completely destabilized until the macroscopic cracks devel-
oped to the top of the roof siltstone sample. (2) When the
coal height is large, the damage is distributed both in the
roof, floor siltstone and coal samples. The final failure is
characterized by the burst failure of the coal sample and
the split failure of the siltstone sample, which is consistent
with the composite failure pattern of roof-coal-floor
described above.

3.5. Distribution of Passive Wave Velocity. Passive velocity
tomography is based on the seismic wave velocity of media
equaling the result of dividing the length of ray paths by
the propagation time of seismic waves from the seismic
source to a receiver. In recent years, passive velocity tomog-
raphy has been extensively used to predict the rock burst
hazard in the field [36, 37]. In this part, the wave velocity
field is inverted based on the internal wave velocity obtained
from the AE source events. Same as the chapter of the spatial
distribution of AE events and failure mode, we take 1a1-A1
and 1a1-D2 samples as examples for illustration.

According to the theory of passive velocity tomography,
the P-wave velocity variations are linked to the changes of
stress. Therefore, the high-velocity zones in tomograms are
representing the high-stress zones. In addition, the wave
velocity propagation is also related to the physical and
mechanical properties of rock and structural properties of
the rock mass.

Figure 14(a) indicates that the high-velocity area is
mainly concentrated in the middle of the coal and roof silt-
stone parts in the initial stress level of the 1a1-A1 combined
sample, but its concentration is limited. Subsequent cyclic
dynamic loads lead to a more concentrated area of wave
velocity anomaly, and the degree of concentration is getting
higher. Due to the abundant cracks generated inside the
RCRCS near the final failure, the strength of the combined
structure is reduced and entered a yielding state; the range
of high-velocity area is reduced.

Figure 14(b) indicates that the high-velocity area is
mainly concentrated in the coal parts of the 1a1-D2 com-
bined sample, while the low-velocity area is scattered around
the RCRCS. Due to the high coal body height, it has become
the main area that mainly participates in the destruction,
and it is also the concentrated area of the high wave velocity
abnormal area. The elastic core region is the energy storage
region of the RCRCS, which provides the driving force of
impact failure in the final failure. The wave velocity distribu-
tion is well consistent with the spatial distribution of AE
events and failure mode.

4. Discussion

The theoretical model as shown in Figure 15 is established
on the basis of the above laboratory experiment results, to
deepen the understanding of the impact mechanism of
coal-rock mass under coupled static and dynamic loads.

Thanks to the study, it is possible to show the mecha-
nism of rock burst under coupled static and dynamic
stresses. Figure 15 plots the energy transfer in the roof-
coal-floor systems during the coal burst process under
coupled static and dynamic loading. The stress behavior of
the surrounding rock is displayed on the left-hand side; the
stiffness and strength are both higher than coal. The stress
behavior of coal is displayed on the right-hand side, and coal
is assumed to be a softening material with nonlinear behav-
ior. In the roof-coal-floor combined system, if the strain Δε2
is produced in the coal sample under the static load, the cor-
responding strain will be produced synchronously in the
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surrounding rock (roof and floor) Δε1; the relationship
between Δε1 and Δε2 can be expressed as

Δε1 =
k2
k1

Δε2, ð7Þ

where k1 is the stiffness of surrounding rock and k2 is the
stiffness of coal. Therefore, the total strain of the roof-coal-
floor system can be written as

Δε = Δε1 + Δε2 =
k1 + k2
k1

Δε2: ð8Þ

Therefore, the ratio of coal strain to total strain can be
written as

Δε2
Δε

= 1
1 + k2/k1ð Þ : ð9Þ

From Equation (9), if we just consider static load, the
process from stability to the instability of coal can be divided
into four stages:

(1) Stage AB: both k1 and k2 are larger than zero; the
coal and surrounding rock are both in the elastic
energy storage stage

(2) Stage BD: the coal first enters the inelastic deforma-
tion stage. k1 is still larger than zero, while k2 gradu-
ally decreased to zero at the peak point D. At this
time, the coal begins to transform the elastic energy
stored into plastic deformation, and the surrounding
rock is still in the elastic energy storage stage

(3) Stage DS: the carrying capacity of the coal body
gradually loses, and k2 turns into a negative value.
During this process, the roof-coal-floor combined
system may undergo an unstable process, when k1
+ k2 = 0, Δε2/Δε⟶∞. The strain of the roof-

coal-floor system expands rapidly in an instant, and
the energy accumulated in the coal sample and sur-
rounding rock is released together, which will trigger
the overall failure, corresponding to the occurrence
of rock burst

(4) Stage SE: the instability of the coal body slows down
gradually; the roof-coal-floor system reaches the next
stable energetic state, which corresponds to the calm
period after the occurrence of the rock burst

When the roof-coal-floor system is subjected to the
superposition of external static and dynamic loading stress
(σs and σd), which can be equivalent to a condition that
the stiffness of the surrounding rock decreases from k1 to
k1

’. In this context, there are two different situations: (1) dis-
turbance dynamic stress: when the cyclic dynamic load is
applied under a low-stress level, it is easier to cause the
expansion of microcracks inside the RCRCS, accompanied
by small fluctuations in the stress value and a series of AE
events, but it will not induce impact instability. (2) Impact-
derived dynamic stress: when the cyclic dynamic load is
applied near the instability, the stress is more likely to evolve
along a path in the 1-2-4 direction, rather than the 1-3-D-4.
The additional input energy will be larger, and the coal fail-
ure process will be more violent. Therefore, the equivalent
energy decrease of the stiffness of the surrounding rock will
be more remarkable.

5. Conclusions

The mechanical properties and damage behavior mecha-
nisms of RCRCS under coupled static and dynamic loads
were investigated in terms of strain-stress curve, loading
and unloading modulus, AE events distribution and failure
modes, and wave velocity field. Compared with the failure
laws of single coal or rock materials, the prediction of the
failure of rock-coal-rock is more complex and difficult. After
the investigations, the results can be concluded as follows:
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(a)

Figure 12: Continued.
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(1) The peak strength of the RCRCS under coupled
static and dynamic loads is strongly affected by the
coal height. The coal height versus the peak strength

curve is divided into three stages, namely, intensive
decline stage (0~20%), moderate decrease stage
(20~50%), and stable stage (50~100%)

0.07 s before failure 0.06 s before failure 0.05 s before failure

0.04 s before failure 0.03 s before failure 0.02 s before failure

0.01 s before failure Final failure

(b)

Figure 12: (a) Spatial distribution of AE events for each stress level of the 1a1-A1 specimen. (b) Failure process of 1a1-A1 specimen
captured by high-speed camera.

12 Geofluids



First “static+hold” First “dynamic+hold” Second “static+hold”

Second “dynamic+hold” Third “static+hold” Final failure

(a)

Figure 13: Continued.
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(2) The loading and unloading modulus remain basi-
cally consistent for the same levels of dynamic load,
while there is a slight decrease at high-stress levels.
The coal height ratio of 40% may be the limit for

the stable value of modulus values. For higher coal
contribution in the combined samples, it starts
cracking under higher loads, and consequent cycles
of dynamic loads and modulus values decrease.

0.07 s before failure 0.06 s before failure 0.05 s before failure

0.04 s before failure 0.03 s before failure 0.02 s before failure

0.01 s before failure Final failure

(b)

Figure 13: (a) Spatial distribution of AE events for each stress level of the 1a1-D2 specimen. (b) Failure process of 1a1-D2 specimen
captured by high-speed camera.
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Moreover, the loading and unloading modulus
increase with the stress level

(3) When the coal height ratio is 20%, the damage first
initiates in the coal sample, then more and more
cracks appear in the roof sample. Otherwise, it will
be manifested as the combined damage of the ejec-
tion damage of the coal body and the splitting of
the roof and floor rocks. The results are consistent
with the distribution of passive wave velocity

(4) The physical model of RCRCS tested under coupled
static and dynamic stresses explains very well the
mechanism of rock burst, which takes place in
underground mining
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Figure 14: Acoustic wave velocity distribution.
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In this study, a detailed analysis was conducted to evaluate the impacts of the deviatoric stress component and spherical stress
component on the stability of surrounding rocks in the roadway via the theoretical analysis and calculation and numerical
simulation. Based on the analysis, the distribution laws guiding the main stress differences, plastic zone, convergence of
surrounding rocks, and third invariant of stress under various conditions (such as equal spherical stress and unequal deviatoric
stress and equal deviatoric stress and unequal spherical stress) were developed, providing an optimization scheme for roadway
support misunderstanding under the conditions of high spherical stress field and high deviator stress field. The study further
reveals that under the circumstance of the constant spherical stress, the greater the deviatoric stress, the plastic zone range of
the surrounding rock of the roadway, the range of tensile deformation of the surrounding rock, the amount of convergence of
the surrounding rock, the probability of separation of the roof and floor of the roadway, and the principal stress difference and
the main stress, the greater the concentration range of the maximum stress difference is, and the maximum principal stress
difference is mainly concentrated in the roof and floor rocks of the roadway, and the greater the deviatoric stress, the greater
the probability that the roof and floor rocks of the roadway will be separated, and the maximum principal stress difference is
mainly concentrated in the roof and floor rocks of the roadway, the greater the deviator stress, the greater the concentration
range of the maximum value of the principal stress difference and the principal stress difference; when the deviator stress is
constant, the range of the plastic zone and the maximum principal stress difference concentration range of the surrounding
rock of the roadway decrease with the increase of the ball stress, and the principal stress difference, the amount of convergence
of the surrounding rock, and the range of tensile deformation increase with the increase of the ball stress. The maximum
principal stress difference is mainly concentrated in the roof and floor rocks of the roadway. The principal stress difference
increases with the increase of the spherical stress, and the maximum concentration range of the principal stress difference
decreases with the increase of the spherical stress. After the method proposed in this paper optimizes the actual roadway
support on site, the surrounding rock deformation of the roadway is small and the control is relatively ideal, which basically
meets the engineering needs.

1. Introduction

Ground stress has been considered as the fundamental force
causing deformations and damages in various underground
excavation projects [1, 2] and one of the important bases
for designing the support and protection system of the
underground projects. Ground stress has been divided into
two categories including self-weight stress and horizontal
tectonic stress. Therefore, scholars domestically and abroad

have invested substantial time and energy in researching
the impacts of self-weight stress [3–6] and horizontal tec-
tonic stress [7–10] on the stability of the roadway surround-
ing rocks.

Based on plastic mechanics, the stress of surrounding
rocks can be categorized into spherical stress tensor and
deviatoric stress tensor, with the former one deciding the
shape changes of the rocks and the latter one dominating
the volume changes [11]. Substantial studies have been
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conducted to explore the distribution laws of spherical stress
of roadway surrounding rocks and plastic zone. Ma et al.
researched the deviatoric stress field and the distribution
law of plastic zone when the roadway surrounding rocks
are exposed to uneven stresses [12]. Yu et al. investigated
the impacts of deviatoric stress on the plastic zone distribu-
tion of roadway surrounding rocks, resulting in the identifi-
cation of an instability model of the roadway under various
lateral pressure coefficients [13]. Xie et al. studied the vari-
ance law of deviatoric stress of deep roadway surrounding
rocks and proposed asymmetric control technology of sur-
rounding rocks based on various sections [14]. He et al.
focused their studies on the structural stress of deep roadway
surrounding rocks at high elevation including the damage
and the distribution of deviatoric stress, along with corre-
sponding controlling measures [15]. Xu et al. took the super-
elevation section of a coal mine track in Shanxi as the
research object, used UDEC to simulate the deviatoric stress
distribution of the surrounding rock of the roadway at dif-
ferent roadway heights, compared the degree of deviatoric
stress changes between the roof and floor and the two sides
of the roadway, and finally proposed targeted support tech-
nology [16]. Luo et al. thoroughly studied the influence of
the intermediate principal stress and the rheological proper-
ties of the surrounding rock on the displacement of the sur-
rounding rock of the roadway and the plastic zone of the
surrounding rock and finally found that ignoring the rheo-
logical properties of the rock would overestimate the lithol-
ogy of the surrounding rock. In control roadway
deformation and plastic zone expansion [17], Zhang et al.
used the D-P yield criterion to calculate the analytical solu-
tions for the elastoplasticity, plastic zone radius, and dis-
placement of the surrounding rock under bidirectional
isobaric conditions and discovered the importance of the
intermediate principal stress to the stress distribution of
the surrounding rock [18]. According to the D-P yield crite-
rion and the nonassociated flow rule, Chen et al. derived a
closed analytical solution for the stress, deformation, and
radius of the plastic zone of the surrounding rock of a deep
circular roadway under hydrostatic pressure [19].

Scholars have conducted sufficient studies on the devia-
toric stress distribution of roadway surrounding rocks and
the distribution law of the plastic zone after the roadway
excavation. However, limited studies have been performed
on the impacts of both spherical stress tensor and deviatoric
stress tensor before the roadway excavation on the roadway
stability after excavation. Therefore, in this study, a detailed
analysis was conducted to evaluate the impacts of deviatoric
stress component and spherical stress component on the sta-
bility of surrounding rocks in roadway via the theoretical
analysis and calculation, numerical simulation, and two sets
of loading tests.

2. Loading Plan and Numerical Model

2.1. Loading Plan and the Analysis of Principal Stress
Difference of Roadway Surrounding Rock. A plan including
two sets of loading tests was proposed to study the impacts
of the deviatoric stress component and spherical stress com-

ponent on the stability of surrounding rocks in the roadway.
The detailed loading plan is provided below.

A loading test was performed at a constant spherical
stress component (p = 15MPa) and various deviatoric stress
components (q = 2:4MPa, 7.2MPa, 12MPa, and 16.8MPa).
In other words, during this loading test, constant spherical
stress was imposed on the model with different deviatoric
stresses.

A loading test was performed at a constant deviatoric
stress component (q = 12MPa) and various spherical stress
components (p = 9MPa, 12MPa, 15MPa, and 18MPa). In
other words, during this loading test, constant deviatoric
stress was imposed on the model with different spherical
stresses.

p = 1
3 σ1 + σ2 + σ3ð Þ, ð1Þ

q = 1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ1 − σ2ð Þ2 + σ2 − σ3ð Þ2 + σ3 − σ1ð Þ2

q
: ð2Þ

Equation (3) can be obtained based on equations (1) and
(2) listed above.
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where p refers to spherical stress, q indicates deviatoric
stress, and θσ is the loading angle.

A stress space diagram was obtained from equation (3)
and illustrated in Figure 1.

The strain increment of the deep surrounding rocks
under the plastic strain state demonstrated pure shear defor-
mation with the maximum shear stress dominating the gen-
eration of the stratum plastic zone and development [20, 21].
The principal stress difference can reflect the shear stress
distribution and the damage in the surrounding rocks [22,
23]. The principal stress difference can be illustrated in

σs = σ1 − σ3: ð4Þ

Based on the elasticity theory, the stress of the circular
hole in the two-way stress infinite plate is shown in

σr =
1
2 σv + σHð Þ 1 − R2

0
r2

� �
−
1
2 σv − σHð Þ 1 − 4R

2
0
r2

+ 3R
4
0
r4

� �
cos 2θ,

σθ =
1
2 σv + σHð Þ 1 + R2

0
r2

� �
+ 1
2 σv − σHð Þ 1 + 3R

4
0
r4

� �
cos 2θ,

τrθ =
1
2 σH − σvð Þ 1 + 2R

2
0
r2

− 3R
4
0
r4

� �
sin 2θ,

8>>>>>>>>><
>>>>>>>>>:

ð5Þ

where σv refers to the vertical stress in MPa, σH indicates
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the horizontal stress in MPa, R0 is the radius of the circular
hole in m, and θ represents the polar angle.

Under the state of the plane strain, the principal stress
can be calculated following

σ1 =
σx + σy

2 +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σx + σy

2

� �2
+ τ2xy

s
, ð6Þ

σ3 =
σx + σy

2 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σx + σy

2

� �2
+ τ2xy

s
, ð7Þ

where σ1 refers to the maximum principal stress in MPa
and σ3 indicates the minimum principal stress in MPa.
Equations (6) and (7) can be converted into equations (8)
and (9) under polar coordinates.

σ1 =
1
2 σr + σθð Þ + 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σr − σθð Þ2 + 4τ2rθ

q
, ð8Þ

σ3 =
1
2 σr + σθð Þ − 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σr − σθð Þ2 + 4τ2rθ

q
: ð9Þ

Considering the roadway as the plane strain allows the
overlook of the principal stress, based on equations (3) and
(5), equation (10) can be obtained.

σH

σv

( )
=
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Under various deviatoric stresses, -10° load was selected
for load while -20° load was selected under various spherical
stresses. Based on equation (4) to equation (10), the sur-

rounding principal stress differences of the circular hole
under various conditions were obtained and presented in
Figure 2.

Based on Figure 2, the following results can be obtained.
(1) Under constant spherical stress, as the deviatoric stress
increases, the principal stress difference on the vertical direc-
tion tends to increase accordingly, with the principal stress
difference of shallow surrounding rocks greater than that
of deep surrounding rocks. Horizontally, the principal stress
difference of shallow surrounding rocks decreases as the
deviatoric stress increases while the principal stress differ-
ence of deep surrounding rocks increases. Overall, the verti-
cal principal stress difference is greater than the horizontal
one. (2) Under constant deviatoric stress, as the spherical
stress increases, the vertical principal stress difference
increases, with the principal stress difference of shallow sur-
rounding rocks greater than that of deep surrounding rocks.
Horizontally, the principal stress difference of shallow sur-
rounding rocks increases as the spherical stress increases
while the principal stress difference of deep surrounding
rocks decreases. Overall, the vertical principal stress differ-
ence is greater than the horizontal one.

2.2. Numerical Model and Parameters. A numerical simula-
tion was performed to analyze the impacts of deviatoric
stress and spherical stress on the stability of surrounding
rocks in the roadway. In the simulation model, the cross
section of the roadway was designed in a semicircular
arch, with a height of 3500mm and a width of
4000mm. The calculation range was set at 50m × 50m.
The sides and the bottom of the model limited the hori-
zontal and vertical displacements. The rock mass mechan-
ical parameters of each rock stratum are shown in Table 1.
Stresses were loaded to the model following the loading
plan listed in Section 2.1.
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Figure 1: The distribution of stress and space.
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3. The Test Results under a Constant
Spherical Stress

3.1. The Distribution Law of the Principal Stress Difference of
the Roadway Surrounding Rocks.With FLAC3D, a cloud dia-
gram shown in Figure 3 was drafted to demonstrate the
principal stress difference of the roadway surrounding rocks
under constant spherical stress and various deviatoric
stresses.

From Figure 3, the following results can be obtained. (1)
When q = 2:4MPa, the maximum principal stress difference
concentrated within 2 to 5m range of the roadway sur-
rounding rocks, with maximum principal stress difference
observed in the lower stratum of the surrounding rocks. As
the deviatoric stress increased, the maximum principal stress
difference continued to increase, which is consistent with the
trend demonstrated in Figure 2(a), suggesting a higher shear
resistance needed in the anchor bolt (cable) installed in the
roadway roof in a high deviatoric stress field. (2) As the
deviatoric stress increased, the concentration zone of the
maximum principal stress in the roadway surrounding rock
continued to expand and migrate to the deep layers of rocks,
which suggests that longer anchor cables are needed to keep
anchor cables fixed to the roof for the purpose of support
protection. (3) The deviatoric stress had limited impacts on
the principal stress difference of the roadway sides.

3.2. The Variance Law of the Plastic Zone of the Roadway
Surrounding Rocks. The distribution of the plastic zone con-
tributes to the identification of the supported depth. The dis-
tribution of plastic zone under various deviatoric stresses is
demonstrated in Figure 4. The damage depth of the sur-
rounding rock corresponding to the deviatoric stress is
shown in Figure 5.

Based on Figures 4 and 5, the following results can be
drawn. (1) As the deviatoric stress increases, the plastic zone
in the roadway roof grows large, suggesting that longer sup-
porting plates are needed to enhance the stability of the
roadway in a high deviatoric stress field, which is consistent
with Figure 3. (2) When q < 16:8MPa, the increase of
deviatoric stress tends to have limited impacts on the
damage of roadway sides. When q = 16:8MPa, the damage
of roadway sides increases drastically. Taking Figure 3 into
consideration, the maximum principal stress difference
concentrates in the lower stratum of the roadway roof.
In addition, higher deviatoric stress leads to a larger max-
imum principal stress difference concentration zone.
Therefore, the expansion of the maximum principal stress
difference concentration zone is the main cause of the
drastic increases in the damage of roadway sides, indicat-
ing that proper support and protection are critical to pre-
vent the roadway instability caused by the damage of
roadway sides under high deviatoric stress.
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Figure 2: The distribution of principal stress difference around circular hole.

Table 1: The rock mass mechanical parameters.

Rock formation ρ (kg·cm-3) K (GPa) G (GPa) Cohesion (MPa) Rm (MPa) α (°)

Upper rock mass 2600 8.82 4.63 4.0 2.6 34

Limestone 2800 5.57 4.53 8.4 4.7 38

Argillaceous siltstone 2570 13.4 7.5 2.5 1.8 32

Medium sandstone 2580 3.3 2.5 1.6 1.3 25

Siltstone 2620 7.52 3.1 1.9 1.2 26

Sand shale 2660 5.7 3.4 1.8 1.7 26

Sandy mudstone 2500 3.68 2.15 1.5 1.12 28

Lower rock mass 2695 5.2 4.1 3.3 2.12 35
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3.3. The Deformation Law of the Surrounding Rocks. The
deformation degree of the surrounding rocks can reflect
the need for ductility of the support system. Under various

deviatoric stresses, the deformation of the roadway sur-
rounding rocks from the surface to the depth is demon-
strated in Figure 6.

According to Figure 6, (1) the displacement of surround-
ing rock from shallow to deep decreases in a “logarithmic”
pattern, until reaching stability. (2) When q > 7:2MPa, neg-
ative displacement was observed at the 3m of roadway floor
in-depth and 2m of roadway roof, which suggests that in the
floor, the deep rock stratum submerges while the shallow
ones rise. On the other hand, the deep rock stratum rises
while the shallow ones submerge in the roof. The observa-
tions suggest that higher deviatoric stress tends to increase
the probability of separation in the roadway roof and floor,
resulting in a higher possibility of roof collapse and bottom
drum. (3) The surface displacement of the roadway can
reflect the maximum deformation of the roadway surround-
ing rocks, the damage of the shallow surrounding rocks, and
separation. According to Figure 6, as the deviatoric stress
increases, the surface displacement of the roadway increases
in a linear pattern. When q increased above 2MPa, the sur-
face displacement of the roadway decreases, which suggests
that when q is higher than 12MPa, the deep stratum in the
roadway roof starts to rise substantially, resulting in a
reduced convergence of the surrounding rocks.
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Figure 3: The principal stress difference under different deviatoric stresses.

(a) q = 2:4MPa (b) q = 7:2MPa

(c) q = 12MPa (d) q = 16:8MPa

Figure 4: The distribution of plastic zone under various deviatoric stresses. Blue is no damage, red is raw shear failure, and green is shear
failure has occurred.
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3.4. The Distribution Law of the Third Invariant of
Deviatoric Stress in Surrounding Rocks. The third invariant
of deviatoric stress J3 can be used to identify the deforma-
tion type of the surrounding rocks. When J3 < 0, the defor-
mation is categorized as compressive deformation. When
J3 = 0, the deformation is considered as planar deformation.
When J3 > 0, the deformation is rated as tensile deformation
[8]. The third invariant of deviatoric stress J3 can be a com-
prehensive index of combining the maximum principal
stress, minimum principal stress, and medium principal
stress, indicating the deformation type of the surrounding
rocks. The third invariant of deviatoric stress J3 can be
expressed in

J3 =
2σ1 − σ2 − σ3

3

� � 2σ2 − σ3 − σ1
3

� � 2σ3 − σ1 − σ2
3

� �
:

ð11Þ

A cloud diagram shown in Figure 7 was obtained to
demonstrate the third invariant under various deviatoric
stresses. According to Figure 7, when q = 2:4MPa, a tensile
stress zone was observed within 0.3 to 2.5m range of the
roadway surrounding rocks. As the deviatoric stress
increases, the tensile stress zone expands, resulting in a
larger tensile stress concentration zone in roadway sides
and bottom than the roof. Due to the poor tensile strength
of the rocks, high tensile stress can jeopardize the stability

of the roadway surrounding rocks. Therefore, a high pretor-
que value should be adopted to the supporting system of the
roadway surrounding rocks in a high deviatoric stress field
to enhance the load capacity of the surrounding the rocks
in roadway.

4. The Test Results under a Constant
Deviatoric Stress

4.1. The Distribution Law of the Principal Stress Difference of
the Roadway Surrounding Rocks. A cloud diagram shown in
Figure 8 was drafted to demonstrate the principal stress dif-
ference of the roadway surrounding rocks under constant
deviatoric stress and various spherical stresses.

According to Figure 8, (1) as the spherical stress
increases, the maximum principal stress concentration range
in the deep surrounding rocks tends to decrease, suggesting
that in a high spherical stress field, the layout and installa-
tion of the anchor bolts and cables should avoid the princi-
pal stress concentration zone for better supporting and
stability. (2) As the spherical stress increases, the principal
stress difference increases in the surrounding rocks of the
roadway bottom, which is consistent with Figure 2(b),
demanding a higher shear resistance in the anchor bolts
and cables. (3) The spherical stress exerts some influences
on the principal stress difference of the shallow surrounding
rocks in the roadway sides. However, such influence is lim-
ited to the deep surrounding rocks, which is also
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demonstrated in Figure 2(b), resulting in a lower shear resis-
tance requirement to the supporting and protection system
of the roadway sides.

4.2. The Deformation Law of the Surrounding Rocks. The dis-
tribution of plastic zone under various spherical stresses is
demonstrated in Figure 9. The damage depth of the sur-
rounding rock corresponding to the spherical stress is shown
in Figure 10.

According to Figures 9 and 10, (1) as the spherical stress
increases, the plastic zone of the roadway surrounding rocks
tends to decrease due to the increased surrounding pressure

on the roadway surrounding rocks under higher spherical
stress. In other words, a higher surrounding pressure leads
to a higher strength of the surrounding rock and a smaller
plastic zone. (2) Under various spherical stresses, the plastic
zone of the roadway surrounding rock demonstrates a but-
terfly shape. The spherical stress only impacts the range of
the plastic zone instead of the shape. Comparing with
Figure 5 has revealed that the deviatoric stress tends to exert
a greater impact on the surrounding rocks of the roadway.
(3) The damage depth of the roadway surrounding rocks
demonstrates a higher sensitivity to the spherical stress while
the damage of the roadway sides is less sensitive.

MPa2
5.7010E+19
5.5000E+19
5.0000E+19
4.5000E+19
4.0000E+19
3.5000E+19
3.0000E+19
2.5000E+19
2.0000E+19
1.5000E+19
1.0000E+19
5.0000E+18
0.0000E+00
5.0000E+18
–1.0000E+19
–1.5000E+19
–2.0000E+19
–2.5000E+19
–3.0000E+19
–3.5000E+19
–3.9226E+19

(a) q = 2:4MPa

MPa2
4.1112E+19
2.5000E+19

–2.5000E+19
–5.0000E+19
–7.5000E+19
–1.0000E+20
–1.2500E+20
–1.5000E+20
–1.7500E+20
–2.0000E+20
–2.2500E+20
–2.5000E+20
–2.7500E+20
–3.0000E+20
–3.0570E+20

0.0000E+00

(b) q = 7:2MPa

MPa2
3.0538E+19
0.0000E+00
–5.0000E+19
–1.0000E+20
–1.5000E+20
–2.0000E+20
–2.5000E+20
–3.0000E+20
–3.5000E+20
–4.0000E+20
–4.5000E+20
–4.8385E+20

(c) q = 12MPa

1.7610E+19
0.0000E+00
–5.0000E+19
–1.0000E+20
–1.5000E+20
–2.0000E+20
–2.5000E+20
–3.0000E+20
–3.5000E+20
–4.0000E+20
–4.5000E+20
–5.0000E+20
–5.5000E+20
–5.5621E+20

(d) q = 16:8MPa

Figure 7: The J3 distribution under various deviatoric stresses.
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Figure 8: Principal stress difference of the surrounding rocks.
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4.3. The Deformation Law of the Surrounding Rocks. The
deformation of the roadway surrounding rocks under vari-
ous spherical stresses is demonstrated in Figure 11.

According to Figure 11, (1) a threshold depth has been
observed in rating the impact of spherical stress on the road-
way surrounding rocks. When the spherical stress is higher
than the threshold depth, the deformation is limited with a
low degree of dispersion associated with the surrounding
rock deformation. When the spherical stress is lower than
the threshold depth, the deformation is severe with a high
degree of dispersion associated with the surrounding rock
deformation. (2) Under low spherical stress, the conver-
gences in the deep and shallow surrounding rocks of road-
way are negative and positive, respectively. As the spherical
stress increases, the convergences from the deep to the shal-
low surrounding rocks become positive, suggesting that the
increase of the spherical stress can lower the probability of
the stratum separation. (3) As the spherical stress increases,
the convergence value of the roadway surface surrounding
rocks follows a linear growth.

4.4. The Distribution Law of the Third Invariant of
Deviatoric Stress in Surrounding Rocks. A cloud shown in
12 was developed to demonstrate the distribution of the
third invariant of deviatoric stress in the roadway surround-
ing rocks under various spherical stresses.

According to Figure 12, when p = 9MPa, the roadway
surrounding rocks are under pressure as a whole. When p
= 12MPa, a tensile stress zone was spotted around the road-
way shallow rocks. As the spherical stress increased, multiple
tensile stress zones were observed in the roadway sides and
surrounding rocks of the roof. In other words, as the spher-
ical stress increases, the tensile stress zone expands in the
roadway surrounding rocks, reducing the loading capacity
of the surrounding rocks. Therefore, in a high spherical
stress environment, a high pretorque value should be

adopted to the supporting system of the roadway surround-
ing rocks to enhance the load capacity of the surrounding
rocks in roadway.

5. The Instability Analysis of the Roadway
Surrounding Rocks

5.1. The Analysis of the Impact of Deviatoric Stress on the
Instability of the Roadway Surrounding Rocks. Taking equa-
tion (2) into consideration, the actual deviatoric stress of the
roadway surrounding rocks depends on the ratio of three
principal stresses instead of the individual value of three
principal stresses, which is known as the lateral pressure
coefficient. In other words, the deviatoric stress of the road-
way surrounding rocks in a deep roadway under high
ground stress does not necessarily lead to high deviatoric

(a) p = 9MPa (b) p = 12MPa

(c) p = 15MPa (d) p = 18MPa

Figure 9: The distribution of plastic zone under various spherical stresses.
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stress. The deviatoric stress of the roadway surrounding
rocks in a shallow roadway under high ground stress does
not necessarily lead to low deviatoric stress either. According
to the analysis in Section 3, the deviatoric stress tends to play
a critical role in influencing the stability of the roadway sur-
rounding rocks. In fields, many shallow roadways under low
stresses tend to experience roof collapse and ground drums,
such as the roadway located in the mines of the Shendong
area. Therefore, according to the analysis in Section 3 along
with the field investigation, some common misunderstand-
ings have been identified to the support and protection sys-
tem in the shallow surrounding rocks under low stress.

Firstly, according to Figures 4 and 5, the deviatoric stress
tends to have a significant impact on the damage range and
depth of the roadway surrounding rocks. However, regard-
ing the shallow roadway under high deviatoric stress, the
impacts of the stress on the stability of the roadway sur-
rounding rocks are often overlooked during the design of
the support and protection system, assuming that due to
the shallow location of the roadway, no additional support
system is needed, leading to a design of support and protec-
tion system shown in Figure 13.

As a result, the support and protection system lacks solid
anchor points, accompanied by anchor bolts and cables fol-
lowing the movements of the surrounding rocks.

According to Figure 6 and the analysis in Section 3.3, as
the deviatoric stress increases, the convergence of the road-
way surrounding rocks increases accordingly, along with

potential separation in the roadway roof. Without a strong
support system such as a low elongation in anchor bolts
and cables, a low support density, and a low strength in
the metal protection net, the protection system could risk a
total failure, resulting in severe deformation in the roadway
sides including roof collapse and floor drums.

According to Figure 7, as the deviatoric stress increases,
the tensile deformation continues to expand in the roadway
surrounding rocks. Due to the poor tensile strength of the
rocks, the expansion of the tensile deformation contributes
to the increasing of the plastic zone and decreasing of the
roadway stability, which is also reflected in Figure 4. With
a low rigid support and protection system, such as a low pre-
torque value and poor timing for the installation of the sup-
port and protection system, a large tensile deformation zone
can occur in the surrounding rocks, resulting in the contin-
uous expansion of the plastic zone and severe deformation
to the surrounding rocks in a high deviatoric stress
environment.

5.2. The Analysis of the Impact of Spherical Stress on the
Instability of the Roadway Surrounding Rocks. According
to equation (1), the spherical stress value mainly depends
on three principal stresses. It is commonly known that a
greater depth leads to higher spherical stress. Based on Sec-
tion 4, the spherical stress exerts a significant impact on the
damage range of the roadway surrounding rocks, bearing
capacity, and the deformation of the surrounding rocks.
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Therefore, according to the analysis in Section 4 and
Figure 14 along with the field investigation, some common
misunderstandings have been identified to the support and
protection system in the shallow surrounding rocks under
low stress including increasing the supported depth of the
anchor bolts and cables blindingly and lacking specificity
in the design of the support system.

In the fields, engineers and designers are misled to
believe that a deeper roadway tends to experience more
severe damage, resulting in increasing the supported depth
blindingly. Based on the analysis in Sections 3 and 4, the
damage range of the roadway surrounding rocks increases
along with the increase of deviatoric stress and decrease of
the spherical stress. As a result, regarding a roadway in an
environment featured with high spherical stress and low
deviatoric stress, the damage of the surrounding rocks
should be limited, eliminating the need of increasing the
supported depth. However, the increase of spherical stress
tends to lead to the increase in the deformation of the road-
way surrounding rocks, principal stress difference, and ten-
sile stress zone, demanding a support system featured with
high strength, shear resistance, and contractibility. There-
fore, for the deep roadway in an environment featured with
high spherical stress and low deviatoric stress, the support
system should be improved by increasing the strength, shear
resistance, and contractibility instead of the supported
depth.

Due to insufficient theoretic guidance, the understand-
ings of the critical factors of the stability of roadway sur-
rounding rocks are limited. For instance, as demonstrated
in Figure 9, the damage of the surrounding rocks concen-
trated in the roadway shoulders and bottom corners instead
of the roadway sides. Therefore, the roadway shoulders and
bottom corners should be the main protection targets.
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Figure 12: The J3 distribution under various spherical stresses.
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6. Engineering Validation

6.1. Project Overview and Maintenance Measures. A mine
located in Inner Mongolia was selected for the purpose of
engineering validation. The mining focuses on the #3 coal
seam with an average thickness of 5m, categorized as a hor-
izontal coal seam with an average depth of 275m. Currently,
310 working face is about 300m away from the stopping
mining line. No. 311 working face is featured with a through
open cut. The transportation roadway of the No. 311 work-
ing face is 230m away from the No. 310 goaf. Therefore, the
No. 311 transportation roadway is not influenced by the
mining process. Due to the depth of the #3 coal seam, the
limited ground force, and relatively simple geological struc-
ture, supports were only added to the transportation road-
way roof and sides, as demonstrated in Figure 15. The
support system includes steel anchor rods in Φ18mm ×
2000mm, arranged in a triangular layout with a row dis-
tance of 1200mm × 1100mm. Roadway sides were protected
with steel anchor rods in Φ18mm × 2000mm, arranged in a
flower layout with a row distance of 950mm × 1100mm.

After the installation of the support system demon-
strated in Figure 15, severe damage was spotted in the roof
of the No. 311 transport roadway and roadway sides, with
some anchor rod failures, such as migrating with the sur-
rounding rocks, tears in the metal net, and more. Several
deep damages concentrated on the roof along with maxi-
mum deformation of 200mm in the bottom, risking roof
collapse.

Considering the limited ground force at the location of
No. 311 transport roadway and no influence from the min-
ing process, No. 311 transport roadway damage was mainly
caused by high deviatoric stress. Following the analysis in
Section 3, the deformation of roadway surrounding rocks
in a high deviatoric stress field is featured with large damage
scale, large roadway surface displacement, potential stratum
displacement in the roof, and large tensile stress zone, which
were consistent with the deformation of No. 311 transport
roadway. In addition, some improper designs were identified
in the support plan of No. 311 transport roadway. Therefore,
based on the research results, some adjustments were made
to the original design plan shown in Figure 16.
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Anchor cables can link the load structure of the anchor
rods to the deep surrounding rocks, resulting in an intercon-
nected and overlapped network structure in the effective
stress zone, resulting in decreasing the tensile stress zone
of the surrounding rocks and increasing the stability of the
load-bearing structure [24]. Following this concept, the sup-
port design of the No. 311 transport roadway was modified
as follows. In order to minimize the separation in the roof
surrounding rocks and reduce the tensile zone, two addi-
tional high-strength and high-elongation prestressed steel
strands (dimension of Φ21:8mm × 6500mm) were added
with a preload no less than120 kN. The distance between
two strands was designed at 2000mm × 3300mm. Mean-
while, in order to control the roadway deformation and ten-
sile deformation and improve the support efficiency of the
anchor rods, two additional high-strength prestressed steel
strands were added with a row distance of 1650mm × 3300
mm. Besides, an inclined anchor rod was installed at the
roadway sides, 15° in contrast with the horizontal direction
for the purpose of improving the stability of roadway bottom
corners.

6.2. The Analysis of the Modified Support System. Multiple
monitoring and detection points were set up to keep track
of the roadway surface displacements. The collected data
indicated that with the modified support system, the defor-
mation rate of the surrounding rocks was initially main-
tained at 8~20mm/d with a higher deformation rate
identified in the roadway sides and roof. A total of 4 changes
were observed to the roadway sides and roof. The deforma-
tion rate demonstrated a downward trend. At day 37, the
deformation reached stability, indicating an effective support
and protection to the transport roadway.

7. Conclusion

For the principal stress difference distribution of the circular
roadway surrounding rocks under various spherical stresses
and deviatoric stresses via theoretical analysis, the calcula-
tion results were consistent with the numerical simulation.

(1) Under constant spherical stress, the plastic zone, the
probability of stratum separation of the roof, the
convergence of the surrounding rocks, and the ten-
sile zone increase along with the deviatoric stress.
The principal stress difference of the surrounding
rocks and the concentration zone of the maximum
principal stress difference tends to increase as the
deviatoric stress increases

(2) Under constant deviatoric stress, as the spherical
stress increases, the plastic zone decreases while the
convergence of the surrounding rocks and the tensile
zone increases. In addition, higher spherical stress
increases the principal stress difference of the sur-
rounding rocks. Meanwhile, the concentration zone
of the maximum principal stress difference tends to
decrease as the spherical stress increases

(3) Some common misunderstandings about the road-
way support in a high spherical stress field and in a
high deviatoric stress field were proposed, which
was further validated in the field. The field test sug-
gests that the modified support system following
the research results can achieve effective protection
and support
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As a crucial node of Qingdao’s construction of a modern international metropolis, a topnotch marine port, a demonstration zone
for local economic and trade cooperation of the Shanghai Cooperation Organization (SCO), and an international shipping trade
financial innovation center, the Qingdao Cruise Port warrants transformation to adapt to the future development of Qingdao city.
Besides, with the constant increase in the intensity of urban underground space (UUS) development in Qingdao, the organic
integration of underground space reconstruction and urban development in the cruise port area must be accentuated. Taking
the underground space development project in Qingdao Cruise Port as the background, this study analyzes the
multidimensional development and utilization of underground space in the project (the functional distribution of the
two-dimensional plane and the stereo integration of the three-dimensional space). In addition, this study explores
strategies to promote the organic integration of industrial areas and cities through underground space development.
Expanding the research field of UUS, this study provides reference cases for the transformation of old industrial areas in
other coastal cities.

1. Introduction

Industrial areas play a vital role in promoting the develop-
ment of cities. However, with the development of cities,
some industrial areas have slowly lost their original func-
tions and are on the verge of being eliminated. Nevertheless,
these old industrial areas occupy key geographical locations
in cities, which have unique values. Thus, the research on
the transformation of old industrial areas has become a hot
topic in the architecture field. Meanwhile, to relieve the pres-
sure of urban development, the development of urban
underground space (UUS) has been increasingly focused
upon because of its advantages of efficient use of land
resources, high security, energy conservation, and environ-
mental protection. Developing UUS is a critical way to build
green and sustainable cities [1]. At present, people’s research
on UUS involves underground space planning, underground
engineering, and sustainable development. With the devel-
opment of cities and the transfer of urban industries, some
industrial areas have been abandoned. These industrial areas
require underground space development. The current

research on underground space in industrial areas involves
design principles [2], planning strategies [3], technological
development [4], and development scale forecast [5]; how-
ever, the research on underground space in industrial areas
and urban development factors is marginally scarce. Rela-
tively limited research has been conducted on the correlation
between the underground space of industrial zones and the
elements of urban development. Thus, the exploration of
related fields is warranted.

2. Status Quo of Research on
Underground Space

2.1. Foreign Research on Underground Space. The Associated
Research Centers for Urban Underground Space (ACUUS)
conference is an international academic conference on
UUS research. The theme of each conference reflects the
current international research hotspots in the field of UUS.
To date, 17 sessions of the ACUUS conference have been
held. Initially, the conference focused on the advantages,
structure, form, and development prospects. Later, the
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theme gradually shifted to the fields of underground space
and planning, resources, economy, and environment. As
the research progressed in the field, the themes of recent
ACUUS conferences focused on the use of underground
space development to attain sustainable urban development
(Table 1).

2.2. China’s Research on Underground Space. China’s
research on underground space has borrowed significantly
from foreign advanced experience. “Comprehensive Utiliza-
tion of Underground Space” published by a foreign magazine
translated by Liantai [6] opened the gate to the research of
underground space in China. Subsequently, Bihua [7] and
Xu [8] learned a lot from foreign experience and start
researching on related fields based on the actual situation in
China. However, most research during this period focused
on the fields of underground building design and under-
ground space planning, rendering the research field incompre-
hensive. At the end of the twentieth century, Qihu [9] and
Linxu [10] not only further researched underground space
planning and design but also keenly captured the key and
challenging issues of China’s development. In addition, they
started combining underground space development with
urban development. The development of underground space
is a necessary condition for the realization of sustainable urban
development. After entering the new century, China’s research
on UUS has gradually diversified. Yu et al. [11] discussed the
overall planning, detailed planning, and planning manage-
ment process of UUS. Xu et al. [12] discussed the impact of
economic factors on the development of underground space,
claiming that different stages of economic development
exerted different effects on the development of UUS. As the
economy continues to improve, the proportion of under-
ground transportation and underground municipal facilities
will increase gradually. Hong and Shen [13] combined the
evolution process of underground space functions worldwide
and the research context of international underground space
design theory. The authors proposed forward a requirement
for the development of China’s underground space (establish-
ment of the discipline of underground architecture) and eluci-
dated two trends therein (the stereo development of buildings,
combined development of underground transportation space
and urban space). In addition, Zhu et al. [1] summarized
China’s current planning and management status and exam-
ined the corresponding policies and laws for UUS develop-
ment; they believed China’s UUS has a bright future, but
further coordination is warranted in planning. In formulating
policies and regulations, it is essential to articulate correspond-
ing implementation policies, laws, and regulations in compli-
ance with national conditions. Wang et al. [14] and Ya and
Chengli [15] comprehensively analyzed the crowd psychology
in the underground space and claimed that people’s negative
impression of the underground space is objective. The study
of crowd psychology in underground space is a crucial means
to augment the environmental quality of underground space.
Meanwhile, with the continuous furthering of China’s green
development concept, the use of underground space to assist
the green development of society has garnered growing atten-
tion, and the research enthusiasm for underground energy

systems, underground water storage systems, underground
logistics systems, and underground expressways has been
increasing every year. Furthermore, the development and
research of China’s underground space are moving gradually
toward world-class standards.

2.3. Limitations in UUS Research

2.3.1. Lack of Research on Urban Fringe Areas. An all-round
and multilevel development of cities has created many new
urban problems. The research on UUS should be conducted
from the perspective of architectural disciplines such as pro-
moting urban development by analyzing and solving practi-
cal problems. The current research on UUS still concentrates
on the areas of urban pedestrian streets, urban complexes,
urban rail transit, and civil air defense engineering; most of
these research fields are located in urban central areas, and
the pressure on urban land is high. Thus, corresponding
research is urgently needed to expand the prospect of UUS
development. However, research on the development of
underground space in the fringe areas of urban develop-
ment, such as old industrial areas and historic preservation
blocks, is deficient. China’s urban development is gradually
shifting from incremental construction to stock renewal.
Perhaps, research on UUS in low-stress areas could effec-
tively extend the space for urban development, and it has
great significance to the realization of urban green and sus-
tainable development.

2.3.2. Lack of Research Related to Urban Development
Factors. The pressure on urban development is increasing
gradually, and the development and utilization of UUS as
one of the critical ways to relieve the pressure of urban
development has been broadly recognized and concerned.
Currently, the research hotspots of UUS still focus on
exploring underground space, underground environment,
underground function, and other UUS utilization forms.
The research overlooks investigating the elements of UUS
that affect urban development, how underground space
affects urban development elements, and the complex corre-
lation between underground space and urban development
elements. Of note, the discussion on the correlation between
urban development factors and UUS development can
enable people to find the fundamental “key point” for UUS
development to promote urban development, as well as
analyze the size of the driving force that promotes urban
development during underground space development.
Moreover, investigating the correlation between UUS and
urban development elements could help people use new
research perspectives to analyze underground space, expand
the assessment methods of underground space development
and utilization, help enhance the overall quality of under-
ground space, and promote sustainable development of cities.

3. Elements of Urban Development

The elements of urban development, including population,
economic activities, public resources [16], land [17], and
science and technology [18], are the elementary conditions
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affecting urban development and the causes of urban gener-
ation, change, and development.

The five elements of urban development, which consti-
tute the urban development model in the form of a pyramid
(Figure 1), are the fundamental constituent units of modern
urban development and conjointly promote urban develop-
ment. As the fundamental element of urban development,
the population is at the bottom of the pyramid to support
the other four elements. Land and economic activities con-
stitute the two core elements of urban development, which
provide urban physical activity space and urban economic
activity space for the urban population, respectively. In
addition, they provide physical construction space and con-
struction funds for public resources. As a crucial element of
urban development, public resources inherit the population,
land, and economic activities. The factors provide a platform
for technological development. As the top element, technol-
ogy is equally affected by the other four elements and, at the
same time, provides feedback on other elements. Technology
is progressively becoming a core element influencing urban
development. The five elements of a city interact with each
other. To accomplish the sustainable development of a city,
it is essential to ensure a balanced and stable development
among the five elements of population, land, economic
activities, infrastructure, and science and technology.

4. Project Overview of Qingdao Cruise Port
Starting Area

As a key node of Qingdao’s construction of a modern inter-
national metropolis, an outstanding marine port, a demon-
stration zone for local economic and trade cooperation of
the Shanghai Cooperation Organization (SCO), and an
international shipping trade financial innovation center,

the Qingdao Cruise Port warrants transformation to adapt
to the future development of Qingdao city. The starting area
(Figure 2) project of the cruise port inherits the historical
memory of Qingdao and reshapes the physical space of the
port area to introduce new industries and new forms of busi-
ness [19]. In addition, the starting area can provide a new
growth engine for the development of Qingdao. Second,
the program opened the development process of Qingdao
as a world ocean city, acting as a link between the entire
cruise port area and the development process of Qingdao.

4.1. Controlled Detailed Planning of the Starting Area. The
controlled detailed planning of the project in the starting
area transformed the port into commerce, culture, tourism,
and parks, while reserving the residential land. In the pro-
ject, the existing storage facilities will be rebuilt to complete
the replacement of commercial, residential, entertainment,
and leisure functions in the old industrial zone and then
build the Qingdao cultural tourism area as the core of the
starting area through new buildings. Besides, the coastal
parks will connect cultural and tourist areas, business areas,
shopping areas, distribution centers, docks, and residential
areas, building a “port-city” integration corridor to connect
the city, port, and ocean. In addition, the project will make
the “city-port-sea” a connection to bridge the current situa-
tion of separation between old industrial areas and urban
areas and improve the spatial quality of Qingdao’s old urban
areas (Figure 3).

5. Underground Space Promotes the Integrated
Development of Industrial Zones and Cities

With the change of the urban development mode and the
growth of emerging industries, especially the technology

Table 1: Past conferences of ACUUS.

Session Time Location Conference theme

1 1983 Sydney, Australia Energy Efficient Buildings with Earth Shelter Protection

2 1986 Minneapolis, United States Advances in Geotectural Design

3 1988 Shanghai, China New Developments of Underground Space Use

4 1991 Tokyo, Japan Urban Underground Utilization

5 1992 Delft, Netherlands International Conference on Underground Space and Earth Sheltered Structures

6 1995 Paris, France Underground Space and Urban Planning

7 1997 Montreal, Canada Underground Space: Indoor Cities of Tomorrow

8 1999 Xi’an, China Agenda and Prospect of the Underground Space for the Turn of the Century

9 2002 Turin, Italy Urban Underground Space: A Resource for Cities

10 2005 Moscow, Russia Underground Space: Economy and Environment

11 2007 Athens, Greece Underground Space: Expanding the Frontiers

12 2009 Shenzhen, China Using the Underground of Cities: For a Harmonious and Sustainable Urban Environment

13 2012 Singapore, Singapore Underground Space Development—Opportunities and Challenges

14 2014 Seoul, Korea Underground Space: Planning, Administration, and Design Challenges

15 2016 Saint Petersburg, Russia Underground Urbanisation as a Prerequisite for Sustainable Development

16 2018 Hong Kong, China Integrated Underground Solutions for Compact Metropolitan Cities

17 2021 Helsinki, Finland (online) Deep Inspiration

Source: https://www.acuus.org/index.php/past-conferences/complete-list.
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industry, many industrial areas have not fulfilled the
requirements of the times, as they are faced with the
dilemma of being eliminated and abandoned [20]. The lack
of attractiveness of old industrial areas leads to the loss of
population in the region, which passively results in the lack
of economic activity in this region and decreases the motiva-
tion for investment and construction of public resources.
The vicious circle of the loss of population, reduction in
economic activities, and the lack of public resources results
in the continuous decline of the industrial zone. However,
the industrial zone has considerable idle land, which can
make the positive cycle of attracting population, promoting
economic activities, optimizing the allocation of public
resources, and attracting high-tech industries through the
underground space development; this then aggregates the
five elements of population, land, economic activities, public
resources, and science and technology to promote the devel-
opment of the city.

5.1. Create a Vibrant Space Area to Attract the Urban
Population and Stimulate Economic Activities. The core of
space vitality is people who engage in various activities.
The physical space provides people with a place for activities,
which certainly affects people’s activities [21]. In the overall
planning of the underground space of the Qingdao Cruise

Port launch area, a large underground pedestrian has been
designed. Besides, cultural, entertainment, and commercial
functions have been placed on both sides of the pedestrian
system, thereby making a multiple plan function to break
the traditional monotonous functional organization of the
underground space. In addition, the three-dimensional
pedestrian system has been used to connect the businesses,
subways, and other functions in the three-dimensional space
(Figure 4), which will promote the three-dimensional inte-
gration of urban, port, underground, and coastal areas, as
well as create a systematic and coherent integration of stereo
space. Reportedly, the urban vitality space sweeps the
attraction of the urban population [22]. Meanwhile, in the
underground space plan of the starting area, business
centers, distribution centers, subways, exhibitions, culture,
entertainment, hotels, and other commercial functions are
connected in series through the underground pedestrian
system (Figure 5). The connection forms a unified and
complete underground commercial facility, stimulating the
economic activity to the greatest extent. Underground
commerce cannot exist in isolation. Thus, the underground
commerce and related functions have been rationally
planned in the vertical space, so that underground com-
merce and related functions on the ground form a synergy
to create economies of scale [23].

5.2. Promote Efficient Use of Land. Modern cities are devel-
oping in the direction of centralized and intensive use of
functions and space; however, the development of cities
has not amended the urban environment [24]. As an emerg-
ing first-tier city, Qingdao is also fronting the shortage of
land resources like other first-tier cities such as Beijing,
Shanghai, Guangzhou, and Shenzhen. Through under-
ground space development, multilevel modern urban space
can be created to improve urban functions and the environ-
ment. In addition, creating a living space full of bright light
and green areas on the ground provides residents with a
peaceful and comfortable experience, while using under-
ground space to accommodate urban functions [24]. The
project advocates the function of underground space in the

Population

Land and economy

Public resource

Technology

Fundamental elements

Important elements

Main elements

Emerging elements

Figure 1: Pyramid of urban development factors (source: self-created).

Figure 2: The rendering of Qingdao Cruise Port starting area
(source: from the Internet).
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vertical commercial space area, such as subways, parking,
underground walking area, and integrated pipe gallery
(Figure 6), which has increased the development intensity
of the unit land space and opened up more development
space for the city.

5.3. Provide New Space for the Construction of Public
Resources. The development of underground space enables
more effective use of urban public resources [24]. Different
public resources exert different impacts on urban develop-
ment. For instance, urban elevated roads affect people’s
perception of the city, while the landscape will enhance the
urban environment, which, in turn, promotes the enhance-
ment of the commercial value around the green space. The
development of underground space provides a new con-
struction space for public resources with negative attributes
(Figure 7). The development of UUS is the most effective
way to increase the land utilization rate, save land resources,
ease the density of central cities, and decrease environmental
pollution [25]. The municipal integrated pipe gallery in the
starting area is buried in the shallow underground space
under the urban landscape, reserving a flexible development
space to reserve space for urban development. Meanwhile, it
provides significant green construction land for the city. By
constructing high-quality coastal parks, the city will be a
landmark of the Jiaozhou Bay, strengthening the positive
role of public resources. In the starting area project, the
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Figure 3: (a) The current land use map; (b) the land use planning map (source: self-created per the relevant information).
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Figure 4: Stereoscopic walking system (source: self-created per the
relevant information).
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Figure 5: The underground walking system connects each
functional node (source: self-created per the relevant information).
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underground space is comprehensively planned in three
dimensions. A regional car loop is built underground to
build an efficient and convenient underground train layer.
Vehicle leveling and pedestrian leveling are separated in
the vertical space to realize the diversion of people and vehi-
cles, passengers and cargo, and arrival and departure transit.

5.4. Provide a New Application Environment for Technological
Innovation. High-tech technologies represented by 5G, big
data, and artificial intelligence (AI) are becoming one of the
main driving forces for urban development. As China’s
economic development enters “new times,” the construction
of smart cities supported by technological innovation has been
upgraded [26]. While developing the underground space of
old industrial buildings and industrial facilities, a combination
of parameterization and AI is used to keep the physical envi-
ronment such as indoor sound, light, and heat in a stable state
through computer control; this can ensure a good living envi-
ronment while avoiding energy waste. In the underground
pedestrian system, underground vehicle transportation sys-
tem, and underground parking, big data combined with 5G
technology can be used to broadcast traffic conditions in real
time while also effectively forecasting traffic conditions, so that
people can plan travel plans reasonably.

6. Strategy of Industrial Transformation and
Urban Integrated Development Based on
Underground Space Development

Sustainable development should be considered a crucial
criterion for the development of underground space [27].
Urban historical and cultural heritage is the foundation of
sustainable urban development, a valuable resource for
urban development and a key component of the develop-
ment of the knowledge economy [28]. As an integral part

of the historical and cultural heritage of industrial cities,
the transformation of industrial areas is the only way to
adapt to future urban development; it is also an effective
way to preserve urban memory and an urgent task to attain
stock renewal. As a special transformation method, the
underground space development in the industrial zone has
the advantages of increasing land utilization and greening
rate, protecting the memory and context of the city, and pro-
moting the three-dimensional development of the city.
However, promoting the transformation of industrial areas
and urban integrated development per the development of
underground space warrants appropriate strategies.

6.1. Development of the Whole Society under the Guidance of
Government. The investment in the construction of UUS is
substantial [29]. The investment return period of projects
is usually longer, and the capital requirements are high.
Under typical circumstances, estate developers stay away
from such projects. At the moment, it is crucial for the gov-
ernment to lead the development of underground space in
the industrial zone by formulating relevant policies and reg-
ulations and even acting as the main funder of the project.
Through the traction of the government, all parties in the
society are gathered for development and construction. In
addition, the government should encourage developers to
invest in construction independently and provide specific
policy support; however, the government should strictly reg-
ulate the development and construction plan to ensure the
project’s quality. Moreover, universities and other scientific
research institutions should conduct standardized research
on the development standards of underground space in
industrial areas. By standardizing the development of
underground space in industrial areas, scale effects can be
realized and development costs further saved. As the direct
participants of development, the public should also present
reasonable opinions and suggestions, participate in the
development and construction from the first-person per-
spective, and discuss what type of underground space people
need to attain the purpose of enhancing the quality of under-
ground space.

6.2. Demonstration of the Necessity and Feasibility of
Underground Space Development in Industrial Areas.
Although underground space is a considerable and abun-
dant space resource [30], not all industrial zone transforma-
tions need the development of their underground space.
Thus, the necessity and feasibility of developing the indus-
trial zone’s underground space should be illustrated by dem-
onstrating the project’s impact on the city’s economy,
environment, and humanities. In addition, a comprehensive
evaluation should be done to determine whether the indus-
trial zone’s underground space needs to be developed and
utilized during the transformation. Relevant universities
and other scientific research institutions can establish a
model of the necessity and feasibility of underground space
development by exploring the development of the under-
ground space in industrial areas, economics, environment,
and context. Furthermore, the model can be used to deter-
mine whether the underground space in industrial areas
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Parking Retail

Utility tunnel

Subway

Figure 6: Stereo planning of underground space (source: self-created
per the relevant information).
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Figure 7: Development form of public resources of underground
space (source: self-created per the relevant information).
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needs to be developed and realize the standardized develop-
ment of the underground space.

6.3. Multidimensional Development of the Underground
Space in Industrial Areas. The multidimensional develop-
ment of the underground space in industrial areas has four
dimensions. (i) The two-dimensional level includes the rea-
sonable layout of the underground space functions per
urban development needs; the integration of commercial
areas, walkways, green courtyards, and other functions;
and the segregation of pedestrian and vehicle functions. (ii)
At the three-dimensional level, the project must make rea-
sonable planning of shallow, medium, and deep under-
ground space in the industrial zone. Of note, the shallow
space can be equipped with municipal integrated pipe corri-
dors, underground commerce, and underground parking.
The middle space can be equipped with urban underground
rail transit, underground garbage treatment facilities, and
underground power stations. In deep space, underground
strategic safety reserves, such as underground oil and gas
depots and underground arsenals, can be arranged [30].
(iii) At the four-dimensional level, owing to the irreversibility
of underground space development [30], we should rely on
flexible design thinking to build an open underground space
structure. Thus, comprehensive urban planning and under-
ground space development and utilization characteristics are
needed to enhance the functionality, adaptability, and scalabil-
ity of the underground space in industrial areas [31] to fulfill
the needs of future urban development. (iv) At the five-
dimensional level, old industrial areas often play a pivotal role
in the development of cities in the past; they constitute the col-
lective memory of people in the area. In the renewal of the old
industrial zone, the memory of the place is the site’s soul,
recording the historical context of the site, witnessing the past
and present of the site, and acting as the link between the pub-
lic and the site [32]. Thus, in the process of underground space
development in industrial areas, thinking about the memory
of the place is essential. People should make full use of their
unique memories and emotions of industrial areas, as only
then the value of the place can be realized in a real sense.

6.4. The Underground Space of the Industrial Areas
Integrates High-Tech Industries. The old industrial area is
representative of the past urban development history, and
getting high-tech is representative of the contemporary
advanced life. Integrating technology into underground
space development in industrial areas can not only fulfill
people’s diversified needs for life experience but also support
the social needs of urban sustainable development [33].
Underground space development of industrial areas actively
explores new development directions of technology while
utilizing the existing technological research results. In addi-
tion, underground space development provides experimen-
tal sites for high-tech industries. Of note, utilizing high
technologies in underground space development can effec-
tively enhance the quality of space, and the experimental
data obtained can better promote technological develop-
ment. Thus, they should eventually form a mutually promot-
ing coupled development model to realize the parallel

development of underground space development and technol-
ogy. The fusion between the underground space of industrial
areas and technology can inevitably create unexpected archi-
tectural forms, artistic effects, and experience perception.

7. Conclusions

Underground space development has become a crucial
means of activating the vitality of industrial areas and is an
integral part of the transformation of industrial areas in
the future. Underground space development in the indus-
trial areas can promote the integration of the industrial areas
and the city through the organic connection with the urban
development elements and then promote the further devel-
opment of the city.

(1) Underground space development in the starting area
reactivates four urban development elements (popula-
tion, land, economic activities, and public resources),
which is of great significance to promote the sustain-
able development of old urban areas

(2) In the development process of the underground
space in the starting area, methods like creating vital-
ity space, enhancing land use efficiency, expanding
public resource construction space, and actively
using innovative technologies are used, which have
reference significance for promoting urban develop-
ment, endorsing environmental protection, and
improving scientific and technological innovation.
Moreover, they can be promoted and used in the
development of similar projects

(3) The analysis of the underground space project in the
starting area can help summarize the development
strategy of the integration of the coastal industrial
area and the city based on the underground space
development; that is, the development of the whole
society under the guidance of the government,
demonstration on the necessity and feasibility of
underground space development in industrial areas,
multidimensional development of the underground
space in industrial areas, and the underground space
of industrial areas integrating high tech

This study has some limitations. First, we only analyzed
the underground space development project of the Qingdao
Cruise Port starting area from a macro perspective, which
lacks the first-person microscopic perspective to analyze
the project. Second, the strategies obtained have some limi-
tations. In the future, research in the related fields should
be strengthened and constantly explore and innovate to ful-
fill the needs of the underground space in industrial areas
and urban development.
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The predictions of failure zone during the foundation excavations will provide important guidance for the safety constructions of
engineering structures. Based on this background, the smoothing kernel function in the traditional SPH method has been
improved. The failure mark η is introduced into the program to realize the failure characteristics of particles at meso–scale. The
“Killing Particle Method” has also been proposed, which can realize the simulations of complex excavation processes. The whole
progressive failure processes of the excavation of a foundation pit are numerically simulated and the results show that (1) the
failure zone of the excavated foundation pit without retaining walls appears at the corner and then gradually develops into the
deep. However, the failure zone of the excavated foundation pit with retaining walls only develops longitudes along the retaining
wall. (2) The stiffness of retaining wall has a great impact on the failure zone of foundation pit excavation. The greater the
stiffness of retaining wall, the greater the damage degree. (3) The rationality of the proposed method is verified by the
comparisons of the simulation results of the proposed method with the ABAQUS numerical examples and the engineering
practices. Future research directions should focus on developing the 3D parallel IKSPH programs. The research results can
provide some references for the applications of SPH method into predicting the failure zone of foundation pit excavations and
ensuring the safety of engineering constructions.

1. Introduction

With the accelerated development of China’s economy, the
constructions of urban underground space, large-scale water
conservancy, and civil engineering projects are becoming the
current focus of China, where the safety and stability of foun-
dation pit during the excavation processes have become the
main problems [1, 2]. However, due to the complex geological
conditions of foundation pit, it is easy to collapse during the
processes of excavations. For example, the foundation pit
excavation accident that occurred in Suzhou, China, in 2008
caused the destructions of the supporting structure and the
damage of construction equipment, as shown in Figure 1(a).
The collapse of the foundation pit in the Xiaoshan, Hangzhou
in 2008 caused 21 people dead and 24 injured, as shown in

Figure 1(b). Therefore, understanding and grasping the failure
mechanisms of foundation pit engineering will undoubtedly
provide an important guidance for ensuring the safety of engi-
neering constructions and people’s lives.

Previous works on the deformation and instability of
foundation pit excavations mainly focused on three aspects:
(1) experimental studies, (2) theoretical research, and (3)
numerical simulation. Experimental studies are regarded as
the most important and direct means to obtain the deforma-
tion and failure rules of foundation pit excavations, which
can be divided into the field test and model test. Field test
can directly obtain the deformation laws of actual engineer-
ing, but the cost is much. For example, Yang et al. [3]
obtained the 3D deformation laws of the foundation pit in
Hangzhou based on the monitoring data; Li [4] summarized
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the general rules of deep foundation pit deformations based
on the measured data of the Shanghai subway foundation
pit. Model test simplifies the complex and changeable fac-
tors of the engineering practice to a certain extent, so that
the mechanics law of the whole model can be analyzed
comprehensively. For example, Zhang and Qian [5] studied
the laws of surface subsidence during the processes of foun-
dation pit excavations under different displacement modes
of rigid retaining wall through model test; Xia [6] carried
out the model test on the penetration depth of underground
diaphragm wall in cohesive soil and conducted a single
study on many factors affecting the rebound of pit bottom.
However, experimental studies only obtain the macroscopic
deformation characteristics, but cannot quantitatively describe
the internal mechanisms of excavation failure. Theoretical
researches are based on the experimental results and summa-
rize and refine the quantitative mathematical expressions of
foundation pit deformation characteristics and failure rules.
For example, Jiang [7] derived the analytical formula of pipe-
line deformation and internal force in the processes of foun-
dation pit excavation by using the elastic foundation beam
method; Gao et al. [8] established a lateral displacement pre-
diction model for deep foundation pit excavation based on
the combination of weighted first-order local method and
trust domain; Zhang et al. [9] proposed a two-stage simpli-
fied analysis method for the longitudinal deformation of the
adjacent existing tunnel caused by the excavation of double
foundation pits based on the Pernak foundation model and
analyzed the influence of the excavation of double founda-
tion pits in soft soil on the vertical settlement of the tunnel.
However, theoretical research can only obtain the analytical
solution of the excavation deformation under simple
boundaries and geometric shapes, and complex excavation
steps as well as the complex foundation pit shapes will lead
to extremely complex mathematical expressions. Meanwhile,
previous experimental and theoretical studies on foundation
pit excavation rarely paid attention to the progressive failure
processes.

Numerical simulation can not only verify the correctness
of theoretical studies but also can quantitatively reflect the
inherent mechanisms of experimental research, which has
been regarded as the “third method” of scientific researches
[10, 11]. The finite element method (FEM) was the first
method used to study the foundation pit excavation [12–
14]; however, FEM has limitations in dealing with excavation
failures. Foundation excavation is a progressive failure pro-
cess which contains the treatments of discontinuous proper-
ties such as crack propagation [15]. Therefore, the mesh
refinements should be applied to crack tips, and mesh redivi-
sions should also be applied to every step of progressive fail-
ure process, which costs huge amounts of computational
resources. Meanwhile, for complex crack propagation paths
(such as crack intersecting, etc.), the mesh grids will be
extremely distorted, leading to the low calculation accuracy
or even calculation failure. Different from FEM, the discrete
element method gets free from the mesh grids [16, 17], which
discretizes the whole computational domain into particles.
The interactions of different particles are characterized by
the establishments of the contact model between particles,

which can be well applied to modeling the progressive failure
processes of foundation pit excavation. However, the DEM
has many mesoscopic parameters with no actual physical
meanings and requires complex parameter calibrations
before numerical simulation, which is inconvenient to apply
to engineering practice. The newly proposed discontinuous
numerical method such as numerical manifold method
(NMM) [18, 19], peridynamics (PD) [20, 21], and material
point method (MPM) [22, 23], which all have certain appli-
cations in the foundation pit excavation, but also have their
limitations: the crack tips of NMM must be on the mesh
nodes; the bond-based PD method has some theoretical
defects which leads to the Poisson’s ratio being constant;
the MPM still needs background grids.

In this paper, based on the existing researches, the
smoothing kernel function in the traditional SPH method
has been improved to realize the failure characteristics of par-
ticles, which can reflect the progressive failure processes of
the foundation pit during its excavation. Therefore, this
method can also be called the Improved Kernel of Smoothed
Particle Hydrodynamics (IKSPH). The “Killing Particle
Method” has also been put forward to realize the simulations
of the complex processes of foundation pit excavation. Based
on the engineering practice of foundation excavation in Niu-
lanjiang pumping station, the numerical simulation of pro-
gressive failure processes during foundation pit excavation
is carried out, and influences of the stiffness of the retaining
walls on the failure zone are also discussed. The research
results can provide some references for the understandings
of internal mechanisms of foundation excavation failure
and ensuring the safety of the project.

2. Basic Principles of IKSPH

2.1. Solid Elastic Equations. The total stress tensor σαβ in
IKSPH can be expressed as the combinations of shear stress
tensor ταβ and the isotropic stress p, which can be written as:

σαβ = ‐pδαβ + ταβ, ð1Þ

where the isotropic stress p can be expressed as:

p = 1‐ 12Γη
� �

pH + Γρe, ð2Þ

(a) (b)

Figure 1: Typical foundation pit excavation accidents. (a)
Foundation pit collapse accident in Suzhou in 2008. (b) Foundation
pit collapse accident in Hangzhou in 2008.
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where pH is the Hugoniot function, and Γ is the Gruneisen
parameter.

The shear stress ταβ is calculated by updating the shear
stress rate of every step, which can be written as:

τ
_

αβ = B εαβ −
1
3 δ

αβεγγ
� �

+ ταγRβγ + τγβRαγ, ð3Þ

where τ
_

is the shear stress rate, and the shear stress tensor
σαβ can be calculated by multiplying the shear stress rate τ

_

and the time step t. B is the shear modulus. εαβ is the strain
tensor. δ is the Kronecker delta. Rαβ is the torsion tensor,
which can be written as:

Rαβ = 1
2

∂vα

∂xβ
‐ ∂v

β

∂xα

� �
: ð4Þ

2.2. Governing Equations. IKSPH assigns to each particle its
corresponding physical properties, including density, veloc-
ity, energy, and position coordinates. These particles should
satisfy the following governing equations:

dρi
dt

= 〠
N

j=1
mjv

β
ij

∂Wij,β

∂xβi
,

dvαi
dt

= 〠
N

j=1
mj

σ
αβ
i

ρ2i
+
σ
αβ
j

ρ2j
+ Tij

 !
∂Wij,β

∂xβi
,

dei
dt

= 1
2〠

N

j=1
mj

σαβi
ρ2i

+
σ
αβ
j

ρ2j
+ Tij

 !
vβij

∂Wij,β

∂xβi
,

dxαi
dt

= vαi ,

8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

ð5Þ

where ρ is the density of the particle;m is the mass of the par-
ticle. v is the velocity tensor of the particle; e is the energy of

the particle; x is the position of the particle; T is the artificial
viscous term;W is the smoothing kernel function, which can
be written as:

W R, hð Þ =
2/3 − R2 + 1/2R3 0 ≤ R ≤ 1,
1/6 2 − Rð Þ3 1 ≤ R ≤ 2,
0 R ≥ 2,

8>><
>>: ð6Þ

where h is the smoothing length and R is the radio of average
distances between particles and the smoothing length h.

2.3. Particle Pairing Method. Before IKSPH calculation, the
first step to be carried out is the pairing between different
particles. For example, the smoothing kernel function W in
the governing equation (5) is calculated by particle pairing.
This is also why IKSPH is different from FEM: the mesh grids
in FEM have already been divided in advance, but the parti-
cles can move freely in the IKSPH method. While pairing
particles in the IKSPH method, the number of paired parti-
cles inside the influencing domain should be determined
first, and then the position relationship between two different
particles can be then calculated.

The direct searching method is the simplest and most
direct particle search method, which performs a full pair
search by traversing all particles in each time step. We can
find that the complexity order of this method is O ðN2Þ,
which costs huge amounts of calculation resources when
the particle number is relatively large.

The Linked-cell list method has the advantages of high
efficiency and low memory saving compared with full-
paired searching method and is suitable for parallel comput-
ing. The details are as follows: the temporary searching grids
are firstly laid onto the computing domain, as shown in
Figure 2. The length of the temporary searching grid is
defined as the searching radius of the particle, which is 2 h
in our paper. For 1D, 2D, and 3D problems, the searching
grids of any given particle (blue particle in Figure 2 as an
example) are 3, 9, and 27 grids adjacent to it. By cycling
through each particle, all pairs of particles can be found,
whose complexity order is O ðNÞ.
2.4. Time Integration. The Leap-frog integrating method is
adopted in IKSPH, which has the advantage of low storage
required for calculation. Meanwhile, only one optimization
estimation is required for each calculation step. Therefore,
the density, energy, velocity, and position of each particle
can be obtained by cyclic iterations of the following formula:

t = t0 + Δt,

ρi t0 + Δt/2ð Þ = ρi t0ð Þ + Δt
2 Dρi t0ð Þ,

ei t0 + Δt/2ð Þ = ei t0ð Þ + Δt
2 Dei t0ð Þ,

vi t0 + Δt/2ð Þ = vi t0ð Þ + Δt
2 Dvi t0ð Þ,

xi t0 + Δtð Þ = xi t0ð Þ + Δt ⋅ vi Δt/2ð Þ:

8>>>>>>>>>>>><
>>>>>>>>>>>>:

ð7Þ

Search radius Base particle

Critical base particle Searching grid

2h

Figure 2: The linked-cell list method.
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In IKSPH, the determination of time step is related to the
of material state change process, which can be estimated by
the following equation:

Δt =min h
f

� �1/2
, ð8Þ

where f is the average force applied to the particle.

3. Failure Treatments of Particles

3.1. Failure Criteria. There is no unified criterion for soil fail-
ure in foundation pit excavation at present. Therefore, the
improved Mohr-Coulomb criterion is selected in this section,
which has two advantages: (1) the formula form is simple and
does not need complex derivations; (2) the parameters are
less and easy to access, which can be well applied to the engi-
neering practice. The formula can be written as:

σf = σt , ð9Þ

τf = c + σf tan φ, ð10Þ

where σf and τf are the tensile and shear stress on the failure
surface. σt is the tensile strength of the particle. c is the cohe-
sion of the particle. φ is the internal friction angle of the par-
ticle. While judging whether the particle failure happens,
equation (9) is firstly determined, which means that the ten-
sile failure of the particle is easier to happen. When equation
(9) is not satisfied, then equation (10) is determined whether
the shear failure happens.

3.2. Treatments of Particle Failure. As can be seen from gov-
erning equation (5), the derivative of the smoothing kernel

function ∂Wij,β/∂x
β
i governs the transfer of physical proper-

ties between different particles. Therefore, in order to reflect
the failure characteristics of particles, the failure mark η is
defined. When the particle failure occurs, η = 0, otherwise, η
= 1, which can be clearly shown in Figure 3. The relationship

between the improved smoothing kernel function D and the
original smoothing kernel function W can be written as:

∂Dij,β

∂xβi
= ηi ·

∂Wij,β

∂xβi
: ð11Þ

Therefore, the final IKSPH governing equations consid-
ering the particle failure can be expressed as:
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dt
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8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

ð12Þ

4. Killing Particle Method

To model the excavation processes of the foundation pit, dif-
ferent excavation parts should be grouped. In this section, a
particle searching algorithm suitable for the IKSPH method
is proposed, which can realize the particle grouping. The
details are as follows:

(1) The searching area of the target particles should be
determined firstly, as shown in the purple area of
Figure 4

(2) The searching points are generated uniformly on the
target area (yellow points in Figure 4). The average
spacing between searching points should be less than
that of real particles, which is set to be 1/2 of the spac-
ing between real particles

(3) For every searching point, a searching radius rs is
assigned. What should be noticed is that rs should

Original base particle
Damaged base particle
The damage

Original kernel
Improved kernel

Particle 
damage

Kernel
improvement

Figure 3: Treatments of particle failure.
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be less than the average spacing of real particles,
which is set to be 1/2 of the spacing between real
particles

(4) For every real particle covered by the radius of
searching points, it is moved to the group of excava-
tion particles. While operating the excavation pro-
cess, the failure mark η of the excavation part is set
to be 0 according to equation (11) to “kill” the
particles

5. Stress Boundaries

The stress boundaries adopt the method of stress mapping,
and more than 5 layers of “stress particles” are laid outside
the solid particles. The “stress particles” shall have the follow-
ing characteristics, as shown in Figure 5.

(1) “Stress particles” participates in the calculation of
internal forces in IKSPH, and the particle density,

mass, energy, and positions are updated according
to equation (12) in each time step

(2) In every time step, stress is reassigned to the “stress
particles,” that is, although the “stress particle” par-
ticipates in the parameter updating of solid particles,
its stress changes conform to the preset stress bound-
ary requirements

(3) A layer of “type I virtual particles” with velocity v_inf
set to 0 should be laid outside the stress particles

6. Verification of IKSPH Method

In order to verify the proposed IKSPH method, a simple 2D
cube model is established. The model size is 1m × 1m, and a
crack with a length of 0.1m is prefabricated in the center of
the model, the dip angle of which is 45°. The model bound-
aries are subjected to 1MPa confining pressure. Figure 6
shows the comparisons between the IKSPH results and the
Abaqus results, which shows that compressive stress concen-
trates at the crack tip. Meanwhile, the maximum principal
stress distributions calculated by the IKSPH program are
consistent with the Abaqus results, which verify the proposed
method.

7. Numerical Models

Based on the engineering practice, the corresponding 2D
foundation model is established. The model size is 180m ×
70m, which is greater than 3 times of the foundation pit
depth, as shown in Figure 7. The whole model is divided into
360 × 140 = 50400 particles. Two retaining walls are set on
the two sides of the model, and 4 excavation parts are
arranged, the depth of which is 3m, 4.5m, 4m, and 3m,
respectively.

The detailed excavation simulation steps are as follows:
first, 5000 steps of in situ stress balance are carried out. Then,
the excavation steps are operated. The 5000–7000th steps are
the excavation of excavation part 1, the 7000–9000th steps are
the excavation of excavation part 2, the 9000–11000th steps
are the excavation of excavation part 3, and the 11000–
13000th steps are the excavation of excavation part 4.

Real particles
Stress particles
Type I virtual particles
Calculation domain

Figure 5: Stress boundaries.

Original base particle
Target base particle
Searching point

Searching radius

Generating 
searching

points

Searching 
target

particles

Original kernel
Target region

Figure 4: Killing particle method.
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8. Numerical Results

8.1. Progressive Failure Process of Foundation Pit Excavation.
Figure 8 shows the progressive failure process of the founda-
tion pit excavation without retaining walls (Figure 8(a)) and
with retaining walls (Figure 8(b)). As can be seen, for the
condition without retaining walls, the failure zone firstly
appears at the corner of the excavation part 2 and then
develops to the deep of the foundation. Meanwhile, after
the excavation of the last part, the failure zone appears on
the slope surface. For the condition with retaining walls, the
failure part of the foundation pit is similar to that of the con-
dition without retaining walls, which appears at the corner of
the excavation part 2. What is different is that the failure of
the foundation only develops longitudes along the retaining
wall, which is due to the fact that the existence of the retain-
ing wall restricts the development trend of the failure zone to
the deep. At the same time, after the final excavation, there is
no failure particle on the exposed surface of the foundation
pit, which is due to the fact that the retaining walls limit the
large deformation of the soil, so the disturbance of the soil
inside the foundation pit is relatively small, and the founda-
tion pit is stable.

8.2. Influence of Retaining Wall Stiffness on the Failure Zone.
To quantitatively characterize the influence of different
retaining wall stiffness on the failure zone of foundation pit
excavation, the radio of the retaining wall elasticity modulus

and the foundation elasticity modulus ER/EF is set to be 2, 5,
10, and 20, and corresponding numerical models are estab-
lished for simulating. Figure 9 shows the failure zone under
different conditions. As can be seen, the stiffness of retaining
wall does have great impacts on the failure modes of the
foundation pit. When the retaining wall stiffness is relatively
small, the failure zone is limited to the small range in front of
the retaining walls. This is because coordination deformation
of retaining wall and foundation is good. However, when the
retaining wall stiffness is large, the degree of incongruous
deformation increases, and the failure range of soil becomes
larger gradually. What should be noticed is that when ER/
EF = 20, a large failure zone appears behind the retaining
wall, which indicates that risk of foundation pit instability
is increasing under this circumstance.

Figure 10 shows the damage counts under different
retaining wall stiffness. As can be seen, with the increasing
of ER/EF , the damage counts increase accordingly, which
means that high stiffness retaining wall will have negative
effect on the foundation pit stability.

9. Discussions

9.1. Validation of Numerical Simulation Rationality. Previous
studies have rarely focused on the progressive failure process
during the foundation pit excavation. In our work, we carried
out the numerical simulations on the progressive failure pro-
cesses of foundation pit excavation for the first time.

7.2e+5

Maximum principal
stress (Pa)

500000

0

–500000

–1e+6

–1.4e+6

(a)

7.1e+5

Maximum principal
stress (Pa)

500000

0

–500000

–1e+6

–1.5e+6

(b)

Figure 6: Maximum principal stress distributions calculated by two methods. (a) IKSPH results. (b) Abaqus results.

180 m

70
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Foundation
Retaining wall
Excavation part 1

Excavation part 2
Excavation part 3
Excavation part 4
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Figure 7: Numerical model of foundation pit excavation.
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(a) (b)

(c) (d)

Figure 9: Failure zone under different retaining wall stiffness. (a) ER/EF = 2; (b) ER/EF = 5; (c) ER/EF = 10; (a) ER/EF = 20.

(a) (b)

Figure 8: Progressive failure processes of foundation pit. (a) Numerical model without retaining walls. (b) Numerical model with retaining
walls (the green part is the retaining walls).
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Figure 11 shows the comparisons between the IKSPH results
and the engineering practice. As can be seen, the failure posi-
tions are all at the corner of the foundation pit, which verifies
the proposed method. Figure 12 shows the maximum princi-
pal stress distributions and the particle velocity distributions
during excavation. We can find that the tensile stress concen-
trates at the foundation pit corner, meanwhile, the velocity
vector deviates at the corners of the foundation pit, indicating

that the failure of the corner is the tensile failure. Therefore,
in practical engineering, support should be set at the corner
points of the foundation pit to prevent tensile failure.

9.2. Application Prospects of IKSPH in Failure Prediction of
Foundation Pit Excavation. In this paper, by improving the
smoothing kernel function in the traditional SPH method,
we can realize the failure modeling of particles at microscale.
Compared with traditional FEM, IKSPH gets free from mesh
grids, which can therefore well reflect the large deformation,
failure, damage, and other discontinuous characteristics of
rock and soil. Meanwhile, compared with DEM, its parame-
ters have definite physical meanings. Therefore, IKSPH has a
wide application prospect in rock and soil failure simulation
and prediction.

What should be stressed is that this paper only considers
the numerical realization of foundation pit excavation under
simple circumstances. In practical foundation pit engineer-
ing, there are many kinds of supports and the soil properties
are different. Therefore, the real construction processes of
actual engineering should be taken into consideration in the
subsequent research. Meanwhile, the actual foundation pit
engineering is a complex 3D problem, and simplifying into
a 2D problem will miss lots of useful information. However,
the computational efficiency of the 3D IKSPH program is one
of the difficult problems in the field of geotechnical simula-
tion. So future research should focus on the development of
3D parallel IKSPH program and its applications in 3D foun-
dation pit excavation simulation.
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Figure 10: Damage counts under different retaining wall stiffness.
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Figure 11: Comparisons of foundation pit failure positions between
IKSPH and engineering practice. (a) IKSPH results. (b) Engineering
practice positions.
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Figure 12: Distributions of maximum principal stress and the
particle velocity. (a) Distributions of maximum principal stress.
(b) Distributions of particle velocity.
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10. Conclusions

(1) The failure mark η is introduced in this paper, and
the smoothing kernel function in the traditional
SPH method has been improved, which can realize
the simulation of progressive failure process of rock
and soil

(2) The “Killing Particle Method” has been put forward
to realize the complex excavation processes of foun-
dation pit

(3) The progressive failure processes of the foundation
pit are simulated. The failure zone of the excavated
foundation pit without retaining walls appears at
the corner and then gradually develops into the deep.
However, the failure zone of the excavated founda-
tion pit with retaining walls only develops longitudes
along the retaining wall

(4) The stiffness of the retaining wall has a great influ-
ence on the failure zone of foundation pit excavation.
The greater the stiffness of the retaining wall, the
greater the damage degree

(5) The numerical simulation results of IKSPH are con-
sistent with the calculation results of commercial
software ABAQUS and engineering practice, which
verifies the correctness of the proposed method.
Meanwhile, future research directions should focus
on the development of a 3D parallel IKSPH program
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The coal mine accidents seriously affect the safety and efficiency of mining for coal mining enterprises. The reliable emergency
rescue (ER) processes are explored to minimize the loss of accidents. This paper introduces the stochastic Petri net (SPN) and
Markov chain (MC) models based on the system structure flow to analyze the ER processes of coal mine accidents. In
addition, a triangle fuzzy strategy is presented to optimize the SPN model. The “9·28” major water inrush accident in Shanxi
Fenxi Zhengsheng Coal Company of China is adopted to evaluate the time performance and accident data of the ER process.
The MC model-based steady-state probabilities of the system under various states are used to calculate the average delay time
of this system. The triangular fuzzy strategy is used to analyze the change value of the total time in the ER system at the unit
transition speed when the firing rate of each transition is changed, which finds the most time-consuming key activities in the
ER process. The results show that SPN and MC can reflect the dynamic behaviors of ER process, which provides a reference
for the rescue operations of other coal mine accidents. The triangular fuzzy strategy can quickly find out the key activities
affecting the ER time, which greatly decreases the calculations generated by analyzing the total time of the system changed at
the unit transition speed.

1. Introduction

Coal provides strong supports for the rapid development of
the national economy as one of the main energy sources in
China. However, frequent safety accidents during coal min-
ing hindered the healthy development of coal mining enter-
prises. Government and enterprises have tried to change
such a passive situation by improving safety management
measures and introducing rescue equipment, but the acci-
dents and casualties have not been fundamentally resolved
[1–3]. The relevant accident statistics in 2020 show that 122
coal mines accidents occurred in China. Compared with
2019, the death toll caused by coal mine accidents slightly
increased. For example, the “1·12” coal dust explosion in
Shannxi Baiji Mining Company induced 21 deaths, and the

“12·16” coal gas outburst accident in Guizhou Guanglong
coal mine resulted in 16 deaths and 1 injury [4]. Therefore,
the establishment of an early warning and rapid rescue
framework for coal mine accidents is the key point of cur-
rent works, which would improve the level of emergency
rescue (ER) and reduce or even avoid the casualty caused
by accidents [5, 6].

To date, several studies have deeply investigated the ER
measures of coal mine accidents [7, 8]. The ER communi-
cation system can effectively improve the monitoring accu-
racy and the efficiency of searching dangerous situations
[9]. It is found that the emergency stations covering all
mining areas are set up underground to provide medical
first aid and transportation of injured in the shortest time
[10]. In addition, it is significant for rescue to improve
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the existing refuge chamber and strengthen the escape sim-
ulation training [11].

For major coal mine accidents, the core tasks of various
ER processes are to construct the mechanism of ER response
and strengthen the evaluation of emergency management. It
is well known that effective evaluation and optimization of
ER processes in coal mines can improve the efficiency of ER
and reduce casualties [12, 13]. A Petri net is an important
tool to deal with discrete events, and it is widely used in
various fields. Petri nets, as a visual tool for modeling and
analysis of the system simulation, can accurately simulate
the dynamic behavior of the system and analyze the model
characteristics through the definition of assumptions. With
the application in various complex systems, Petri nets have
evolved into many advanced forms such as color networks,
stochastic networks, and object networks. Stochastic Petri
nets (SPN) based on time have more advantages in describ-
ing the dynamic behavior of a system network. Therefore,
SPN is used to study the unreasonable problems in the
ER process of the coal mines, which can improve the effi-
ciency of ER and increase the survival probability of
trapped miners [14–17].

In this paper, based on the “9·28” major water inrush
accident, a coal mine ER model is constructed through
SPN, and the effectiveness of the model is analyzed. The
steady-state probability, the busy rate of the places, and the
utilization rate of transitions are calculated and discussed
by MC. The triangular fuzzy strategy is used to analyze the
change value of the total time in the ER system after changing
the firing rate of each transition and find out the key activities
affecting the rescue time.

2. Related Work

2.1. Major ER Policies. In 1978, a national meeting about coal
mine ER held by the Ministry of Coal Industry of China pro-
vided reliable policy supports for the development of coal
mine ER. As time goes on, the coal mine ER management
system is gradually improved, the ER team is expanded,
and the capability of ER is additionally significantly
improved. These improvements can be proved by the fact
that 34% of 1363 trapped persons were rescued in 2009,
and 72% of 306 trapped persons were rescued in 2014 [18].
Since there are still some gaps compared with developed
countries, the Chinese government attaches great importance
to improve the ER management system and has proposed to
establish an emergency management department. It is
believed that this measure will encourage the further
improvement of ER level in coal mines.

2.2. Structure of the ER Team. The rescue team and the med-
ical team are the two main components of the ER team. So
far, China has built 482 coal mine rescue teams, which are
distributed all over the country. The medical team is divided
into the national and provincial rescue centers and mine
enterprise rescue stations [19]. The rescue ability of the res-
cue team is very important, so it is necessary to strengthen
the daily traditional physical training and skill training. The
application of high-tech in the field of ER enhances the prac-

tical ability of rescue teams and improves the efficiency of
rescue work such as the development of a comprehensive
simulation training system for ER, which achieves personnel
positioning and environmental monitoring [20, 21].

2.3. Introduction of ER Equipment and Communication
Technology. The rescue teams are required to equip with a
lot of rescue equipment to deal with different types of coal
mine accidents. For instance, the large drainage equipment
and mining submersible pumps are used to deal with flood
disaster, the rapid sealing and spraying machine are used to
deal with fire accidents, the positive pressure blower and
exhaust fan are used to deal with gas and coal dust explosion
accidents, and the light disaster relief drill is used to deal with
roof accidents. Besides, life detectors, support vehicles of
multifunctional rescue equipment, and detection robots have
also been developed. The use of advanced equipment has
greatly enhanced the ability of ER and improved the survival
possibility of trapped miners [22–24].

With the development of Internet technology, many new
communication technologies have been applied to mine ER
such as the video communication between the underground
and ground and between the accident scene and ER com-
mand departments at all levels [25, 26].

3. Research Methodology

At first, SPN was used to describe and analyze the causal rela-
tionship between computer system events. After more than a
century of development and improvement, SPN has been
extensively used in other fields such as finite state machines,
communication protocol, synchronous control, production
system, and business process. SPN has the characteristics of
graphic visualization and mathematical logic, which can
describe highly discrete complex systems [27–31].

3.1. Definition of SPN. SPN can simulate and analyze discrete
events of the system during an uncertain time. SPN is a
seven-tuple directed graph including place, transition, arc,
and firing rate [32].

SPN = P, T , F, K ,W,M,Λð Þ, ð1Þ

(1) N = ðP, T , FÞ refers to a basic network

(2) K : P⟶N+ ∪ fωg, K is the capacity of P on SPN,
k =∞

(3) W : F ⟶N+, W is a weight function of F on N

(4) M : P⟶N meet a condition ∀p ∈ P,MðpÞ ≤ KðpÞ,
M0 is the state marking of SPN

(5) Λ : T ⟶ R+ represents firing function, which is
quantitatively analyzed by the firing rate

3.2. Basic Relationship. Events ti, t j ∈ T have a sequential rela-

tionship on mark M. That is, M½tiiM ′ ∧ −M½t ji ∧M ′½t ji
[33], as shown in Figure 1.
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Events ti, t j ∈ T accept the weight on mark M, resulting
in a concurrency relationship, the satisfied relations are as
follows:

M½fti, t jgi⇔∀p ∈ P:Wðp, tiÞ +Wðp, t jÞ ≤MðpÞ ≤ KðpÞ
−W ti, pð Þ −W tj, p

� �
,

M½fti, t jgiM ′ ⇔ ½fti, t jgi∧∀p ∈ P:M ′ðpÞ =MðpÞ +Wðti, pÞ+W tj, p
� �

−W p, tið Þ −W p, t j
� �

,

as shown in Figure 2.
Events ti, t j ∈ T have a conflicted relationship on mark M

[33]. That is,ti ≠ t j ∧M½t ji∧¬M½fti, t jgi, as shown in Figure 3.

3.3. Model Construction of SPN. The SPN model is shown in
Figure 4. fp1, p2, p3, p4, p5g refers to a set of classical places.
ft2, t2, t3g refers to a transition set containing time. For
example, t1 represents the time taken from p1 to p2 and p3.
After t1 is fired, p2 generates two tokens and p3 generates
one token. The number marked on the directed arc indicates
the weight. If there is no number, the weight is 1.

The analysis process of the SPN model is as follows:
firstly, give place p1 a token to fire transition t1, so that place
p2 generates two tokens and place p3 generates one token.
Then, it is judged whether the number of tokens in places
p2 and p3 meets the condition of firing transition t2, and if
so, place p4 can be reached. Finally, we judge the condition
of firing transition t3 according to the previous method. If
the condition is met, it will reach the termination place p5,
and the process will end.

The implementation steps of using the SPN model to
analyze the performance of the ER process for coal mine acci-
dents are as follows [34–36]:

(1) The systematic SPN model is established to verify the
validity of the model. Here, T-invariant method is
chosen to realize this process. A linear algebraic
matrix equation is constructed to determine the per-
formance of the SPN model

Cy = O − Ið Þy = 0, ð2Þ

where C refers to the incidence matrix, O refers to the post-
matrix, I is the prematrix, and Y is a row vector, representing
T-invariant

(2) According to the initial mark M0 and firing rate λ,
the isomorphic Markov chain (MC) is obtained [37]

(3) The MC is studied. Based on the steady-state proba-
bility, the system performance is analyzed and evalu-
ated. The steady-state probability in MC is regarded
as a row vector X = ðx1, x2,⋯, xnÞ, and the linear
equations XQ = 0 are listed

XQ = 0,
〠xi = 1, 1 ≤ i ≤ n,

ð3Þ

where Q represents the state transition matrix
The linear equations are calculated to obtain the steady-

state probability.

P Mi½ � = xi 1 ≤ i ≤ nð Þ, ð4Þ

Q = qij
h i

: ð5Þ

For the nondiagonal element qij,

qij =
qij, when the stateMi can reach the stateMj, the line ismarked qij,
0, when the statesMi can not reach the stateMj:

(

ð6Þ

For the diagonal element qij,

qij = −Σkqij, ð7Þ

where k refers to the number of states connected to Mi.
∀p ∈ P, ∀i ∈N , P½MðpÞ = i� is the probability that each p

with i marks. The busy probability of place indicator can be
calculated using Equation (8).

P M pð Þ = i½ � = Σp Mj

� �
: ð8Þ

p2p1 p3t2t1

Figure 1: Sequential relationship of an SPN model.
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p4
p5

t1

t2

t3

Figure 2: Concurrency relationship of an SPN model.
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p2

p3

p4
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Figure 3: Conflicted relationship of an SPN model.

3Geofluids



The utilization of a transition indicator refers to the sum
of all steady-state probability of firing transition t and is cal-
culated as follows:

U tð Þ = Σm∈EP M½ �: ð9Þ

The token rate of transition indicator represents the
average token number of transition flowing into the place
p of transition t per unit time. The calculation formula is
as follows:

R t, pð Þ =w t, pð Þ ×U tð Þ × λ: ð10Þ

Suppose ∀p ∈ P, the average token number �N of the
system refers to the average value of marks contained by
pi in any reachable marking graph. The marked average
value of the set pi ∈ P of a place is the sum of the average
value of each place.

�N = Σj × P M pið Þ = j½ �: ð11Þ

The average delay time t of the system is the ratio of
the average token number �N and the token rate Rðt, pÞ
of transition.

�T =
�N

R t, pð Þ : ð12Þ

3.4. The Optimization Strategy Based on Triangular Fuzzy
(TF). The TF is a widely used function of fuzzy mathematics,
which is mainly suitable for the situation of insufficient field
data and low precision of monitoring instruments. The vari-
ables are fuzzified to form a trust interval with the upper and
lower limits [38, 39]. Assume that the fuzzy variable is

~E = e−, e, e+ð Þ, e− ≤ e ≤ e+, ð13Þ

where e refers to the value of the variable. e− and e+ represent
the lower and upper limits of fuzzy variables, respectively.

The corresponding triangular membership function is

ηE =

0, x < e−,
x − e−

e − e−
, e−≤x ≤ e,

e+ − x
e+ − e

, e ≤ x ≤ e+,

0, x > e+,

8>>>>>>><
>>>>>>>:

ð14Þ

where ηE is the membership degree of the fuzzy variable and
x is a variable.

The triangular membership function is calculated by
using X cut set to obtain a fuzzy interval.

E að Þ = min e að Þ
h i

, max e að Þ
h in o

= e− + e − e−ð Þa, e+ − e+ − eð Þa½ � a ∈ 0, 1½ �:
ð15Þ

Optimization steps of the triangular fuzzy are as follows:

(1) The firing rate ~λ = ðλ1, λ2,⋯,λnÞ in the SPN model is
fuzzified according to different proportions [40]. The
fuzzy intervals ½λ−i , λi� and ½λi, λ+i � of firing rate λi are
constructed

(2) a is valued in the interval ½0, 1�, which meets the rule
of increasing step by step. For example, a = 0, 0:1,
0:2,⋯, 1. Substituting different a values into formula

(15) to obtain EðaÞ
i . Then, substituting λ′ = ðλ1, λ2,

⋯λi−1, Ea
i , λi+1,⋯,λnÞ into the SPN mode to calculate

the interval ½min
0≤a≤1

ð�Ta
i Þ, max

0≤a≤1
ð�Ta

i Þ�ði = 1, 2,⋯,nÞ

(3) The total time of system change under unit transition
rate is

δi =
max Ta

ið Þ −min Ta
ið Þ

λ+i − λ−i

����
���� ð16Þ

(4) When δi is larger thanmost δ values, it shows that the
change of transition has great influences on the
average delay time of the system. Therefore, the opti-
mized SPNmodel can be obtained only by simulating
δi with a large numerical value

p1

p2

p3

p4

p5

t1

t2

t3

Place Weight

Timed
transition Token Arc

2
2

Figure 4: Representation of the SPN model.
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4. Case Study

4.1. Case Introduction. The “9·28” major water inrush acci-
dent in the Shanxi Fenxi Zhengsheng Coal Company of
China is used as a case to validate the proposed model. In this
case, the water inrush occurred in the east flank return air-
flow roadway to the coal mine dispatching room. Though
the leader of underground miners executed emergency evac-
uations immediately, many miners were still trapped for the
far distance between the working face and the shaft. Accord-
ing to the guidance of higher authorities, coal mine leaders
executed ER plan, set up an ER headquarter, and launched

rescue operations. The ER process for this accident is shown
in Figure 5.

4.2. Performance Analysis of Water Inrush ER Process Based
on SPN Model. Figure 6 shows the SPN model of the ER pro-
cess. The SPN model combines all the ER activities and
points out the relationship among these activities, as shown
in Figure 6.

In Figure 6, a place represents the event state and a tran-
sition represents the event activity during the ER process.
The process includes 25 places and 20 transitions, and their
respective definitions are shown in Table 1.

T1P1 P2 P3 P4

P5

P6

P7

T3 T4 T5

P8

P9 T7

P10

P11

P12

P13

T8

T9

T10

T11

P14

P15

P16

P17

T13

T12

P19

P18

T14 P20 T15 P21

T16

P22

T18

T17

P23P24 T19T20

P25

T2

T6

Figure 6: The SPN of ER process during coal mine accident.
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Figure 5: The ER process of the coal mine.
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T-invariant and P-invariant are common methods to
analyze the validity of the model. The validity of the model
is analyzed by the T-invariant method [41]: Y1 = ð1, 1, 1, 1,
1, 1, 1, 1, 1, 0, 0, 1, 0, 1, 1, 1, 1, 1, 1, 1, 1Þ and Y2 =ð1, 1, 1, 1, 1,
1, 1, 1, 0, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1Þ.

Y1 and Y2 have nonnegative integer solutions. The exis-
tence of T-invariant in the SPN model means that the SPN
model has the properties of reachability and liveness. In
addition, Y1 > 0 and Y2 > 0 mean that the SPN model is
bounded which proves that the SPN model is correct and
reasonable [42].

5. Results and Discussion

The time parameters that obeyed a certain probability distri-
bution are added in the SPN, and the time of random vari-
ables is associated with the transitions. Through the
accident investigation, the time consumed in each link of
the accident is collected to obtain the average time t of each
transition. According to the firing rate formula, the average
firing rate of 20 transitions is obtained, and the results are
as shown: λ = 1/t = ð1/10, 1/5:1/5, 1/20, 1/150, 1/20/1/60, 1/

15, 1/15, 1/15, 1/20,1/170,1/720,1/120, 1/5,1/20,1/200,1/10,
1/200, 1/150Þ:

5.1. Isomorphic MC. The performances of the SPN and MC
models are consistent, and a bounded SPN is equivalent to
a finite MC. The structure and performance analysis of the
SPN model are integrated into the MC model to obtain the
isomorphic MC, which can better analyze the SPN perfor-
mance. The flow chart of the MC is shown in Figure 7.

According to formulas (4), (8), and (9), the steady-state
probability, the busy rate of the places, and the utilization rate
of the transitions are calculated, respectively, as shown in
Tables 2–4.

In Table 3, the busy rates of places of P9 and P14~P19 are
higher, which indicates that the state information of these
places cannot be effectively processed and results in the accu-
mulation of information.

The onsite command team (place P9) is composed of coal
mine leaders, experts, technicians, rescue team, and medical
team, which formulates and adjusts the ER plan according
to the onsite situation, and maintains communication with
relevant superior departments. Since the experts of research

Table 1: Definitions of places and transitions.

Places Transitions

P1 Accident occurrence T1 Reflecting accident information

P2 ER headquarters of coal mine T2 Reporting the accident to the superior

P3 The provincial government T3 Issuing rescue command

P4 Emergency control center T4 Scheduling according to the authority

P5 Experts T5 Going to the coal mine

P6 Rescue teams and medical teams T6 Analyzing emergency conditions and making ER plan

P7 Technicians T7 Allocating resources and organizing team

P8 Implement emergency plan T8 Starting preparatory work by the communication department

P9 Set up the onsite command team T9
Starting preparatory work by the rescue teams and medical

teams

P10 Communication department T10 Starting preparatory work by the safety supervision department

P11 Rescue teams and medical teams T11 Starting preparatory work by the construction team

P12 Safety supervision department T12 Draining in flooded roadway

P13 Construction team T13 Exploring information underground

P14 Communications department that finished preparatory work T14 Finding the location of the trapped miners

P15
The rescue teams and medical teams that finished preparatory

work
T15 Reporting to the onsite command team

P16
The safety supervision department that finished preparatory

work
T16 Analyzing the difficulty of construction and the state of victims

P17 Construction team that finished preparatory work T17 Rescuing the trapped miners

P18 Advance of rescue roadway T18 Adjusting emergency plan and increasing emergency measures

P19 General information T19 Adding large rescue equipment to join in rescue

P20 Important information T20
Providing first aid to the victims by rescue teams and medical

teams

P21 Information received by the command team

P22 Judgment of accident grade

P23 Greater rescue efforts

P24 Key rescue sections that have been breakthrough

P25 End of ER
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institutes and universities were in different cities, they cannot
arrive at the accident site in time, which caused the waste of
the ER time. Therefore, the emergency center should
improve work efficiency and optimize deployment time.

After the accident, the busy rate of the places of the P14
and P16 (coal enterprise) is very high. Through deep analysis,
it is found that the number of emergency training is less and
the rescue work is not proficient enough for employees in the
communication department and the safety supervision
department. The mine leaders should pay attention to the
daily emergency training and strengthen the emergency
response awareness of the miners.
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Figure 7: Isomorphic MC equivalents to the SPN model.

Table 2: Steady-state probability.

Steady-
state
probability

Value
Steady-
state

probability
Value

Steady-
state

probability
Value

P M0ð Þ 0.00634 P M14ð Þ 0.00092 P M28ð Þ 0.00205

P M1ð Þ 0.00190 P M15ð Þ 0.00104 P M29ð Þ 0.00006

P M2ð Þ 0.00254 P M16ð Þ 0.00066 P M30ð Þ 0.00016

P M3ð Þ 0.00063 P M17ð Þ 0.00105 P M31ð Þ 0.22132

P M4ð Þ 0.00507 P M18ð Þ 0.00001 P M32ð Þ 0.00004

P M5ð Þ 0.00761 P M19ð Þ 0.00065 P M33ð Þ 0.00006

P M6ð Þ 0.00448 P M20ð Þ 0.00104 P M34ð Þ 0.23313

P M7ð Þ 0.09063 P M21ð Þ 0.00066 P M35ð Þ 0.22339

P M8ð Þ 0.00060 P M22ð Þ 0.00002 P M36ð Þ 0.00634

P M9ð Þ 0.03804 P M23ð Þ 0.00205 P M37ð Þ 0.00317

P M10ð Þ 0.00254 P M24ð Þ 0.00406 P M38ð Þ 0.00634

P M11ð Þ 0.00092 P M25ð Þ 0.00207 P M39ð Þ 0.00576

P M12ð Þ 0.00092 P M26ð Þ 0.00001 P M40ð Þ 0.03458

P M13ð Þ 0.00063 P M27ð Þ 0.00002 P M41ð Þ 0.08646

Table 3: The busy rate of the places.

Place Value Place Value

P M p1ð Þ = 1½ � 0.00634 P M p13ð Þ = 1½ � 0.01268

P M p2ð Þ = 1½ � 0.00190 P M p14ð Þ = 1½ � 0.45652

P M p3ð Þ = 1½ � 0.00317 P M p15ð Þ = 1½ � 0.46655

P[M(p4) =1] 0.01268 P[M(p16) =1] 0.46655

P[M(p5) =1] 0.09511 P[M(p17) =1] 0.46338

P[M(p6) =1] 0.09511 P[M(p18) =1] 0.22978

P M p7ð Þ = 1½ � 0.09511 P M p19ð Þ = 1½ � 0.23980

P M p8ð Þ = 1½ � 0.01268 P M p20ð Þ = 1½ � 0.00317

P M p9ð Þ = 1½ � 0.17556 P M p21ð Þ = 1½ � 0.00634

P M p10ð Þ = 1½ � 0.00951 P M p22ð Þ = 1½ � 0.00576

P M p11ð Þ = 1½ � 0.00951 P M p23ð Þ = 1½ � 0.03458

P M p12ð Þ = 1½ � 0.00951 P M p24ð Þ = 1½ � 0.08646

Table 4: Utilization rate of transitions.

Transition Value Transition Value

U t1ð Þ 0.00634 U t11ð Þ 0.01270

U t2ð Þ 0.00190 U t12ð Þ 0.45652

U t3ð Þ 0.00317 U t13ð Þ 0.45652

U t4ð Þ 0.01268 U t14ð Þ 0.00634

U t5ð Þ 0.09511 U t15ð Þ 0.00317

U t6ð Þ 0.01269 U t16ð Þ 0.00634

U t7ð Þ 0.03804 U t17ð Þ 0.00576

U t8ð Þ 0.00565 U t18ð Þ 0.00576

U t9ð Þ 0.00951 U t19ð Þ 0.03458

U t10ð Þ 0.00951 U t20ð Þ 0.08646
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The medical rescue team (place P15) includes medical
rescue stations of the mining enterprise and medical per-
sonnel assisted by other areas. Because the two teams
had not trained together before, the cooperation of rescue
teams was not good enough, which caused the redundancy
of place P15.

The construction team (place P17) mainly includes the
rescue team from the provincial mine rescue base and the
mine enterprise rescue team. Because many rescue machines
are required to be transported, it is very likely that vehicles
will be congested and cannot arrive quickly due to the influ-
ence of traffic conditions.

Places P18 and P19 are in a synchronized state. Due to
the uncertainty of the accident location and the influence of
the complex underground environment on the equipment
such as life detectors, it is difficult to find the location of the
trapped miners for a short time. In the early stage of the res-
cue, the rescue team can only use drainage equipment to
drain the floodwater in the roadway. Therefore, we should
increase the number of rescue equipment and use more
advanced rescue equipment to deal with ER of coal mine
accidents.

It can be seen from Table 4 that the utilization rates of
transitions T12 and T13 are much higher than that of the
remaining transitions, which indicates that the activities they
represented spend more time.

T12 indicates the draining in the flooded roadway. Dur-
ing this process, it is difficult to determine the exact position
of the trapped miners, so the ER team can only gradually res-
cue along the rescue roadway based on the known informa-
tion and experience. In the flooded roadway, life detectors
and other equipment are used to detect the vital signs nearby.
This work is difficult because it not only needs to clean up the
accumulated water and gravel in the roadway but also needs
to stabilize the roadway to ensure its safety, which leads to the
total time of T12 is very long.

T13 indicates the exploring information underground. In
this process, because the communication staff need to follow
the construction team to carry out underground detection
and feedback the real-time information to the ER headquar-
ters immediately, which also takes a lot of time.

The average delay time of the system can be calculated
according to formulas (10)–(12): �T = �N/Rðt, pÞ = 2:7702/
0:0101 = 274:44 min.

5.2. Optimization Analysis of ER Process. In this process, the
SPN model of the emergency rescue process was analyzed,
the busy places and high utilization of transitions were iden-
tified, and improvement measures were suggested. We chan-
ged some transition’s time and calculated the corresponding
average delay time of the whole ER system.

The method of changing the firing rate of each transition
is adopted to optimize the total delay time of the system.
When the speed range of the firing rate of each transition is
constant, the different decreases of the total delay time have
different impacts on the whole ER system. A lot of computa-
tions are needed to substitute the firing rate of each transition
into the SPNmodel, so a triangular fuzzy strategy is proposed
to optimize the SPN, which greatly simplifies the calculation.

Firstly, 5% fuzzy degree is set for each transition to get the
fuzzy interval of each transition according to formula (15).
Then, the average delay time of the system corresponding
to the transition is calculated in the SPN model. Finally,
according to formula (16), the change value δ of the total
time of the ER system is calculated when each transition unit
changes, and the results are shown in Table 5.

Table 5 shows that when the fuzzy degrees of transitions
are same, the δ values corresponding to transitions are quite
different. The value of δ12 corresponding to λ12 is 1265 times
of δ8 corresponding to λ8. Therefore, changing the value of
λ12 can reduce the total system time more than changing
the value of λ8. In addition, the values of λ13,λ19,λ20, and λ5
have the same effect on reducing the total time, so only five
parameters need to be changed to optimize the SPN model.

Firstly, it is assumed that only the value of λ12 is changed
and the remaining values are constant. The results are shown
in Figure 8.

Figure 8 shows that when the value of λ12 changes from 0
to 0.003, the probability of PðM34Þ = ðP15, P16, P17, P19Þ is
greatly decreased. The probability of PðM31Þ = ðP14, P15, P
16, P17Þ is slightly increased when the value of λ12 changes
from 0 to 0.0009 but decrease gradually when the value of
λ12 changes from 0.0009 to 0.003.

With the advancing speed of the rescue roadway in the
mining area increases, the communication department will
find the location of trapped miners underground faster in
the rescue process and promptly report the rescue progress
to the ER headquarters of coal mine. The command team
masters the latest rescue situation in order to quickly adjust
the plan and deploy rescue measures. Therefore, it is neces-
sary to carry out a reasonable allocation of emergency
resources and special drainage equipment so that the medical
rescue team, the safety supervision department, the construc-
tion team, and the communication department can quickly
put into the ER work. Meanwhile, the safety supervision
department, communication department, and medical res-
cue team from the mine enterprise must strengthen the daily
management and emergency training. The emergency center
should request nearby hospitals to allocate medical teams for

Table 5: Changed value of the total time of the ER system when the
transition unit changed.

Transition Unit value Sort Transition Unit value Sort

λ12 45889.04 1 λ14 224.91 11

λ13 44605.57 2 λ10 209.04 12

λ19 2702.56 3 λ9 209.04 13

λ20 915.48 4 λ17 155.05 14

λ5 907.76 5 λ18 134.36 15

λ7 460.77 6 λ1 128.00 16

λ6 287.16 7 λ3 71.50 17

λ11 265.23 8 λ15 71.27 18

λ4 238.93 9 λ2 71.00 19

λ16 235.59 10 λ8 36.26 20
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support, but it is necessary to ensure that these rescue teams
are well trained.

Secondly, it is assumed that only the value of λ13 is chan-
ged and the remaining values are constant. The results are
shown in Figure 9.

Figure 9 shows that when the value of λ13 changes from 0
to 0.003, the probability of PðM35Þ = ðP14, P18Þ is greatly
decreased. The probability of P ðM31Þ = ðP14, P15, P16, P17
Þ is slightly increased when the value of λ13 changes from 0
to 0.0009, but gradually decreased when the value of λ13
changes from 0.0009 to 0.003.

The probability value and variation range of P ðM31Þ in
Figure 10 is basically consistent with that in Figure 9. This
result indicates that if the location information of trapped
miners can be grasped as soon as possible, the rescue work
of the communications department, rescue teams and medi-
cal teams, safety supervision department, and construction
team will proceed successfully. With the increase of λ13, the
probability value of P ðM35Þ gradually decreases from
0.86151 to 0.06308. It means that the communications
department works more efficiently, and the rescue roadway
advances faster and strives for golden rescue time for trapped
miners. Therefore, more detection equipment is needed to
expand the range of underground information exploration,
to grasp the location information of trapped miners and feed-
back information to the headquarters faster.

Thirdly, it is assumed that only the value of λ19 is chan-
ged and the remaining values are constant. The results are
shown in Figure 10.

Figure 10 shows that when the value of λ19 changes from
0 to 0.01, the probability of P ðM40Þ = ðP23Þ is greatly
decreased. The rescue team encountered obstacles in the pro-
cess of roadway advancement. To solve this problem, the
command team immediately adjusted the plan to increase
emergency rescue efforts. The most effective way is to mobi-
lize large rescue equipment to remove obstacles in the road-
way, which will shorten the rescue time. Therefore, we need
to ensure the supply of large-scale rescue equipment to deal
with some serious problems in water inrush accidents. The
“expanding ER” should also be added to the emergency plan
to improve the efficiency of ER.

Fourthly, it is assumed that only the value of λ20 is chan-
ged and the remaining values are constant. The results are
shown in Figure 11.

Figure 11 shows that when the value of λ20 changes from
0 to 0.01, the probability of P ðM41Þ = ðP24Þ is greatly
decreased. It can be explained that when the rescue speed
of the trapped miners is accelerated, the distance between
the rescuer and the trapped person is decreased. In this
way, if there are some miners in poor health, the rescuer
can transport the drugs to the trapped miners by drilling,
so that they can get emergency treatment and prevent the
deterioration of illness. For this reason, the medical team
should prepare all kinds of first-aid medicines in advance to
deal with the possible illness of the miners.

Finally, it is assumed that only the value of λ5 is changed
and the remaining values are constant. The results are shown
in Figure 12.
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Figure 8: Variation of system probability with change in λ12.
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Figure 10: Variation of system probability with change in λ19.
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Figure 12: Variation of system probability with change in λ5.
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Figure 12 shows that when the value of λ5 changes from 0
to 0.01, the probability of P ðM7Þ = ðP5, P6, P7, P9Þ is greatly
decreased. It can be explained that if the speeds of the experts,
rescue teams, medical teams, and technicians arrive at the
accident site are larger, the on-site command team can be
set up more quickly. However, because most of the experts
are distributed in universities and research institutes, it takes
the longest time for them to arrive at the coal mine, which has
a great influence on the establishment of the onsite command
team. Therefore, the government should provide an emer-
gency green channel for experts to ensure that they can arrive
at the accident site faster.

Above all, in the process of ER, coal mining enterprises
should be equipped with large rescue equipment to deal with
emergencies. When multicooperation is carried out for ER, it
is necessary to optimize resource allocation, coordinate inter-
nal and external relations, enhance the awareness of cooper-
ation, and organize daily emergency training, which will be
better to carry out ER operations.

6. Conclusions and Further Work

6.1. Conclusions. In this paper, a new method is proposed to
model and simulate the coal mine ER process based on mod-
ified SPN. To validate the correctness of this method, the
SPN method is applied to the major water inrush accident
in Shanxi Fenxi Zhengsheng Coal Company.

(1) The theoretical method of SPN is adopted to establish
the ER process of coal mine and found that busy rates
of places P9 and P14~P19 are higher and the utiliza-
tion rates of translations T12 and T13 are higher. In
addition, the problems existing in these places and
transitions are analyzed

(2) The triangular fuzzy strategy was introduced into the
SPN. The change value of the total time of the ER sys-
tem is analyzed when each transition changes, which
illustrates that the key activities affecting the rescue
time

(3) In order to better carry out the ER process, it is sug-
gested that larger rescue equipment should be added,
team training should be organized regularly, cooper-
ation should be strengthened, and green channels
should be provided for experts

6.2. Further Work

(1) The ER of the coal mine is a very complex process,
which can divide many links in more detail, such as
organizational structure and emergency supplies.
Through this division, a more complete ER process
and SPN model can be constructed

(2) When the SPN model is analyzed, it is assumed that
the SPN model obeys an exponential distribution.
However, this assumption may have some differences
with the actual conditions. Therefore, more in-depth
researches should be conducted to help us choose a
more appropriate probability distribution

(3) Visualization software should be developed for coal
mines, which can show the ER process more vividly
and give more supports on the ER work using infor-
mation technology
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In order to further explore the deformation and failure essence of the deep coal body, based on the characteristics of surrounding
rock stress adjustment before and after solid coal roadway excavation, an experiment of unloading confining pressure and loading
axial pressure of the coal body was designed and conducted in this study. Based on test results, the failure mechanics and energy
characteristics of the coal body were analyzed through experiments. Rapid unloading is considered a key factor contributing to
lateral deformation and expansion failure, which exacerbates the deterioration of coal body and reduces the deformation energy
storage capacity of coal. On the other hand, the larger loading rate tends to shorten the accumulation time of microcracks and
cause damage to the coal body, resulting in strengthening the coal body and improving energy storage. Under the circumstance
that the coal body is destroyed, the conversion rates of the internal deformation energy and dissipated energy are more
significantly affected by unloading rate. The increasing unloading rate and rapid decreases in the conversion rate of deformation
energy make the coal body more vulnerable to damage. Under the same stress conditions, the excavation unloading is more
likely to deform, destroy, or even throw the coal than the experiment unloading. In order to reduce or avoid the occurrence of
deep roadway excavation accidents, the understanding of the excavation unloading including possible influencing factors and
the monitoring of the surrounding rock stress and energy during the excavation disturbance should be strengthened. It can be
used as the basis for studying the mechanism of deformation and failure of coal and rock and dynamic disasters in deep mines,
as well as the prediction, early warning, prevention, and control of related dynamic disasters.

1. Introduction

With the depletion of coal resources and the deterioration of
mining environment, the mine rockburst accidents occurred
more frequently than before, posing as a threat to the safe
and efficient mining. According to the incomplete statistics
of rockburst cases, a total of 85% of the rockburst accidents
occurred in the roadway which makes the roadway the main
occurrence area of rockburst. In addition, 49% out of road-
way rockburst accidents were identified as excavation rock-
burst with 51% mining rockburst [1–3]. At present, the
research on rockburst is mainly focused on mining, centering
around the stress environment of large space, high static load,

and big disturbance. Comparatively, roadway excavation is a
construction process in the environment of small space, fea-
tured with low static load and small disturbance. The
research on the mechanism of large deformation or rockburst
has been limited.

Roadway excavation is defined as an unloading process,
which is essentially different from continuous loading failure
in mechanical response, action mechanism, and deformation
failure characteristics [4–6]. Recently, researchers have done
a considerate amount of work on engineering excavation
unloading [7–9]. Academician Qian Qihu [10] considered
that the zone failure of roadway surrounding rock was led
by dynamic unloading caused by excavation, and the practice
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also confirmed this conclusion. Roadway engineering and
even underground engineering are unloading in one direc-
tion, and the balance state of triaxial compression is broken,
resulting in the deformation and failure of coal and rock. The
mechanical and energy characteristics of coal and rock serve
as the foundation for studying the system interaction
between roadway and surrounding rock. Combined with
the specific cases or actual engineering requirements,
scholars domestically and abroad have designed a variety of
loading and unloading stress paths aiming to explore their
mechanical characteristics and energy efficiency mechanism
in practical application in a more accurate manner [11].

Wei [2] studied the stress path and failure characteristics
of surrounding rock in solid coal roadway excavation by an
unloading experiment and numerical simulation method
and proposed the excavation rockburst mechanism of high
static load+“loading and unloading” stress path transforma-
tion of surrounding rock. Feng [12] investigated the deforma-
tion and failure characteristics of coal under different stress
paths through experiments and established the failure
mechanical model for the sides of coal roadway based on the
effect of unloading stress. Yao [13] researched the failuremode
and law of unloading surrounding rock by theoretical analysis
and numerical simulation and carried out on-site monitoring
and quality evaluation on the broken range of unloading sur-
rounding rock. Zhu [14] considered that unloading rockburst
and creep rockburst are two typical impact forms of extra
thick coal seam and explained their occurrence mechanism.
Qin et al. [15] discussed the influence of excavation speed on
the stress, displacement, and stability of roadway surrounding
rock by using numerical software.

Based on the previously conducted research, this study
firstly investigated the roadway excavation and surrounding
rock stress adjustment and explored the suitable stress paths
of loading and unloading for actual engineering. In addition,
a number of experimental methods were adopted to investi-
gate the mechanical and energy characteristics of unloading
surrounding rock, which lay a foundation for further under-
standing of deformation, failure, and rockburst of unloading
surrounding rock during excavation.

2. An Experimental Analysis on Surrounding
Rock Unloading in Roadway Excavation

2.1. Experiment Preparation. The coal sample was selected
from the #8 coal seam in the third mining area located in
the Xianyang mining zone. The buried depth of the coal seam
is nearly 800m with an average density of 1.4 g/cm3 and the
average uniaxial compressive strength of 22.3MPa. Accord-
ing to the requirements and standards of the rock mechanics
experiment, the sample was processed into a cylinder of Φ
50mm ×H100mm (Figure 1). In the experiment, multiple
systems were adopted including a MTS815.02 electro-
hydraulic servo rock mechanics experiment system borrowed
from China University of Mining and Technology (as shown
in Figure 2).

2.2. Experiment Scheme Design. According to the elastic
mechanics, after the excavation of a circular roadway, the

radial stress of surrounding rock often changes rapidly from
the original rock stress p0 to zero, while the shear stress
increases from p0 to 2 p0. With the increase in the distance
from the head-on, the roadway surrounding rock stress is
constantly adjusted and gradually reaches equilibrium. The
plastic zone (BC section) and failure zone (CD section) are
formed from deep to shallow of the surrounding rock. The
variances of the shear stress conform to the stress-strain
curve of coal and rock, and the change of the radial stress is
not obvious, as shown in Figure 3.

After the excavation of a roadway, the stress changes
monitored on the surrounding rock from the depth to the
surface stay consistent. The shear stress increases and the
radial stress decreases, suggesting that the whole stress
adjustment process is to increase shear stress and decrease
radial stress. Therefore, the experimental stress path is
expanded by unloading confining pressure and loading axial
pressure [16] (see Table 1 for details).

At present, the common mining depth in China ranges
from 400 to1000m. In this experiment, a depth of 800m
was selected, resulting in the initial confining pressure at
20MPa. When the coal sample was placed under a 20MPa
hydrostatic pressure, the sample begun to unload confining

Figure 1: The typical sample specimen.

Figure 2: The MTS 815.02 testing system.
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pressure and increase axial pressure until the coal sample
reached failure, as shown in Figure 4. The specific process
includes the following. (1) Stress control mode. The confin-
ing pressure and axial pressure were loaded alternately at a
rate of 5MPa. Meanwhile, the confining pressure (axial pres-
sure) σ2 = σ3 = σ1 was loaded to the predetermined value of
20MPa at the rate of 0.05MPa/s. (2) Stress control mode.
The confining pressure σ3 was unloaded at the rate of v3, with
the axial pressure σ1 loaded at the rate of v1 until the coal
sample reached failure. (3) Displacement control mode. After
the coal sample started to fail, the axial pressure was loaded
continually with the confining pressure unloading at the rate
of 0.001mm/s to obtain the full stress-strain curve.

2.3. Analysis on Mechanical Properties of Unloading Coal

2.3.1. Unloading Rate Effect. Combined with the unloading
rate effect of the unloading confining pressure and loading
axial pressure experiment, a stress-strain curve of coal under
different unloading rates is shown in Figure 5.

According to Figure 5, with the increase in unloading
rate, the confining pressure decreases rapidly from 20MPa,
along with failure strength and axial strain of the coal body.
The volume strain demonstrates an increasing trend, with
obvious expansion phenomenon. In addition, the changes
in the circumferential strain are limited. The relationship
among coal strength, unloading rate, and confining pressure
during the sample failure is shown in Figure 6.

As indicated in Figure 6, the failure strength of coal
decreases with the increase in unloading rate, which indicates
that the influence of unloading rate on the failure character-
istics of coal is gradually weakening. The rapid unloading
leads to dramatic decline of the confining pressure to zero
quickly, creating conditions for lateral expansion and pres-

sure relief. Meanwhile, considering that the uniaxial com-
pressive strength is determined lower than the failure
strength under high confining pressure, the triaxial loading
and unloading experiment is rapidly transformed into a uni-
axial loading experiment. Under the circumstance that the
unloading rate exceeds a threshold value, the unloading rate
actually reflects the uniaxial compression process of coal.
Therefore, with the increase in unloading rate, the influence
on the failure strength of coal gradually decreases and grows
stable. The influence of the unloading rate is significant
within the range of 0~0.1MPa/s. When the coal body fails,
the strength and confining pressure follow linear changes
suggesting that a higher unloading rate leads to lower confin-
ing pressure and the failure strength.

2.3.2. Loading Rate Effect. Based on the test results obtained
from the experiment, the stress-strain curve of coal under
different loading rates is shown in Figure 7.

According to Figure 7, the failure strength and axial strain of
coal increased along with the increase in axial loading rate with
limited changes in circumferential strain and volume strain. The
relationship among coal strength, loading rate, and confining
pressure at the moment of failure is shown in Figure 8.

As indicated in Figure 8, the influence of axial loading on
the mechanical properties of coal is significant within the
range of 0~0.2MPa/s. In addition, a higher axial loading rate
tends to increase the failure strength of coal suggesting that
when the axial pressure was rapidly applied, the failure
strength under a certain confining pressure can be reached
within a short time. Due to the limited load action time on
coal, the crack development inside the rock is limited with
nonobvious damage accumulation. Under the circumstance
that the bearing limit is exceeded, the main failure crack
tends to develop instantly, resulting in failure. Therefore, to
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Table 1: Summary of the experiment scheme.

Stress path Engineering correspondence

Unloading confining pressure and
loading axial pressure

Unloading rate effect Stress adjustment process of surrounding rock
unloading in roadway excavationLoading rate effect
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a certain extent, the failure strength of coal under corre-
sponding confining pressure is improved by rapidly increas-
ing axial pressure.

2.4. Analysis on Energy Characteristics of Unloading Coal

2.4.1. Unloading Rate Effect. In order to simplify the energy
composition and calculation in the coal body during unload-
ing, the following assumptions were made including the fol-
lowing: (1) part of the total work done by the experimental
machine is converted into releasable deformation energy
and stored in the coal body and (2) the rest of the work done
by the experimental machine is converted into dissipative
energy to generate cracks, degrade the coal body, or release
in other forms [17–22]. The whole process of energy conver-
sion can be expressed as

U =U1 +U3 =Ue +Ud , ð1Þ

where

U1 =
ðε1 tð Þ

0
σ1dε1,

U3 = 2
ðε3 tð Þ

0
σ3dε3,

Ue =
1
2σ1ε1:

ð2Þ
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The energy of coal failure under different unloading rates
is shown in Figure 9.

According to Figure 9, the energy required for coal failure
is negatively correlated with the unloading rate, indicating
that as the unloading rate increases, the energy required for
coal failure tends to decrease in logarithmic form. Mean-
while, the conversion rate of deformation energy also
decreases dramatically below 10% at an unloading rate of
0.2MPa/s, indicating that a higher unloading rate leads to a
lower conversion rate of deformation energy. Conversely, a
higher conversion rate of dissipated energy can result in early
occurrence of coal failure. When the unloading rate can exert
a significant impact on the energy and mutual transforma-
tion, the unloading rate is below 0.1MPa/s, with limited
impact on the energy change.

2.4.2. Loading Rate Effect. The relationship between the
energy and the axial loading rate under the coal failure is
shown in Figure 10.

As the axial loading rate increases, the energy required
for coal failure increases in a logarithmic form. The increas-
ing failure strength indicates that more energy is absorbed

from rapid loading to failure. When the rate is greater than
0.2MPa/s, the influence becomes more severe. No significant
relationship between the transformation rate of deformation
energy and the axial loading rate during unloading has been
identified. In addition, the experiment suggests that transfor-
mation rate is about 20%~30% at the initial stage and
45%~50% at the near failure stage.

To sum up, the axial loading rate tends to shorten the
effective accumulation time of microcracks, cause damage
in the coal body, and improve the energy storage capacity
of coal. Under the event that the axial loading rate varies
in the range of 0~0.2MPa/s, the axial loading rate has a
greater influence on the strength and energy storage of
coal, while the unloading rate produces the opposite effect.
A higher unloading rate leads to a greater inhibition effect
on the coal body’s lateral deformation which contributes
to the lateral expansion failure. The influence is prominent
when the axial loading rate changes within the range of
0~0.1MPa/s.

2.5. Discussion on the Differences between the Excavation
Unloading and the Experimental Unloading. Different from
the unloading experiment, in the original rock stress environ-
ment of three-dimensional compression, the coal body is in a
state of pressurized energy storage. During the unloading
process of excavation, mutual inhibition between surround-
ing rocks interacts with each other. The unloading rate will
not evolve into a loading form of uniaxial compression, as
shown in Figure 11. In actual engineering, the rapid excava-
tion makes the mutual inhibition of surrounding rock
weaken rapidly in a certain area, which immediately drops
from a high confining pressure state to a low confining pres-
sure stress environment (three-direction five-sided stress
state), equivalent to completing the transformation from
high initial confining pressure to low initial confining pres-
sure in a short time, reducing the requirements of coal failure.
Simultaneously, the shear stress increases synchronously,
which intensifies the change of shear-radial stress difference,
contributing the stress environment easier to reach the bear-
ing limit of the coal body and creating conditions for the
shallow surrounding rock to squeeze out into the free space
of the roadway. Since the shallow surrounding rock still has
a certain inhibitory effect on the deep surrounding rock,
resulting in the coal body in a three-direction six-sided non-
isostatic stress state, the crack development in the coal body
decreases and gradually evolves into plastic deformation
and elastic deformation.

Although the high-energy coal tends to be in a new equi-
librium state through energy release in the form of deforma-
tion or even failure, various deformations and failures caused
by energy release due to excavation unloading and experi-
mental unloading are identified. As shown in Figure 12, r0
refers to the nominal radius of microunit coal; V0 and V
indicate the volumes before and after energy release stabi-
lizes, respectively, with ω0 and ω being the internal energy
density, respectively; r1 (excavation unloading) and r2
(experiment unloading) indicate the maximum nominal
radius after deformation; and α refers to the excavation
unloading energy release angle.
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According to the law of conservation of energy, then

V0ω0 =Vω: ð3Þ

According to equation (3), the expansion volume of
microunit coal is provided below:

ΔV = ω0
ω

− 1
� �

V0 =
α

2ππ r21 − r20
� �

= π r22 − r20
� �

: ð4Þ

The result of equation (4) is also as follows:

r21 − r20
r22 − r20

= 2π
α
: ð5Þ

From equation (5), the surrounding rock deformation
caused by excavation unloading in the actual engineering is
much more severe than in the experiment.

Generally speaking, the difference between the excava-
tion unloading and the experiment unloading is similar to
that of directional blasting and traditional blasting. Under
the premise of given energy, the former one often leads to
more obvious deformation in the coal, featured with more
damage and a violent process. Therefore, a great deal of

attention should be paid to the stress and energy adjustment
process of surrounding rock disturbed by excavation in engi-
neering practice for the purpose of minimizing and even
avoiding the large deformation or rockburst accident of road-
way excavation.

3. Conclusions

Combined with the stress distribution and variation charac-
teristics of surrounding rock before and after roadway exca-
vation, an experiment of unloading confining pressure and
loading axial pressure of coal is designed. Based on the exper-
iment, the coal body’s failure mechanics and energy charac-
teristics are identified and analyzed. Based on the
experiment and data collected, the following conclusions
are obtained:

(1) Increasing the axial loading rate can shorten the
accumulation time of microcracks and damage and
produces a strengthening effect on the coal body.
When the axial loading rate ranges within
0~0.2MPa/s, the axial loading rate tends to have
greater influence on the coal body’s strength, while
the unloading rate provides conditions for lateral
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Figure 11: Comparison of excavation unloading and experiment unloading.
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Figure 12: Comparison of excavation unloading and experiment unloading.
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deformation and dilatancy failure (intensifying coal
body degradation). The influence of axial loading is
prominent when within the range of 0~0.1MPa/s

(2) Increasing the axial loading rate improves the energy
storage capacity of coal, and each energy increases
logarithmically while the unloading rate is opposite.
When the coal body failed, the transformation rate
of deformation energy and dissipated energy is obvi-
ously affected by the loading and unloading rate.
With the increase in the axial loading rate, the trans-
formation rate of deformation energy approaches
50%. As the unloading rate increases, the transforma-
tion rate of deformation energy decreases, resulting
in high susceptibility of the coal body to damage

(3) Under the given energy conditions, compared with
the experiment unloading, the coal deformation
caused by excavation unloading is more obvious, fea-
tured with severer damage and a more violent pro-
cess. According to the experiment and analysis, the
stress and energy adjustment process of the sur-
rounding rock disturbed by excavation should be val-
ued by scholars in terms of improving the safety of
roadway excavation
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The effect of the bedding structure on the mechanical properties of layered shale was studied by means of experiment and numerical
simulation. Based on continuum damage theory and discrete fracture network modeling method (D-DFN), a finite element model
describing structural discontinuity and mechanical anisotropy of shale is established. In this model, the degradation process of
stiffness and strength of shale after failure is described based on the stress-displacement relationship of elements. In order to
distinguish the mechanical properties between the bedding and the matrix, a nonzero initial damage variable is set in bedding
elements to show initial lower elastic modulus and strength of bedding elements compared with initially nondamaged matrix
elements. The calibration of model parameters is discussed, and the simulation results are compared with the experimental
results. The results show that the D-DFN method can effectively simulate the anisotropic characteristics of shale deformation
and strength, which verifies the effectiveness of the method.

1. Introduction

As an energy source, oil and gas resources are superior to coal
in many aspects such as transportation, heating value, and
environmental protection. Therefore, since the 20th century,
the proportion of oil and gas in the world energy structure
has gradually increased. It is usually used as a strategic mate-
rial to evaluate, plan, and manage and to formulate special
policies and strategies for its development and utilization.
At the same time, the problem of resource recovery and
reducing environmental pollution during the mining process
[1] has been the focus of attention by scholars, and in-depth
research has been conducted on the problem of improving
recovery, such as carbon dioxide storage [2, 3] and adding
nanoparticles to the polymer [4, 5]. In addition, an in-
depth understanding of the mechanical properties of rocks
also plays an important role in improving the recovery of
oil and gas resources in tight reservoirs. Most rock materials
show different degrees of anisotropy [6, 7]. During long-term
diagenesis, shales develop a large number of discontinuities
such as bedding, joints, and cracks through deposition and

compaction, leading to structural discontinuity and mechan-
ical anisotropy [8–10]. The results of conventional triaxial
compression tests show that shale strength is related not only
to confining pressure but also to the angle between maximum
principal stress and bedding planes [11]. A reasonable model
to describe the structural discontinuity and mechanical
anisotropy of shale is meaningful for the design of safety dril-
ling and reservoir treatment in shale oil/gas development. A
lot of experiments and theoretical studies have been done
by former researchers [12, 13].

[14] carried out compression tests on different kinds of
rocks. Tests results showed the effect of bedding plane orien-
tation on the test values of elastic parameters and the yield
strengths. [15, 16] found that the anisotropy of shale elastic
parameters is significantly affected by the amount of clay
and organic content as well as the shale fabric. [17] firstly
deduced the analytical solution for the elastic problem of sur-
face loading on transversely isotropic bodies. [18] applied the
anisotropic mechanics model to the wellbore stability analy-
sis. The results show that the anisotropy of rock causes an
obviously different stress distribution around the wellbore
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from that calculated by the isotropic model. [19] established
the anisotropic Mises-Schleicher criterion (AMS) by intro-
ducing a four-order anisotropic tensor, to describe the failure
characteristics of transversely anisotropic rocks under com-
pression or tensile conditions. [20] improved the Cam Clay
model to describe the deformation characteristics of shale,
as well as the strength weakening process after shale failure,
by introducing an orthotropic elasticity and an orthotropic
pressure-dependent yield surface. Based on the anisotropic
strength criterion of McLamore and Gray for rock and soil,
[21, 22] improved the isotropic Drucker-Prager strength cri-
terion as an anisotropic elastoplastic constitutive model for
layered rock, which can effectively reflect the deformation
and strength characteristics of layered rocks. [23] presented
a modified Drucker-Prager yield criterion for the transversely
isotropic geomaterials by considering the anisotropy of the
friction angle and the dilation angle. [24] introduced an
anisotropic parameter into the Hoek-Brown failure criterion
and experimentally studied the relation between the anisot-
ropy parameter and the degree of anisotropy. There are many
other methods to describe the anisotropic characteristics of
material deformation or strength by introducing anisotropic
parameters [25–27], which will not be detailed here. With the
development of computer technology, a numerical simula-
tion method provides a new way to simulate anisotropic
materials. Sainsbury used the 3DEC discrete element code
to simulate the anisotropic characteristics of the real rock
mass by including the joint elements, and the effects of joints
on the rock deformation and strength characteristics were
also investigated [28]. [29] established a discrete fracture
model to characterize the heterogeneity of shale reservoirs
with interlaced distributed natural fractures. In addition to
describing the fluid flow in complex fracture networks, the
model can also deal with the nonuniform distribution of
stress and the anisotropy of the strength caused by the open-
ing and shearing of natural fractures. Therefore, the discrete
fracture model provides an alternative way of characteriza-
tion of shale mechanics. [30] used bonded-particle discrete
element modeling with embedded smooth joints to simulate
the mechanical behavior of transversely isotropic rock and
demonstrate the effectiveness of the newmethod in modeling
the equivalent anisotropic medium.

The above research puts forward different methods to
describe anisotropy materials, which have their own charac-
teristics and advantages. The failure criterion established by
[19] can reflect the strength characteristics of the transversely
anisotropic material. The defect is that massive parameters
need to be determined and the rock structural discontinuity
cannot be characterized. Crook indirectly characterized
strength anisotropy of materials using the method of the
equivalent stress, which also has the defect of too many mate-
rial parameters, while the discrete fracture model provides an
effective method that can effectively represent the effect of
beddings on rock mechanical and physical properties [29].
In this paper, a continuum damage-based discrete fracture
network method (D-DFN) is proposed to describe the struc-
tural discontinuity and mechanical anisotropy of laminated
shales, where the stiffness and strength evolution of shale
after failure are described based on the continuum damage

theory, and the discrete fracture network modeling method
is used to describe the bedding structure of shales. The model
parameters are calibrated by experiment, and the validity of
the D-DFN method is proved by comparison between the
simulation results and experiment results.

2. Compression Tests on Shales

In this paper, the experimental investigation is performed
on Longmaxi shales. This is a silicic, fine-grained, black
shale with an average of 21% clay content. During diagen-
esis of shales, the external force (such as tectonic move-
ment) can cause the opening and propagation of shale
joints, forming natural fracture networks [31]. Shown in
Figure 1 is the distribution of natural fractures in Long-
maxi shales with different scales. At least on the size of
Figure 1(b), shales should be described by a discrete frac-
ture network (DFN) model [32]. That is, shales should be
considered a combination of the natural fractures and the
shale matrices cut by fractures, due to the large differences
in mechanical and physical properties between natural
fractures and matrices. Even if the rock sample size is
reduced to the size of the standard core while the core
contains weak interfaces (Figure 1(c)), the results of
mechanical tests carried out on this core reflect the com-
bined effect of the interfaces and the matrices. Therefore,
a new method is needed to explain conventional mechani-
cal test results carried out on shales.

Standard cores with diameters of 2.5 cm and lengths of
5 cm (Figure 1(c)) are used in the tests. In order to reduce
the discreteness of the test results, all the standard cores are
taken from the same shale block. The bedding orientation
in triaxial tests is denoted by the angle β between the loading
direction and the bedding planes (Figure 2). Two sets of core
compression tests have been performed to investigate the
effects of confining pressure and bedding orientations on
rock mechanical properties:

(1) A series of drained triaxial compression tests with the
bedding planes orientated normal to the axis of the
specimen (β = 90°) and confining pressures of 0, 10,
20, 30, 40, and 50MPa

(2) A series of drained triaxial compression tests with
confining pressures of 40MPa and different bedding
plane orientations (β = 0°, 30°, 45°, 60°, and 90°)

The conventional triaxial compression tests with differ-
ent confining pressures show (Figures 3 and 4) that

(1) the cores mainly show shear failure except at lower
confining pressures (0MPa and 10MPa) (Figure 3)

(2) with the increase of confining pressure, the elastic
modulus of shale is not changed much (average
31GPa), but the strength of shale is increased evi-
dently (Figure 4)

The conventional triaxial compression tests with differ-
ent bedding orientations (Figures 5–8) show that

2 Geofluids



(1) the cores mainly show shear failure along bedding
planes when β equals 30° or 45°. When β is 60°,
besides the shear failure along the bedding plane,
shear failure also occurs to shale matrices. When β
equals 0 or 90°, mainly shear failure occurs to the
shale matrix

(2) as β increases from 0 to 90°, the tested elastic modu-
lus decreased (Figure 7). The anisotropic degree of
the modulus of elasticity (Emax/Emin) can be calcu-
lated as 1.10. According to Worotnicki’s statistics of
200 sets of core compression test results [34], the
shale samples of this experiment can be classified as
a kind of rock with smaller elastic anisotropy
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(b) A shale sample for physical experiment
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(c) A standard core with beddings

Figure 1: Distributions of natural fractures in shales [33].
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Figure 2: Illustration of coring directions of shale samples.
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Figure 3: Broken cores after compression with different confining pressures.
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(3) with the increase of β from 0 to 90°, the ultimate
deviatoric stress (σp) first decreases and then
increases, and the minimum value is obtained at 45°

(Figure 8). The strength anisotropy (σp max/σp min) is
calculated to be 1.27. It shows that the strength
anisotropy of shale in this experiment is slightly
higher than that of elastic modulus due to the bed-
ding structure

3. Simulation Method

In this paper, the mechanical property of shales is studied by
combining experimental and numerical methods. Based on
current laboratory testing conditions, the following assump-

tions were made in numerical simulation, as well as for sim-
plified calculation.

(1) The elastic deformation stage before shale failure is
described by the anisotropic elastic constitutive
model. The damage theory is used to explain the stiff-
ness and strength degradation after shale failure, and
the damage evolution process is assumed to be
isotropic

(2) The shale bedding structure is described by the dis-
crete fracture network (DFN) modeling method.
The mechanical and physical difference between
shale beddings and masses was taken into account
by setting different initial damage variables to the
bedding elements and the matrix elements
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(Figure 9), where a nonzero initial damage is set to
bedding elements to show initial lower elastic modu-
lus and strength of beddings compared with initially
nondamaged matrix elements

3.1. Isotropic Elastic Constitutive Model. Because of the geo-
logical deposition, shales pose a distinct layered structure,
and the transversely isotropic assumption is usually carried
out to simplify the calculation. According to the theory of
elasticity, the expression of the strain-stress relationship of
the orthotropic body is as follows [17]:
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In Equation (1), there are nine independent parameters
in the orthotropic model, including Young’s modulus, E1,
E2, and E3 in three orthogonal directions, three Poisson
ratios, ν12, ν13, and ν23, and three shear modulus, G12, G13,
and G23.

Assuming that the 1-2 plane is an isotropic plane, then
E1 = E2 = Ep, ν13 = ν23 = νt , and G13 =G23 = Gt , in which p
and t represent the transverse and normal direction, respec-
tively, and the strain-stress expression of the transversely iso-
tropic body is expressed as follows [18–20]:
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where Gp = Ep/2ð1 + νpÞ. According to the Saint-Venant
principle [35], Gt can be approximated as Gt = EpEt/ðEp +
Et + 2EpνtÞ. Therefore, four parameters are needed for
describing the transversely isotropic model of shale, which
are Ep, Et , νp, and νt .

3.2. Hyperbolic Drucker-Prager Plastic Model. The Drucker-
Prager model is widely used to characterize the deformation
and strength of geotechnical materials. The yield surface
equation can be expressed as a linear relationship between
the equivalent stress and the mean stress [36], as shown in
Equation (3). In the three-dimensional principal stress space,
the shape of the yield surface is an open circular cone.
Drucker-Prager of the linear form itself has shortcomings
in predicting failure in low confining pressures and tensile
failure, which needs to be improved according to specific
engineering problems:

F = q − p tan θ − d = 0, ð3Þ

where F is the yield function, q is the equivalent stress, p is
the mean stress, and θ and d are the friction angle and cohe-
sion in p ~ q space, respectively.

Displacement loading

Confining
pressure 

(a)

Matrix elements

Bedding elements

(b)

Figure 9: Finite element model configuration and load method for triaxial tests.
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Here, to predict failure of shales under both compression
and tension stress, the modified Drucker-Prager criterion of
hyperbolic form was employed, which can be expressed as
[37]

F =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d − pt0 tan θð Þ2 + q2

q
− p tan θ − d = 0, ð4Þ

where pt0 is the initial hydrostatic tension strength. Figure 10
shows the comparison of the linear form and hyperbolic
form of the Drucker-Prager criterion. Later, it can be found
that the curve of hyperbolic form fits the experimental data
better.

In the plastic stage, the plastic potential function of shales
is defined as

G =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l
tan ψ

tan θ

� �2
+ q2

s
− p tan ψ, ð5Þ

where G is the plastic potential function, l = d − pt0 tan θ, and
ψ is the dilation angle-related parameter.

The evolution of the plastic flow is defined by a nonasso-
ciative flow rule (ψ ≠ θ):

_εp = _λ
∂G
∂σ

, ð6Þ

where εp is the plastic strain and λ is the plastic multiplier.

3.3. Damage Constitutive Model.When the stress reaches the
peak strength, the shale will soften, exhibiting a transforma-
tion from a homogeneous strain field to a heterogeneous
strain field with the localized region of intense strain due to
the stiffness degradation in the fractured zone. Damage
mechanics is often used to describe the failure process of con-
crete or rock materials [38]. A damage variable D related to
plastic deformation is implied in the model to describe the
softening stage. To eliminate the effect of element size on
the calculation results, the damage variable D is stated by
the stress-displacement relationship rather than the stress-
strain relationship [39]. Considering the brittle failure char-

acteristics of shale, it is assumed that the relationship
between the damage variable and the postfailure equivalent
plastic deformation is suited to the first-order exponential
decay function (Equation (7)), and the related parameter a
can be calibrated by results of the triaxial tests. In order to
facilitate programming, the relationship between damage
variable and equivalent plastic strain is represented by a
piecewise linear function, as shown in Figure 11:

D = 1
e−1/a − 1 e

−up/a −
1

e−1/a − 1 , ð7Þ

where e is the base of the natural logarithm, up is the postfai-
lure equivalent plastic displacement, and a is the material
parameter, which reflects the evolution rate ofD with the ele-
ment deformation.

Since shale is a brittle material, the elastic damage consti-
tutive relation of the element under uniaxial compressive
stress and tensile stress can be further simplified, as shown
in Figure 12. When the stress of the element satisfies the
strength criterion (such as the Drucker and Prager crite-
rion, expressed in Equation (4)), the element begins to fail.
In elastic damage mechanics, with the development of
damage, the elastic modulus of the element may gradually
degrade. The elastic modulus of the damaged element is
defined as follows [40]:

E = 1 −Dð ÞE0, ð8Þ

where D is the damage variable, which is a scaler in this
paper; E0 is the initial elastic modulus; and E is the elastic
modulus when the element is damaged.

Tang et al. summarized the elastic damage constitutive
model, where the element will be destroyed when the strain
of the element exceeds a certain value under tension or com-
pression conditions [40]. Since the description of damage is
based on the stress-strain relation, Tang et al.’s modeling
results are sensitive to the element size. Therefore, the size
of all elements in Tang et al.’s models is uniform and close
to the size of rock crystal particles [40]. Hillerborg et al. took

Linear form

Hyperbolic form
d
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pt

𝜃

Figure 10: Comparison of the linear form and hyperbolic form of
Drucker-Prager criterion in the p ~ q plane.
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the energy required for fracture opening as a material param-
eter, based on the theory of brittle fracture mechanics. In
such a method, the fracture behavior of elements is described
by the stress-displacement relation rather than the stress-
strain relation, which can reduce the influence of mesh size
on the calculation results [39].

In this paper, the definition of damage variable D is based
on the stress-displacement relation. Figure 12 shows the
stress-displacement constitutive relation of an element under
uniaxial tension and compression conditions.

When an element is subjected to tensile failure, taking the
uniaxial tension condition as an example, the expression of
the damage variable is as follows:

D =

0, u3 ≤ ut0,
u3 − ut0
utr − ut0

· 1 − σtr
σt0

� �
, ut0 < u3 ≤ utr ,

1 − utu − u3
utu − utr

· σtr

σt0
, utr < u3 ≤ utu,

1, u3 > utu,

8>>>>>>>><
>>>>>>>>:

ð9Þ

where u3 is the elongation of the element under tension
stress, which is the product of element strain and element
characteristic length l; ut0 is the element elongation when
the peak stress σt0 is reached; and utr is the element elonga-
tion at the residual stress σtr . When u3 > utu, the element is

completely damaged and a smeared fracture will be formed
in the element.

When a compressive failure occurs to an element, taking
the uniaxial compression condition as an example, the
expression of the damage variable is as follows:

D =

0, u1 ≤ uc0,
u1 − uc0
ucr − uc0

1 − σcr
σc0

� �
, uc0 < u1 ≤ ucr ,

1 − σcr

σc0
, u1 > ucr ,

8>>>>><
>>>>>:

ð10Þ

where u1 is the change of element length under compression
stress. Other parameters in the equation are defined in
Figure 12. Compared with tension failure, the damage cannot
reach 1 under compression conditions. That is because rock
will shear slide along the broken surface after compression
failure, thus maintaining certain residual stress.

4. Calibration of the Numerical Model

The elastic properties can be determined directly from the
linear part of the stress-strain relation curves of compression
tests on cores with different bedding orientations (Figure 6).
The shale studied in the paper is assumed transverse isotro-
pic, and the calibrated elastic parameters are summarized in
Table 1.

Compression tests on cores with bedding planes orien-
tated normal to the axis of the specimen (β = 90°) and differ-
ent confining pressures (0, 10, 20, 30, 40, and 50MPa)
(Figure 4) are selected to calibrate the parameters in the
hyperbolic Drucker-Prager model (Equation (4)). Also, the
tension strength (about 14MPa, obtained from Brazil split
tests) is needed to determine the intersection of the failure
curve and the horizontal axis (Figure 10). The mean pres-
sures p and respective deviated stresses q at the failure points
under different test conditions are collected in Table 2. The
yield function [19] is used to fit the data (Figure 13), and
the parameters, pt0, d, and θ, are determined as shown in
Table 3.

After yielding, there is a hardening stage before shale
reaching the peak strength in each test (Figure 4). The hard-
ening behavior can be described by one of the stress-strain
curves in Figure 4. The principle is that the hardening curve
can represent the average trend of the relationship between
the equivalent stress increment and the equivalent plastic
strain increment under all confining pressure conditions.
Here, we choose the plastic section of the stress-strain curve
with confining pressure of 30MPa to determine the harden-
ing stage.

The simulation model is built using ABAQUS as a plat-
form, and a user subroutine is implemented in the model to
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𝜎
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𝜎
1

u
c0

u
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u
tr

u
3

u
t0

u
cr

u
1

Figure 12: Stress-displacement relationship of an element subject to
uniaxial tensile stress (at lower left) and uniaxial compressive stress
(at upper right) [33].

Table 1: Elastic parameters of transversely isotropic shale.

Ep (GPa) Et (GPa) Gp (GPa) Gt (GPa) νp νt

35.49 32.41 14.79 14.01 0.21 0.22

Table 2: p and q under different test conditions.

p (MPa) -4.67 49.23 77.67 101.67 133.96 147.54 166.90

q (MPa) 14.10 146.96 202.86 245.02 311.89 322.68 350.72
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relate rock element parameters (e.g., elastic modulus and
strength) to the damage variable [37]. Figure 14 shows the
algorithm flowchart for the ith calculation step.

According to the geometry of the standard rock core, a
3D finite element model discretized by hexahedral elements
was developed (Figure 9). In order to take account of com-
putational efficiency and accuracy, the average size of cells
is optimized to 1.5mm, and C3D8R is chosen as the ele-
ment type. The displacement loading method is adopted
(Figure 9(a)).

In order to simulate the influence of weak beddings on
shale strength, the finite element model is divided into matrix
element sets and bedding element sets (Figure 9(b)). As men-
tioned before, the mechanical difference between shale bed-
dings and masses was taken into account by setting a
nonzero initial damage variable to bedding elements to show
initial lower elastic modulus and strength compared with ini-
tially nondamaged matrix elements. However, it is difficult to
determine the initial damage strength of bedding only by
experiment. Here, the paper combines numerical simulation
and experiments to solve the problem. Specifically, establish-
ing a core model with β of 30° to simulate, different initial
damage variables (such as 0.1, 0.3, 0.5, 0.7, and 0.9) are
assigned to the bedding elements every time, and the corre-
sponding stress-strain curves are obtained. Then, the initial
damage variable of bedding can be determined by comparing
the simulation strength of core with β of 30° to compression
test results. Finally, good agreement can be found when the
initial damage variable of beddings is set to 0.3. Therefore,
the initial damage variable of bedding in all numerical
models is set as 0.3 for the shale samples used in this paper.
All material parameters are summarized in Table 4.

5. Modeling Results

Figure 15 shows the initial and postfailure damage distribu-
tion of models with different bedding orientations. It can be
found that when β is 30° or 45°, the main failure mode is
shearing along bedding planes (Figures 15(b) and 15(c)).
When β is 0 or 90°, the shear failure of the matrices is occur-
ring (Figures 15(a) and 15(e)). With β changing from 45° to
60°, the normal stress acting on beddings will increase, result-
ing in the greater shear strength of bedding planes. When β is
60°, the shear failure will occur both in matrices and along the

Table 3: Parameters defining yield surface in p ~ q plane.

Parameters Values

pt0 (MPa) 5.05

d (MPa) 88.90

θ (°Þ 58.98

Given Δ𝜀i
Stored state

variables
Assume in elasticity and
update stress and strain

No

No

No

Yes

Correct Δ𝜀i

Yes

Yes

Plastic criterion,
equation (4)

Damage criterion,
equations (9) and (10)

Iteration to
solve 𝜆

i

Update stress and
strain

No damage
variable change

Update stress
and strain

Calculate damage D

Update stress and
strain

Update stress variables,
such as stiff matrix C

Δ (Δ𝜀i) ≤ Tol

𝜎i−1, 𝜀i−1, Di−1 at iteration i−1

Get 𝜎i, 𝜀i, Diat step i

Figure 14: Flowchart for numerical simulation.

Table 4: Material parameters of shale used in the simulations.

Parameter items Values

The initial out-of-plane elastic modulus (Et) (GPa) 32.41

The initial in-plane elastic modulus (Ep) (GPa) 35.49

The in-plane Poisson ratio (μp) 0.21

The out-of-plane Poisson ratio (μt) 0.22

The initial tensile strength (σt0) (MPa) 14

The residual tensile strength (σtr) (MPa) 2

The initial compressive strength (σc0) (MPa) 150

The residual compressive strength (σcr) (MPa) 30

The fraction angle relative parameter (θ) (°) 58.98

The initial mean tensile strength (pt0) (MPa) 5.05

The dilation angle relative parameter (ψ) (°) 48

The material parameter (a) (mm) 0.003

The initial bedding damage variable (D0) 0.3
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100

q
 (M

Pa
)

p (MPa)

0
−10 40 90 140 190

Figure 13: Fitting of the yield surface in the p ~ q plane.
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Figure 15: Simulations of damage distributions of cores under different bedding orientations.
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bedding planes (Figure 15(d)). The numerical simulation
results are in good agreement with the experimental results
(Figure 5).

Figure 16 shows the stress-strain curves obtained from
numerical simulations with different bedding orientations.
The variation trends of elastic modulus and strength of shale
over β are also compared well with the experimental results
(Figures 17 and 18). It is proved that the D-DFN model is
effective in simulating the mechanical properties of the Long-
maxi black shale.

6. Conclusion

In view of the bedding structure of the Longmaxi black shale
in Sichuan basin, a finite element model based on continuous

damage theory and discrete fracture network modeling
method (D-DFNmethod) is developed to describe the shale’s
structural discontinuity and the mechanical anisotropy.

In the model, it is assumed that the elastic deformation of
shales satisfies the transversely isotropic deformation law.
After failure, the isotropic damage model is used to describe
the strain softening trend. The discrete fracture modeling
method is used to characterize the shale matrices and bed-
dings by setting different initial damage variables to bedding
elements and matrix elements. By comparing with the triax-
ial test results, the validity of the D-DFN method in simulat-
ing the deformation and strength anisotropy of the shale is
verified.

The model assumes that the strength of the shale matrix
is isotropic. Therefore, the D-DFN method proposed in this
work is suitable for shale masses with low matrix strength
anisotropy. A further study is needed for the characterization
of strength anisotropy of shale matrix, to expand the applica-
tion of the model.
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As an extra-thick hard roof is a significant contributing factor to frequently induced sudden roof collapse accidents and coal bursts,
this study investigates the relationship between extra-thick hard roof movement and mining-induced stress using physical
experiments and numerical simulation methods based on mining activities in a longwall panel in the Yima mining area, Henan
province, China. The results suggested that the movement and failure processes of the extra-thick roof could be divided into
three main periods: the undisturbed, movement stabilization, and sudden collapse periods. The roof displacement remained
essentially unchanged during the undisturbed period. During the movement stabilization period, the displacement gradually
increased into the upper roof. However, the extra-thick main roof remained undisturbed until the immediate roof experienced
its fourth periodic caving in the physical model. Consequently, the displacement expanded rapidly into the extra-thick main
roof during the sudden collapse period and the strain energy was violently released when it accumulated in the extra-thick main
roof. Additionally, the mining-induced stress was characterized by a sudden decrease in the gradual increase trend when the
extra-thick roof instantly collapsed. The deformation and fracture of the extra-thick roof could cause a sudden decrease in the
mining-induced stress and lead to continuous and unstable subsidence pressure exerted on the mining panel and roadway. This
significantly contributes to the occurrence of coal bursts.

1. Introduction

An extra-thick hard roof is the strata with large thickness and
high strength occurring above a coal seam or a thin immedi-
ate roof. Large area movement and unstable fracture of the
extra-thick hard roof are significant hazards threatening safe
production in coal mines. It will cause extensive damage to
the entire stope and is an important factor of inducing typical
dynamic disasters such as coal bursts [1–3]. In general, a sud-
den and violent collapse of the extra-thick hard roof can
release masses containing deformation energy and cause coal
bursts during longwall panel advancement where machinery
and workers assemble.

The frequent extra-thick roof collapse events caused by
mining activities have made an important influence on the
safety of coal mine production for several years. In November
2011, a severe coal burst resulted in heavy casualties and
damaged the roadway section at the 21-221 mining face of
the Qianqiu mine in the Yima mining area [4, 5]. Although
the accident occurrence was related to the F16 thrust fault
near the mining panel, the presence of a 550m thick and hard
conglomerate rock above the coal seam was also a key disas-
ter factor. Therefore, dynamic movement evolution of the
extra-thick roof is of primary interest in this study.

The deformation and instability of the extra-thick roof
are a source of dynamic disasters. Scholars have performed
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analyses from different perspectives and obtained fruitful
results on the extra-thick roof deformation [6–9]. Gao et al.
[10] studied the mechanism of ground pressure induced by
hard roof instability through physical experiment and field
measurement. Zhao et al. [11] introduced the large-sized
cantilever beam theory to calculate the caving step distance
of the thick and hard roof. Ning et al. [12] investigated
dynamic movement and fracturing of the thick and hard roof
by microseismic monitoring technology. Shen et al. [13]
found the strong influence of the fracture position of a thick
hard roof on the roadway. Singh and Singh [14] assessed the
effect of basic roof thickness on the strata caving behavior
and stated that the caving span of basic roof fall increased lin-
early with the increase in basic roof thickness. Zhou et al. [15]
stated that the solid backfill body is an effective way to con-
trol the deformation of hard roof and the hard roof’s subsi-
dence decreased as solid backfilling ratio increased. Wang
et al. [16] found that overburden pressure induced a fracture
in a thick hard roof after initial and periodic instability fail-
ure. In addition, extensive field investigation results have
been obtained regarding the correlation between the move-
ment of the thick hard roof and roadway failure [17, 18].

Due to the complexity, periodicity, and suddenness of the
extra-thick roof collapses, the movement of the extra-thick
roof is a significant determinant for underground coal min-
ing activities. To acquire further knowledge of the dynamic
movement and fracture of the extra-thick roof, integrated
physical experiments and numerical simulations were con-
ducted to study the relationship between displacement and
mining-induced stress of the extra-thick roof. Moreover,
the mechanism contributing to the sudden occurrence of coal
bursts induced by the extra-thick roof collapse in the Yima
mining area is introduced.

2. Site Descriptions

The Yima mining area contains several faults and synclines,
as shown in Figure 1, and was selected as the principal geo-
logical background for this study. The Yima mining area is
located south of Yima city, China, and covers five major-
producing coal mines, that is, the Gengcun, Yuejin, Yangcun,
Changcun, and Qianqiu mines. The number of coal bursts
occurring in the last 10 years is also presented in Figure 1.

The 21-221 panel operates with the longwall mining
method to extract the no. 2 coal seam with a thickness of
5.59–37.48m. The generalized stratigraphy and important
geotechnical parameters of the 21-221 mining panel in the
Qianqiu mine are shown in Table 1. The 21-221 mining
panel floor is siltstone with an average thickness of 26m.
The 21-221 mining panel immediate roof is sandstone with
an average thickness of 10m and mudstone with an average
thickness of 24m. The 21-221 mining panel basic roof is a
96.35–580.50m thick conglomerate with a uniaxial compres-
sive strength (UCS) of 45MPa measured by uniaxial com-
pression test in the laboratory. Therefore, the basic roof is a
typical extra-thick hard rock stratum, which is a characteris-
tic stratigraphic feature of the Yima mining area. Because
high overburden stress from extra-thick conglomerate rock

acts on coal seams, coal bursts occur routinely in the Qianqiu
mine.

3. Physical Experiment of the Movement
Characteristics of the Extra-Thick Hard Roof

3.1. Physical Model Construction. In recent years, many
investigators have conducted extensive physical geological
engineering experiments to summarize the characteristics
of ground subsidence, overburden rock displacement behav-
ior, distribution characteristics of mining-induced stress, and
even the fault activation process in mining engineering [19–
31]. To reproduce the process of extra-thick roof movement
through physical experiments, the relationship between the
physical model and field prototype must satisfy the similarity
law [32–34]. In this study, three principal types of similarity
law parameters were considered: the material strength, mate-
rial geometry, and material density. The similarity parame-
ters Cσ, CL, and Cρ are the ratios of material strength,
material geometry, and material density between the field
prototype and physical model, respectively. In addition, all
of these should satisfy the equation Cσ/Cρ ⋅ CL = 1. For the
similar simulation experiment of mining engineering, when
the qualitative analysis model is needed, the geometric simi-
larity ratio of the model should be taken in the range of 50 to
200. As the main purpose of this paper is to explore the defor-
mation and failure mechanism of an extra-thick hard roof,
the physical model design should mainly meet the require-
ments of strength similarity theory. According to the geolog-
ical conditions of the extra-thick hard roof and the objective
conditions of the experiment system, the optimal geometric
similarity ratio is determined as 100. Meanwhile according
to the maximum loading limit of the physical model and
the mechanical parameters of rock strata, the strength simi-
larity ratio is determined as 160. Therefore, the similarity
coefficients Cσ, CL, and Cρ are considered as 160, 100, and
1.6, respectively. The similarity materials used to simulate
rock strata in field prototypes contain fine sand, gypsum,
lime, and water, which are widely used as binder and aggre-
gate materials in physical experiments [19, 32–36].

Figure 2 shows that the physical model built on the
experimental platform (GDSTM) has dimensions of 150 ×
90 × 10 cm. Therefore, the similarity thickness of siltstone,
that of coal seam, that of sandstone mudstone, and that of
conglomerate rock in this physical model are 5, 5, 10, 24,
and 46 cm, respectively. Because the full height mining
scheme is adopted in the similar simulation experiment, this
paper mainly studies the characteristics of extra-thick hard
roof deformation and collapse under the influence of mining.
In order to lay a higher hard roof as far as possible in the
physical model, the thickness of coal seam is reduced to only
5 cm. Five layers of rock strata with different similarity mate-
rials in physical experiment are made with five mixed pro-
portions, as shown in Table 2. The humidity change will
cause the strength change of a similar material in physical
experiment, resulting in the similarity error of mechanical
conditions between the model and the prototype. The drying
time of similar materials mainly depends on observation and
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empirical speculation to determine whether similar materials
reach the expected strength. Generally, the drying time of
similar materials is 3 to 7 days. The exact drying time
depends on the weather conditions during the experiment.
The drying time of similar materials is 5 days in this
experiment.

The physical model stress boundary conditions in the
experiment are loading according to the material strength
ratio. The left, right, and top sides of the physical model are
loading to 0.13MPa, 0.13MPa, and 0.11MPa, respectively.

3.2. Monitoring Plan and Analysis. Eleven stress sensors were
positioned on the extra-thick conglomerate rock, 34 cm away
from the coal seam, to monitor the mining-induced stress
evolution during the longwall mining process. The horizontal
space between the sensors was 10 cm. The digital speckle
image correlation technique was utilized to study the dis-
placement evolution of overburden rock during continuous
coal seam mining [37–39]. The technique can determine
material displacement by following a specific speckle to cal-
culate the movement path between two different pictures

[40–43]. The black speckles with a diameter of 1 cm in this
study were arranged in an orderly manner on the rock strata
surface to monitor the movement characteristics of the extra-
thick roof, as shown in Figure 2.

3.3. Test Results. In order to avoid extra-thick hard roof sud-
den collapse in the preliminary mining process, a coal pillar
with a length of 20m is reserved on the boundary of the
on-site 21211 mining face. So, a coal pillar with a length of
20 cm was reserved on the right boundary of the model to
reduce the boundary effect. The advancing length of the on-
site 21221 mining face is 3m to 8m each step according to
the field data. The average advancing length is 5m each step
under normal mining conditions. The coal seam was mined
5 cm each step from the right boundary to the left boundary
of the physical model.

Figure 3 presented the mining process and roof caving
during mining in the test. During the entire mining process
in this test, the roof experienced five periodic caving, which
showed distinct continuous failure with caving heights of 2,
6, 6, 14, and 36 cm above the goaf. The roof movement pro-
cess could be divided into three main periods: the undis-
turbed, movement stabilization, and sudden collapse
periods. When the mining face was mined at 35 cm, the roof
did not change significantly within a stable state. This stage
was the undisturbed period, as shown in Figures 3(a) and
3(b). With the development and connection of cracks in the
roof strata, the roof separation phenomenon became increas-
ingly conspicuous. However, the extra-thick roof was essen-
tial in the movement stabilization period, as shown in
Figures 3(c)–3(g). Meanwhile, the roof progressively sank
repeatedly and the roof caving height increased steadily from
2 to 14 cm during this period. The reason for the roof
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Figure 1: Schematic map of geological structures in the Yima mining area.

Table 1: The generalized stratigraphy and geotechnical parameters.

Rock strata
Thickness (m) Density

(kg·m
−3)

UCS
(MPa)Max. Min. Mean

Conglomerate
rock

580.50 96.35 550.00 2 700 45

Mudstone 42.20 4.40 24.00 2 170 30

Sandstone 27.00 0.00 10.00 2 200 27

No. 2 coal seam 37.48 5.59 9.60 1 440 16

Siltstone 32.81 0.30 26.00 2 600 30
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suspension for a long time is that the extra-thick hard roof
has great strength and stiffness, which can bear large defor-
mation. Deformation energy is gradually accumulated in
the extra-thick hard roof during coal seam mining. The
bending and subsidence of hard rock lead to forming the
large separation area of the extra-thick hard roof. When the
mining face was mined at 110 cm, the roof collapse suddenly
expanded into the extra-thick conglomerate in a large area, as
shown in Figure 3(h). The roof movement showed an unsta-
ble dynamic change in behavior in the sudden collapse
period. In this physical experiment, the extra-thick main roof
collapse was only observed once when periodic roof caving
occurred in the immediate roof. The structural instability of
the extra-thick roof was a significant feature of large
deformation.

In order to further analyze the spatial structure character-
istics of the extra-thick roof in five times the caving state,
Figure 4 showed spatial structure distribution of roof caving
during advancement of the mining face. The roof caving
areas at different stages were distinguished by different color
boxes during the experiment process. As the mining face
continued advancing and goaf area gradually increased, the
caving space was gradually expanded. The development of
roof caving was a dynamic process. The characteristic param-

eters of fractured strata in caving areas were usually the cav-
ing height, high-level fractured rock span, low-level fractured
rock span, and caving angle, further analyzed in Figure 5.

Low-level and high-level fracture rocks refer to the lowest
and the uppermost fracture rock in the roof collapse area,
respectively. They can generally describe the spatial range
of the roof collapse area. The span of high-level fracture
strata is obviously larger than that of low-level fracture strata
in the roof collapse area. That is because the roof collapse
area expands upward in the mining process of the coal seam.
At the first caving, the fracture spans of the low-level and
high-level strata were 35 and 32 cm, respectively. The average
fracture span of the low-level strata was 20 cmwithin the next
four periodic roof caving. The fracture span of the high-level
strata increased steadily except for the third periodic caving,
as shown in Figure 5(a). Figure 5(b) shows the minimum and
maximum collapse angles of 50° and 56°, respectively. The
caving angle showed little fluctuation during the five periodic
caving.When the rock strata occur shear failure model, the
caving angle between the failure surface and horizontal
direction is approximately same under the same lithology
condition. The caving angle is closely related to the inter-
nal friction angle of the rock stratum. With the advance-
ment of mining faces, the extra-thick roof always
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Figure 2: Physical model constructed on the GDSTM and general experimental monitoring plan.

Table 2: Parameters of the similar material.

Rock strata Fine sand : gypsum : lime : water UCS of similar material (MPa) UCS of prototype rock (MPa)

Conglomerate rock 6.0 : 0.5 : 0.5 : 0.6 0.28 44.8

Mudstone 7.0 : 0.4 : 0.6 : 0.7 0.19 30.4

Sandstone 7.0 : 0.5 : 0.5 : 0.7 0.17 27.2

Coal seam 8.0 : 0.6 : 0.4 : 0.8 0.10 16.0

Siltstone 7.0 : 0.4 : 0.6 : 0.7 0.19 30.4
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experienced change of state alternating between stability
and instability after the first roof weighting, and roof pres-
sure release occurred periodically. Because the lithology of
low-level strata was mudstone, the breaking span of low-
level strata remained stable. However, the lithology of
high-level strata was composed of mudstone and extra-
thick conglomerates, and the breaking span of high-level
strata changed frequently.

The influence of mining disturbance on the extra-thick
roof was relatively small in the undisturbed period, and the
entire model vertical displacement was zero, as shown in
Figure 6(a). During the movement stabilization period, the
disturbance effect of continuous mining gradually became
obvious. The extra-thick roof experienced five caving in suc-
cession and collapsed rock fills in the goaf. The caving strata
displacement in the center of the goaf increased to 5.5 cm due
to repeated compression. Because of the rock volume expan-
sion, the strata displacement far away from the center of the
mining face gradually decreased. In addition, the displace-
ment gradually increased into the upper roof and could be
observed only in the immediate roof and the extra-thick roof
was not disturbed by the mining activities, as shown in
Figures 6(b)–6(e). However, the mining face was mined to
a distance of 110 cm in the sudden collapse period and
Figure 6(f) shows that the displacement expanded rapidly
into the extra-thick roof and the energy accumulated in the
hard conglomerate was suddenly released.

With the mining face advancement, the stress balance of
the extra-thick roof was broken due to roof collapse. The
stress was redistributed to form a new overburden equilib-
rium structure. Five stress monitoring points marked as #1,

#4, #6, #8, and #11 in the extra-thick conglomerate were
selected to analyze the characteristics of stress variation, as
shown in Figure 7. When the mining face was advanced to
a distance from 0 cm to 70 cm, the stress of all monitoring
points gradually increased. And the stress of each monitoring
point had slightly fluctuated at the same mining distance.
When the mining face was advanced to a distance from
75 cm to 110 cm, the stress of 8# monitoring point in extra-
thick roof would go through two stages, including sharp
increase stage and sharp decrease stage. Therefore, the stress
variation and the movement state of the extra-thick roof are
combined for integrated analysis. During the undisturbed
period, the mining disturbance influence on the extra-thick
conglomerate increased. The extra-thick roof stress gradually
increased, and the deformation energy slowly accumulated in
the extra-thick conglomerate. In the movement stabilization
period, the extra-thick conglomerate stress increased to the
peak stress. In the sudden collapse period, the extra-thick
conglomerate stress dropped suddenly. Because of the exten-
sive deformation energy of the extra-thick conglomerate, the
deformation energy was violently released in a sudden man-
ner when the extra-thick conglomerate collapsed over a large
area. Therefore, the mining-induced stress was characterized
by a sudden decrease in the gradually increasing trend when
the extra-thick roof suddenly collapsed.

4. Movement Evolution Characteristics of the
Extra-Thick Hard Roof

4.1. Numerical Model. A three-dimensional distinct element
code (3DEC) has certain advantages for simulating large
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movement and large deformation of a massive system under
static or dynamic loading of discontinuous medium (such as
jointed rock mass). It is suitable for applying to simulate the
movement characteristics of an extra-thick roof under the
influence of mining disturbance. The material in the 3DEC
model was divided into two parts: the rock block as the con-
tinuity and the structural plane between rock blocks as the
discontinuity. Considering the same physical model dimen-
sions, a geometrical dimension of 150 × 10 × 90m was estab-
lished in the 3DEC model, as shown in Figure 8.

Combined with the specific characteristics of each rock
stratum, the relevant mechanical parameters of the strata
and structure plane between blocks in the numerical mode
were shown in Tables 3 and 4, respectively.

They were partially checked after several debugging
cycles based on the geological parameters of the 21-221 long-
wall face. A vertical stress of 20.0MPa was applied at the top
of the numerical model. Because the maximum dominant
stress in the 21-221 longwall face is horizontal stress, a hori-
zontal stress of 23.4MPa was applied to the two-boundary
numerical model.

The mining face was mined at a distance of 5m along the
coal seam from the left side to the right side of the numerical
model. The entire model advanced 22 times in total, making
the total mining distance of 110m.

4.2. Extra-Thick Roof Collapse Displacement. The displace-
ment and velocity vectors of the extra-thick roof were ana-
lyzed to describe the roof movement behavior.

As the mining face advanced to 20m, there was no obvi-
ous extra-thick roof movement but the immediate roof had a
triangular shape displacement, as shown in Figure 9(a). As
the mining face advanced to 40m, the immediate roof col-
lapsed under the action of gravity. The main roof, 24m above
the coal seam, exhibited a distinct separation phenomenon,
shown in Figure 9(b). The caving area and maximum dis-
placement of the immediate roof gradually increased as the
mining face continued advancing. Due to the support of the
collapsed rock mass and coal seam to the intact rock stratum,
the extra-thick roof was separated from the immediate roof,
as shown in Figures 9(c) and 9(d). Bending and subsidence
occurred in the extra-thick conglomerate and the roof
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separation area expanded further, as shown in Figure 9(e).
The extra-thick roof moved downward, and the roof dis-
placement increased gradually as the mining face advanced
to 110m, as shown in Figure 9(f). The extra-thick roof col-
lapsed in a large area, which could easily cause coal bursts.
Clearly, the broken strata of the extra-thick roof successively
progressed through separation, bending subsidence, closing
separation, and caving compaction processes.

The rock strata above the mining face began to move
down slowly, and the velocity vector appeared at the immedi-
ate roof, as shown in Figure 10(a). The extra-thick roof cav-
ing in small areas led to stress redistribution, and the

velocity vector of the roof enlarged as the mining face
advanced to 40m, as shown in Figure 10(b). As the mining
face further was advancing, the collapsed rock strata far away
from the mining face entered the compaction state and the
velocity vector was essentially zero, as shown in
Figures 10(c) and 10(d). In addition, there was a wide range
of unstable roofs near the mining face moving to the goaf,
and the roof separation gap enlarged. The extra-thick con-
glomerate had a downward movement trend with a small
velocity, as shown in Figure 10(e). It moved further to the
goaf, and the velocity vector of the extra-thick conglomerate
increased gradually as the mining face advanced to 110m, as
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shown in Figure 10(f). Because enormous deformation
energy is released by the collapse of the extra-thick conglom-
erate, the extra-thick roof is in the most dangerous state for
mining face safety.

5. Mining-Induced Stress Evolution
Characteristics of the Extra-Thick Hard Roof

5.1. Numerical Model. A finite difference program FLAC3D is
applied to simulate the mining-induced stress distribution
characteristics of an extra-thick hard roof during the
advancement of the mining face. By building the appropriate
constitutive relation of geological materials in FLAC3D, the
progressive mining-induced stress evolution of elastic-
plastic rock mass is effectively tracked. Combined with the
results of physical experiment, the stress evolution of the
extra-thick roof in the numerical model was comparatively
analyzed.

A numerical model in FLAC3D with 12 stress monitoring
points numbered #1–#12 located on extra-thick conglomer-
ate rock was established. The location of the stress monitor-
ing points corresponds to the stress sensor distribution in
the physical model to monitor mining-induced stress in the

extra-thick conglomerate, as shown in Figure 11. Adjacent
stress monitoring points were placed 10m apart. A vertical
stress of 20.0MPa was applied at the top of the numerical
model, and a horizontal stress of 23.4MPa was applied to
the two side boundaries. Moreover, the horizontal boundary
displacement was limited and the vertical displacement of the
numerical model base was fixed. The physical and mechani-
cal parameters of rock strata in the FLAC3D model after sev-
eral debugging cycles were used, as shown in Table 5.

5.2. Stress Distribution Characteristics in the Extra-Thick
Roof. As the mining face was advancing, the vertical stress
in the extra-thick roof was gradually released. The release
of vertical stress showed that the absolute value of stress
decreased and the release area of vertical stress gradually
increased into the upper roof, as shown in Figures 12(a)–
12(f). The supportive effect of the original coal seam on the
extra-thick roof gradually disappeared. The effect of model
top loading and gravity caused bending subsidence of the
extra-thick roof. As the mining face advanced to 110m, the
extra-thick roof experienced the largest stress release.

As shown in Figure 13, there were five stages of severe
stress change in the extra-thick conglomerate during coal

Table 3: Physical and mechanical parameters of rock strata.

Rock strata
Thickness

(m)
Density
(kg·m

−3)
Bulk modulus

(GPa)
Shear modulus

(GPa)
Cohesion
(MPa)

Friction angle
(°)

Tensile strength
(MPa)

Conglomerate 39 2 865 20.33 17.50 11.85 40 10.32

Fine
sandstone

2.0 2 873 9.18 8.75 7.51 30 6.65

Conglomerate 3.0 2 865 20.33 17.50 11.85 40 10.32

Fine
sandstone

2.0 2 873 9.18 8.75 7.51 30 6.65

Siltstone 2.0 2 707 12.82 10.02 8.97 30 8.65

Mudstone 2.0 2 461 6.11 5.49 4.49 20 4.30

Fine
sandstone

1.0 2 873 9.18 8.75 7.51 30 6.65

Mudstone 24 2 461 6.11 5.49 4.49 20 4.30

Coal seam 5.0 1 440 4.67 4.47 3.40 26 3.06

Siltstone 10 2 873 9.18 8.75 7.51 30 6.65

Table 4: Mechanical parameters of structure plane between blocks.

Rock strata Normal stiffness (GPa) Shear stiffness (GPa) Tensile strength (MPa) Friction angle (°) Cohesion (MPa)

Conglomerate 12.0 15.0 6.14 10 7.0

Fine sandstone 5.0 5.0 4.10 8 4.5

Conglomerate 12.0 15.0 6.14 10 6.4

Fine sandstone 4.0 5.0 4.10 8 4.5

Siltstone 4.0 4.0 3.61 8 4.4

Mudstone 1.6 4.8 1.30 7 2.2

Fine sandstone 5.0 5.0 4.10 8 5.5

Mudstone 1.6 4.8 1.30 7 2.2

Coal seam 1.4 1.2 1.02 6 1.3

Siltstone 5.0 5.0 4.10 8 4.5
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seam mining. As the mining face advanced to 40, 55, 75, 90,
and 110m in the numerical model, the roof experienced five
periodic caving at five mining stages. When the roof col-
lapsed for the fourth time, the response of the extra-thick
conglomerate was more intense and the stress of the extra-
thick conglomerate was released. When the extra-thick roof

collapsed for the fifth time, the stress of the extra-thick con-
glomerate changed violently and dropped abruptly.

To confirm the reliability of the numerical simulation
results, the mining-induced stress obtained from the phys-
ical experiment was compared with that obtained from
numerical simulation. In this study, the stress change per
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meter of the #8 monitoring point at the same position as
the numerical simulation and physical experiment in the
mining face advancement was selected for comparative
analysis.

Figure 14 showed that the stress change per meter
obtained from physical experiments was consistent with that
obtained from numerical simulation. In the early stage of coal
mining, the stress fluctuation in the extra-thick roof was

small. But when the mining face advanced to 110m, there
was a violent fluctuation, indicating that the disturbance of
coal mining to extra-thick conglomerate reached its maxi-
mum. The fifth caving of the extra-thick roof occurred in
the goaf and the stress changed violently; the stress variation
behavior at the #8 measuring point at the same position
between numerical simulation and physical experiment was
basically synchronous.
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Figure 10: Velocity vector variation of the roof during the advancement of the mining face.
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6. Discussions

According to the displacement and mining-induced stress
variation in the extra-thick roof, the following areas should
be discussed in greater detail to analyze the dynamic evolu-
tion characteristics of deformation and movement of the
extra-thick roof.

The extraction of a longwall mining face induced mining-
induced changes and extra-thick roof movement above the
mining face. The movement and failure processes of an
extra-thick roof could be divided into three main periods:
the undisturbed, movement stabilization, and sudden col-
lapse periods. Because the mining face advancement distance
in the physical experiment was short, the extra-thick roof
deformation caused by bending and sinking was relatively
small. The mining-induced stress of typical stress sensors
was small; therefore, this stage could be categorized as
belonging to the undisturbed period. With mining face

advancement, the suspended roof length gradually increased
and the roof bent and sank under the action of gravity. The
bending moment and shearing force at both roof ends grad-
ually increased, leading to roof failure. In addition, the hori-
zontal stress was applied to the left and right boundaries of
the physical model and the extra-thick roof collapsed slowly
under the action of horizontal pressure. Therefore, this stage
was part of the movement stabilization period. Because the
main roof was composed of an extra-thick conglomerate, it
could sustain a large stress level. Although the roof move-
ment was dynamic in coal mining, an extra-thick roof was
not disturbed until the roof reached a certain degree of defor-
mation. The UCS of the extra-thick roof was 45MPa, and its
failure could occur only when the effect of the roof subsi-
dence increased the extra-thick roof stress to the ultimate
strength. It broke and caused roof caving in a large area
and could easily induce coal bursts. This stage corresponded
to the sudden collapse period.

#11#12 #5 #1#3#4 #2#9 #6#7#8#10

Coal seam

Mudstone

Conglomerate

23
.4

 M
Pa

20 MPa

23
.4

 M
Pa

Fine sandstone

Siltstone

Stress sensors

Figure 11: Numerical model of the extra-thick roof in FLAC3D.

Table 5: Physical and mechanical parameters of rock strata in the FLAC3D model.

Rock strata
Thickness

(m)
Density
(kg·m

−3)
Bulk modulus

(GPa)
Shear modulus

(GPa)
Cohesion
(MPa)

Friction angle
(°)

Tensile strength
(MPa)

Conglomerate 39 2 950 20.94 18.03 12.21 41 10.63

Fine
sandstone

2 2 900 9.27 8.84 7.59 31 6.72

Conglomerate 3 2 950 20.94 18.03 12.21 41 10.63

Fine
sandstone

2 2 900 9.27 8.84 7.59 31 6.72

Siltstone 2 2 734 12.95 10.12 9.06 30 8.74

Mudstone 2 2 486 6.17 5.54 4.52 22 4.34

Fine
sandstone

1 2 900 9.27 8.84 7.59 31 6.72

Mudstone 24 2 486 6.17 5.54 4.52 22 4.34

Coal seam 5 1 440 4.67 4.47 4.40 26 4.06

Siltstone 10 2 734 12.95 10.12 9.06 30 8.74
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Throughout the mining process, the roof experienced five
periodic caving. The displacement and velocity vector of the
extra-thick roof increased sharply in this periodic caving, and
the collapse height instantly expanded into the entire extra-
thick roof. Figures 6 and 9 showed that the results of the dis-
placement and collapse state of the roof in the 3DEC model
generally agreed with those in the physical experiment.
When the stress monitoring points located on the extra-

thick conglomerate were far away from the mining face out-
side the influence area of the mining disturbance, their stress
remained in situ stress. With mining face advancement, the
stress gradually increased and extensive deformation energy
accumulated by degrees in the extra-thick conglomerates.
When the extra-thick conglomerate reached its own ultimate
strength, the roof caved for the fifth time and the extra-thick
conglomerate stress changed abruptly. Meanwhile, the
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Figure 12: Vertical stress distribution of the extra-thick roof during the advancement of the mining face.
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mining-induced stress was characterized by a sudden
decrease in the gradually increasing trend when the extra-
thick roof suddenly collapsed, as shown in Figures 7 and
13. The stress change characteristics of the #8 measuring
point at the same position in both the physical experiment
and FLAC3D model were basically synchronous, as shown
in Figure 14.

Hence, the deformation and fracture of the extra-thick
roof could lead to the continuous and unstable subsidence
pressure exerted on the mining face and roadway, which pro-
vided a continuous force to the immediate roof, and coal
seam and could cause a sudden decrease in the mining-
induced stress of the extra-thick roof. This significantly con-
tributed to the occurrence of coal bursts.
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7. Conclusions

Numerical simulations and physical experiments were con-
ducted to study the movement and fracture characteristics
of the extra-thick roof during coal seam mining. The detailed
conclusions are as follows.

(1) The movement and failure processes of the extra-
thick roof could be divided into three main periods:
the undisturbed, movement stabilization, and sudden
collapse periods. The roof displacement essentially
did not change during the undisturbed period. Dur-
ing the movement stabilization period, the displace-
ment gradually increased into the upper roof and
could be observed only in the immediate roof and
the extra-thick roof was not disturbed by the mining
activities. However, the displacement expanded rap-
idly into the extra-thick main roof during the sudden
collapse period

(2) Although roof movement is a dynamic process dur-
ing coal seam mining, the extra-thick main roof was
undisturbed until the immediate roof experienced
the fourth periodic caving. The UCS of the extra-
thick main roof was 45MPa, and its failure could
occur only when the effect of the roof subsidence
increased the extra-thick main roof stress to the ulti-
mate strength. Therefore, the strain energy was vio-
lently released when it accumulated in the extra-
thick roof failure process

(3) The extra-thick main roof collapse was only observed
once in the physical experiment when a periodic roof
caving occurred in the immediate roof. The displace-
ment and velocity vector of the extra-thick main roof
increased sharply in this periodic caving, and the col-
lapse height instantly expanded into the extra-thick
main roof. Meanwhile, the mining-induced stress
was characterized by a sudden decrease in the gradu-
ally increasing trend when the extra-thick main roof
suddenly collapsed

(4) As the mining face advanced, the movement and
fracture of the extra-thick roof led to a continuous
and unstable subsidence pressure exerted on the min-
ing face and roadway. This pressure exertion pro-
vided a continuous force to the immediate roof and
coal seam. This significantly contributed to the
occurrence of coal bursts
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The environmental evaluation of the coalface in underground mining is of great significance to the safety of production and the
health of miners. In order to achieve the objective and accurate evaluation of the operating environment of the coalface, the
indexes of temperature, humidity, noise, illuminance, dust, harmful gas, and wind speed are selected to construct the
environment evaluation index system, and the operating environment evaluation model of the coalface based on analytic
hierarchy process (AHP) and matter-element theory (MET) is established. Firstly, the operation environment classification
criterion is established; the environment objects, joint domain, and classical domain mater-element are built; and the correlation
function is calculated. Secondly, the comprehensive correlation matrix is calculated and the environmental grade is judged.
Finally, from the broad point of view, three measures are proposed to improve the operation environment of the coalface:
development of the environmental evaluation index monitoring system, improvement on miners’ safety awareness, and
formulation of regulations and policies for coal mine operation environment. The research results can provide guidelines for
miners, coal mining enterprises, and occupational environmental safety departments.

1. Introduction

In the composition of total reserves of primary energy
resources, the proportions of coal, oil and natural gas are
94%, 1.71%, and 4.29%, respectively. The characteristics of
natural resources in China are rich in coal, less oil, and lack
of gas [1]. Since the establishment of the People’s Republic
of China, the accumulative total production capacity of coal
is about 75 billion tons and the proportion of coal in the
structure of primary energy production and consumption
in China has been maintained at 70% and 60%, which has
provided a reliable energy guarantee for the long-term stable
and rapid development of the national economy and society.
The status of coal as the main energy source in China is
difficult to change in the short term. It is estimated that the

proportion of coal resources in primary energy will remain
55% in 2030 [2, 3]. Coal resources are mainly derived from
underground mining in China. Coalface is the production
site of coal and is the key area in the coal mine safety manage-
ment and environmental monitoring, which is characterized
with small working space, many mechanical equipment, poor
visual environment, and high temperature. The operating
environment of coalface is a general designation for micro-
climate, harmful gas, dust, and noise within the space of
coalface, which affect the working comfort, efficiency, and
reliability of the system [4]. With the continuous progress
of social civilization, people put more and more demands
on the operating environment, and it is particularly impor-
tant to evaluate the operating environment effectively and
accurately.
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Scholars have made some contributions on the evalua-
tion for the operating environment of coalface. On the one
hand, the coalface operating environment resulting from
individual indicators was discussed. Li et al. made an assess-
ment on human thermal comfort based on an uncertain
measurement theory [5]. Fu et al. studied the respirable
dust pollution in coalface [6]. By means of numerical sim-
ulation or experimental research, the movement law of
dust in the coalface was researched and the specific dust-
proof schemes were proposed [7–10]. Jing et al. evaluated
the lighting environment in the fully mechanized coalface
based on the light environment index method [11]. Park
et al. investigated various heat stress indexes and effective
temperature and conducted correlation analysis in order to
estimate the thermal environment [12]. Krok presented a
model for calculations of the temperature field in electric
mine motors with a water cooled frame, which was worked
out with the use of modified and improved thermal networks
developed by the author for determining the temperature
distributions in different types of ac machines [13]. Zhao
et al. simulated the thermal environment in the heading face
based on the turbulence model, which provided a theoretical
and technical basis for coal mine ventilation, cooling, heat
harm treatment, and prevention [14]. On the other hand,
the comprehensive effect of multiple indicators on the oper-
ating environment of coalface in underground mining was
also explored. Dey and Pal systematically analyzed the
influencing factors of the coalface operating environment
[15]. Guan et al. evaluated the coalface operating environ-
ment based on the Monte Carlo stochastic simulation
[16]. Chen et al. built a multifactor coupling intelligent
model of safety evaluation on dynamic environment in
coalface based on the kernel principal component analysis
and least squares support vector machines [17]. Shi et al.
point out the importance of heading’s operating environ-
ment to work’s health and established the evaluating model
of the operating environment in the headings using the the-
ory of grey interrelated analysis, which provided new theory
bases for supervision and evaluation of the operating envi-
ronment in the headings of mine [18]. Besides, the fuzzy
evaluation theory and analytic hierarchy process (AHP)
were also used to classify the working face operating envi-
ronment [19, 20].

In the above research, the evaluation of individual envi-
ronmental indicators is specific, but because the operating
environment is the result of the interaction of multiple indi-
cators, so the comprehensive evaluation of multiple indica-
tors is more objective. But in the comprehensive evaluation
of mult-indexes, different evaluation indexes may be in
conflict, and matter-element theory (MET) is a powerful tool
to solve the problem of contradiction or incompatibility.
MET is the theory of using the matter-element model to solve
practical problems. Matter-element is a triplet composed
of the matter, the characteristics of the matter, and the
value of the matter characteristic, which was recorded as R
= ðmatter, matter characteristic, matter characteristic valueÞ.
When solving incompatible problems, only when the matter,
the characteristics of the matter, and the value of the matter
characteristic are considered at the same time can the prob-

lem be solved. The main content of MET is to quantitatively
describe the variability of matters through the correlation
function based on the matter-element model and extension
set and then transform the incompatible problem into a com-
patible problem. For example, when the temperature of a
coalface is in the temperature range corresponding to the
“comfortable” grade, but the humidity is in the humidity
range corresponding to the “uncomfortable” grade, the
matter-element model can be used to establish the correla-
tion function to solve the comprehensive correlation degree
between the coalface operating environment and each
comfort grade. And the final evaluation grade of the coal-
face operating environment should belong to the comfort
grade which has the highest comprehensive correlation
with it. To determine the weight of the relevant factors
is a necessary step to solve the comprehensive correlation
degree, and AHP is an effective method to obtain the
weight of the relevant factors. In AHP, the weight of each
relevant factor was calculated by the judgment matrix. For
this reason, firstly, the indexes of temperature, humidity,
noise, illuminance, dust, harmful gas, and wind speed are
selected. And then, the environment evaluation model of
the coalface based on AHP and MET was established, which
was applied to N1228 coalface in Huatai colliery. Finally,
three countermeasures to improve the operating environ-
ment were discussed in a broad sense.

2. Materials and Methods

2.1. Study Area. Huatai colliery is located in the northeast of
the Gangcheng District of Laiwu City, Shandong province,
China, as shown in Figure 1(a), which is under the adminis-
trative jurisdiction of the Gaozhuang subdistrict office. The
geographical coordinates of the mining area are 117°40′06″
~117°45′30″ in east longitude and 36°09′10″~36°12′ 27″
in north latitude. In N1228 coalface, the average thickness
of coal seam is 4m, the buried depth is 900m, and the coal-
face width is 120m (Figure 1(b)). The mining method in
N1228 coalface is long wall mining. The transverse arrange-
ment of the coal cutter is used in conjunction with the face
conveyor and the hydraulic support to form comprehensive
mechanized coal mining equipment to complete the coal cut-
ting, coal dropping, and coal loading operation.

2.2. Methods. An environment evaluation model of the
coalface based on AHP and MET is established, which
the detailed steps are as follows: selecting the operating envi-
ronment evaluation factors ⟶ classifying the operation
environment grade ⟶ building the environment objects,
joint domain objects and classical field mater-element
⟶determining correlation function ⟶ determining the
weights of evaluation factors⟶ calculating the comprehen-
sive correlation matrix ⟶ judging the environment grade.

2.2.1. Selecting the Evaluation Factors. Because of the rela-
tively closed space and small space, the underground coalface
of a colliery has a completely different environment from that
of the ground. Therefore, from the point of view of the factors
directly affecting the operating environment of coalface, this
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paper selected seven indexes of temperature, humidity, noise,
illuminance, dust, harmful gas, and wind speed.

(1) Temperature. The main heat sources of the coalface are
running mechanical equipment and geothermal energy. At
present, with the increasing depth of coal mining, more and
more mechanical equipment brought about by development
of mechanization leads to more and more heating capacity of
mechanical equipment. In addition, the temperature of the
exposed rock at the coalface will also increase as the mining
depth increases. The above two sources make the thermal
hazard of coalface more and more prominent, which has
become one of the main factors that affect the safety of coal
mine production and the health of the workers.

(2) Humidity. Compared with the atmosphere environment,
the working face space is closed, and the influence of humid-
ity on the human body is more obvious. When the air humid-
ity is large in the coalface, it can inhibit the evaporation of
body heat or accelerate heat conduction, causing the miners
to feel uncomfortable. In a worse case, workers work long
time in high-humidity areas, which is easy to cause wet
arthralgia and seriously affect the health of coal miners.

(3) Noise. The noise in the working face mainly comes from
mechanical equipment, such as coal cutter, boring machines,
and coal conveyer. Noise affects the workers’ vascular system,
the nervous system, and the digestive system and can cause
irreversible damage to the hearing, even affecting the safety
of production and operation efficiency.

(4) Illuminance. Illumination is the intensity of light and
the extent of an object’s surface lighted, whose unit is
lux or lx [21]. Because of the narrow working space in
the coalface, if the illumination is not enough and the vis-
ibility is low, it is impossible to detect the running state of
vehicles or coal cutter and surrounding environment, so
workers cannot take measures in advance, which give rise
to accidents. If the long-term illumination is not enough,

the workers work only by the miner’s lamp, which can
cause blind spot in the visual center of the eye or lose
the ability to see objects directly, that is, the so-called
mine blind occupational disease. Therefore, illuminance is
an important index in the environment evaluation of the
coalface in underground mining.

(5) Dust. In the working face, dust usually refers to solid par-
ticles which are explosive and harmful to people’s physical
health and form dust hazards when they exist in the form
of clouds. The dust comes mainly from the operation process,
such as drilling, coal cutting, loading, and blasting. The dust
hazards in the coal mining face are as follows. On the one
hand, the dust has the risk of explosion at the proper concen-
tration; on the other hand, dust will pollute the operating
environment, affect the health of the miners, and lead to
pneumoconiosis in miners.

(6) Harmful Gas. The harmful gases in the coalface mainly
include carbon monoxide (CO), sulfur dioxide (SO2), and
hydrogen sulfide (H2S). When CO and H2S are inhaled into
the human body, the transport capacity of oxygen in blood
or the ability of the tissue to utilize oxygen are impaired,
which results in the hypoxia of the tissue. SO2, a strong irri-
tant gas with colorlessness, acid taste, and well solubility in
water, has strong irritation and erosion to the eyes and respi-
ratory tract, which can cause inflammation of the throat and
bronchi, respiratory paralysis, and pulmonary edema in
severe cases. The safety and hygiene standards in China for
the concentration of SO2, CO, and H2S are 15mg/m3,
30mg/m3, and 10mg/m3, respectively [22].

The hazard evaluation of a certain harmful gas is mea-
sured by index S, where the calculation formula of index S
is

S = L ⋅
Ci

Mi

� �
, ð1Þ

Laicheng District

N
Gangcheng District

Huatai colliery

0 4 8 km

(a)

N

0 40
N1228 coalface

80 m
Mining direction

(b)

Figure 1: Location of the study area: (a) map of Laiwu City and (b) N1228 coalface.
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where Ci is the concentration of the ith kind gas, mg/m3;
Mi is the maximum allowable concentration of the ith
kind gas, mg/m3; and L is the weight coefficient of total
pulmonary ventilation. When there is a variety of harmful
gas, the index of harmful gas can be accumulated.

(7) Wind Speed. In order to ensure the health of the coal
miners, to provide appropriate production environment,
and to improve work efficiency, ventilation must be carried
out at the working face of the colliery. The direct measure-
ment index of ventilation is wind speed. The suitable wind
speed can effectively cool and dehumidify in the under-
ground working face, but too high or low wind speed also
causes worker’s discomfort.

In 1228 coalface, the concentration of SO2, CO, and H2S
are 4.06mg/m3, 0.43mg/m3, and 3.35mg/m3 by site test,
respectively. So, the S value of the harmful gas index was
calculated based on formula (1), that is, S = 1:24. More-
over, the values of noise, humidity, illumination, wind speed,
temperature, and dust concentration are 95 dB, 55%, 77 lx,
0.7m/s, 29°C, and 6.2mg/m3, respectively.

2.2.2. Classifying the Operating Environment Grade.
According to the above analysis of environmental factors,
from the point of view of human physiological and psy-
chological adaptation to the environment, the operating
environment condition of the coalface is divided into 5
grades, that is, more comfortable, comfortable, generally
comfortable, less comfortable, and uncomfortable, as shown
in Table 1.

2.2.3. Analysis Procedure of AHP and MET. The MET, a
cross-disciplinary of thinking science, system science, and
mathematics science, is an emerging discipline to study
and solve incompatible problems, which have been widely
used in the field of natural science and social science in
decision-making, management, and evaluation [23].

The name of the matter N , the characteristics of the
matter c, and the value of the matter characteristic v are
determined, and R = ðN , c, vÞ is used as the basic element
to describe the object, which is called matter-element.

A thing has more than one feature, if the object N has
n characteristics, such as c1, c2,⋯cn, and corresponding

values v1, v2,⋯vn are described, which can be represented
as

R N , c, vð Þ =

N c1 v1

c2 v2

⋮ ⋮

cn vn

2
666664

3
777775, ð2Þ

where R is an n-dimensional matter-element, ci is the
matter-element characteristics, and vi is the value of the
matter characteristic.

The operating environment of the coalface is evaluated
based on MET, and the steps are as follows:

(1) Determining the Environment Objects. According to the
actual situation, to evaluate the characteristics of a certain
object, the measured values of multiple characteristics are
determined and the corresponding matter-element matrix
is established, as shown in

R0 P0, c, vð Þ =

P0 c1 v1

c2 v2

⋮ ⋮

cn vn

2
666664

3
777775, ð3Þ

where P0 is the environment objects, ci is matter-element
characteristics, and vi is the measured value of the matter
characteristic.

(2) Determining Classical Field and Joint Domain Mater-Ele-
ment. The classical field and joint domain mater-element are
determined by the operating environment grade, as shown in

Rj N j, c, vji
� �

=

Nj c1 vj1

c2 vj2

⋮ ⋮

cn vjn

2
666664

3
777775 =

Nj c1 <aj1, bj1 >
c2 <aj2, bj2 >
⋮ ⋮

cn <ajn, bjn >

2
666664

3
777775,

ð4Þ

Table 1: Evaluation grade of the operating environment in the coalface.

Factor
Evaluation grade

More comfortable Comfortable Generally comfortable Less comfortable Uncomfortable

Temperature (°C) 20-24 24-26 26-28 28-30 30-45

Humidity (%) 40-50 50-60 60-70 70-80 80-100

Noise (dB) 0-70 70-80 80-90 90-100 100-180

Illumination (lx) 120-300 100-120 80-100 60-80 0-60

Dust (mg/m3) 0-4 4-6 6-8 8-10 10-30

Harmful gas 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-5.0

Wind speed (m/s) 3-4 2-3 1-2 0.5-1 0-0.5
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Rp N , c, vpi
� �

=

Np c1 vp1

c2 vp2

⋮ ⋮

cn vpn

2
666664

3
777775 =

Np c1 <ap1, bp1 >
c2 <ap2, bp2 >
⋮ ⋮

cn <apn, bpn >

2
666664

3
777775:

ð5Þ
(3) Determining Correlation Function. The correlation func-
tion indicates that when the value of the matter-element
characteristic is taken as a point on the real axis, the
matter-element meets the required range of values, and the
value is the correlation degree. The correlation degree K j

ðviÞ of each evaluation index vi about each evaluation grade
j is expressed as formula (6).

Kj við Þ =
−
ρ vi, vji
� �
aji − bji
�� �� , vi ∈ vji

ρ vi, vji
� �

ρ vi, vpi
� �

− ρ vi, vji
� � , vi ∉ vji

8>>>><
>>>>:

, ð6Þ

where ρðvi, vjiÞ = jvi − ððaji + bjiÞ/2Þj − ððbji − ajiÞ/2Þ =

aji − vi, vi ≤ ðaji + bjiÞ/2
vi − bji, vi > ðaji + bjiÞ/2

(
,

ρ vi, vpi
� �

= vi −
api + bpi
� �

2

�����
����� − bpi − api

� �
2

=
api − vi, vi ≤

api + bpi
� �

2 ,

vi − bpi, vi >
api + bpi
� �

2 :

8>>><
>>>:

:

ð7Þ

(4) Determining the Weights of Evaluation Factors. AHP is an
analytic procedure with a combination of qualitative and
quantitative, systematic, and hierarchical analyses. The
weight of each factor of the operating environment is deter-
mined using AHP, and the steps are as follows:

(1) Building the structure model of AHP

The structure of AHP is shown in Figure 2.

(2) Constructing judgment matrix and calculating eigen-
values and eigenvectors

The judgment matrix is constructed based on the Saaty’s
1~ 9 scale scoring method [24] (Table 2), and eigenvalues
and eigenvectors are calculated.

(3) Check the consistency of the judgment matrix

Firstly, consistency index CI is calculated, CI = ðλmax −
nÞ/ðn − 1Þ. Secondly, the corresponding average random

consistency index RI is referred in Table 3. Thirdly, consis-
tency ratio CR is calculated, CR = CI/RI. When CR < 0:1,
the consistency of the judgment matrix is acceptable; other-
wise, the judgment matrix is modified.

If the judgment matrix satisfies the consistency test
requirement, the normalized eigenvector of the judgment
matrix is the weight of each index factor.

(5) Calculating the comprehensive correlation degree. The
comprehensive correlation degree K jðP0Þ is the weighted
value of the correlation degree KjðviÞ of each evaluation
index vi about each evaluation grade j, which is shown in for-
mula (8)

K j P0ð Þ = 〠
n

i=0
wi ⋅ K j við Þ, ð8Þ

where wi is the weight of factors and KjðP0Þ is the compre-
hensive correlation degree.

(6) Judging the environment grade. Kj is used to judge the
environment grade, as shown in formula (9)

K j =max Kj P0ð Þ� �
: ð9Þ

Operating environment evaluation index system

Tempe
-rature

Humi
-dity Noise Illumi

-nance Dust Harm
-ful gas

Wind
speed

Figure 2: Structure model of AHP

Table 2: Scale meaning from 1 to 9.

Scale Meaning

1 Equal importance

3 Weak importance

5 Obvious importance

7 Strong importance

9 Absolute importance

2, 4, 6, 8
Represents the intermediate value of

the adjacent judgment

Reciprocal
If element i/element j = aij, then if

element j/element i = 1/aij

Table 3: Values of average random consistency index RI.

Order 3 4 5 6 7 8 9 10

RI 0.52 0.89 1.12 1.26 1.36 1.41 1.46 1.49
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It is concluded that the corresponding grade of the max-
imum value of the comprehensive correlation degree is the
grade of the environment objects.

3. Results

3.1. Classical Field Mater-Element, Joint Domain Objects, and
Environment Objects. The classical field mater-element of the
operating environment is shown in

The joint domain objects and the environment objects
mater-element are shown in matrixes (11) and (12), respec-
tively.

Rp N , c, vpi
� �

=

Np c1 <20, 45 >
c2 <40, 100 >
c3 <0, 180 >
c4 <0, 300 >
c5 <0, 30 >
c6 <0, 5 >
c7 <0, 4 >

2
666666666666664

3
777777777777775

, ð11Þ

R0 P0, c, vð Þ =

P0 c1 29
c2 55
c3 95
c4 77
c5 6:2
c6 1:24
c7 0:7

2
666666666666664

3
777777777777775

: ð12Þ

3.2. Correlation Degree Matrix. The correlation degree matrix
of each evaluation index about each environment grade is as
shown in

K j við Þ7×5 =

0:5 1:5 1:25 −0:5 0:0667
0:5 −0:5 0:5 1:5 1:25
0:5 1:5 0:3571 −0:5 0:0625
0:15 1:15 0:2389 −0:15 0:2833
−0:1 0:1 0:55 0:9 0:19
−0:48 0:48 1:48 0:52 0:2533
0:3 1:3 2:3 −0:4 0:4

2
666666666666664

3
777777777777775

:

ð13Þ

3.3. Index Weight. The weights of the operating environment
evaluation factors are determined using AHP, as shown in
Table 4.

3.4. Comprehensive Correlation Vector and Environment
Grade. According to the correlation degree matrix (13) and
index weight indexes, the comprehensive correlation vector
is calculated using formula (8), as shown in

Kj P0ð Þ1×5 = −0:0218 0:7581 1:172 0:2291 0:3023½ �:
ð14Þ

It is concluded that the operating environment grade of
N1228 coalface in Huatai colliery is “generally comfortable.”

4. Discussion

4.1. Development of Environmental Evaluation Index
Monitoring System. In Table 4, the weight of the harmful
gas is the greatest. Harmful gas is the most important

Rj N j, c, vji
� �

=

N1 N2 N3 N4 N5

c1 <20, 24 > <24, 26 > <26, 28 > <28, 30 > <30, 45 >
c2 <40, 50 > <50, 60 > <60, 70 > <70, 80 > <80, 100 >
c3 <0, 70 > <70, 80 > <80, 90 > <90, 100 > <100, 180 >
c4 <120, 300 > <100, 120 > <80, 100 > <60, 80 > <0, 60 >
c5 <0, 4 > <4, 6 > <6, 8 > <8, 10 > <10, 30 >
c6 <0, 0:5 > <0:5, 1:0 > <1:0, 1:5 > <1:5, 2:0 > <2:0, 5:0 >
c7 <3, 4 > <2, 3 > <1, 2 > <0:5, 1 > <0, 0:5 >

2
666666666666666664

3
777777777777777775

: ð10Þ
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indicator to the operating environment of the working face,
which poses a great threat to the safety of miners’ lives. Coal-
face will continue to advance with coal mining or tunneling
activities, and the thickness and dip angle of the coal seam
will change or geological structure will appear in the process
of advancing, which have the potential to cause impact on the
concentration of harmful gases. For this reason, it is neces-
sary to develop a set of reasonable mine environmental mon-
itoring system to monitor the changes in environmental
indicators in working face and to protect the health and
safety of miners, which can collect and alarm the environ-
ment parameter and image data with system stability and
short transmission delay.

4.2. Improvement on Miners’ Safety Awareness. Safety con-
sciousness is a kind of advanced psychological reflection
form of safety production or environment state people have,
which can reflect people’s understanding of the safety or the
environment state in the production activity [25]. Human’s
safety consciousness has active nature, which regulates pro-
duction activities and safety operations; conversely, produc-
tion activities also affect the formation of people’s safety
consciousness. It is necessary to raise the safety conscious-
ness of miners and ensure the safety of production and the
health of miners. Therefore, four methods for improvement
on the safety consciousness of miners are put forward.

4.2.1. Raising Workers’ Recruitment Requirements. First of all,
all candidates are screened by age, educational background,
physical examination, and cultural examination, and then,
an open reply was made for those who are not allowed to be
employed without meeting the standards, which not only
solves the problem of low overall quality of workers but also
reflects the recruitment of employees open and fair. Secondly,
an off-the-job training is made for new workers who can be
called formal workers after passing the examination.

4.2.2. Educational Training. Educational training is the key to
improve staff safety awareness. In combination with the
actual situation of workers, the training of knowledge at dif-
ferent levels and division of labor is adopted. For workers
who have different levels of knowledge, the educational level
and technical knowledge of workers are divided into three
categories: good, medium, and poor, which bring about the
difference of the contents and methods of training. Division
of labor training refers to the separate training of different
types of jobs, and training should have professional
characteristics.

4.2.3. Carrying Out Warning Education. Warning education
can further improve the effectiveness of safety education
training, allowing workers to learn a lot of security experi-
ence and strengthen self-protection awareness. There are

many ways of warning education, such as the previous coal
mine accidents being made into cartoons and posted on the
safety bulletin board.

4.3. Formulation of Regulations for Coal Mine Operation
Environment. According to the Safety Production Law of
People’s Republic of China, the Coal Law of People’s Repub-
lic of China, the Coal Mine Safety Law of People’s Republic of
China, the Law of People’s Republic of China on Prevention
and Control of Occupational Diseases, and other relevant
laws and regulations, the environmental monitoring regula-
tions of the coal mine working face should have been further
formulated, and the environmental level of the working face
is divided. In addition, the responsibility of the operation
environment is implemented to the individual to ensure the
safety of the mine production and the health of the miners.
What is more, regulations also need to stipulate that the
training time for employees is not less than 10 hours before
the job induction, and the regular training time is not less
than 5 hours per year during the postperiod.

5. Conclusions

In order to ensure the safety of coal mine safety production
and the health of miners, the evaluation method was put
forward based on AHP-MET, and the operating environ-
ment of N1228 coalface was evaluated. Conclusions are as
follows:

(1) The indexes of temperature, humidity, noise, illumi-
nance, dust, harmful gas, and wind speed are selected,
and the environment evaluation index system is
constructed

(2) The operating environment evaluation model of the
coalface based on AHP and MET is established,
which was applied to evaluate the operating environ-
ment of the N1228 coalface

(3) From the broad point of view, three measures are pro-
posed to improve the operation environment of the
coalface: development of environmental evaluation
index monitoring system, improvement on miners’
safety awareness, and formulation of regulations and
policies for coal mine operation environment
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Table 4: Index weight.

Index Temperature Humidity Noise Illuminance Dust Harmful gas Wind speed

Weight 0.1194 0.0649 0.0554 0.1398 0.0929 0.3996 0.1281

Rank 4 6 7 2 5 1 3
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To study the impact of mining of the lower protective layer on the deformation and failure characteristics of the upper roadway,
these characteristics of an 879 gas drainage roadway were studied and analyzed during the mining of the II 1051 working face of
the Zhuxianzhuang coal mine using similar simulation experiments and numerical simulation methods. The results indicate that
with the continuous excavation of the working face, the range of impact of the mining stress gradually spreads and exceeds the
level of the roadway. At the present time, the roadway is in a mining stress-rising area. The two sides of the roadway are
sheared, and the roof and floor are under tension–shear composite failure. The floor is the most gravely damaged—the depth of
its damage is 2.5m, and the depths of damage on either side and of the roof are approximately 1–2m. During the advancing
process of the working face, the deformation of the roadway increases slowly at first, then increases sharply, and tends to be
stable thereafter. The deformation of the floor is the largest, followed by those of the two sides and the roof; the values are 800,
400, and 300mm, respectively.

1. Introduction

The depletion of shallow coal resources in China has led to
increasing mining depth in various mining areas, and the
problems of coal and gas outbursts in coal mines are also
increasing. According to the characteristics of “two low and
one high” of coal seam gas, several scholars at home and
abroad have found that protective seam mining is the most
economical and effective method of preventing coal and gas
outbursts [1–6]. Although protective seam mining causes
the stress redistribution of the protected seam, leading to a
sharp drop in the gas pressure, this, in turn, reduces the risk
of gas outburst and also causes the movement and deforma-
tion of as well as transverse and longitudinal cracks in the
overlying strata. It also leads to the formation of stress-
reduction and -rise areas. Regardless of whether the roadway
is laid on the stress-reduction or -rising area, the stress distri-
bution in the surrounding rock changes [7]. The redistribu-
tion of the stress in the surrounding rock promotes the

continuous development of cracks in the areas surrounding
the roadway, leading to breakage of the surrounding rock
and a reduction in the bearing capacity. This further causes
deformation in and instability of the roadway, which renders
it difficult to maintain.

In view of the deformation and failure characteristics of
the overlying strata caused by the mining of the lower protec-
tive layer, a significant amount of research has been carried
out. Jiao et al. [8], Cao et al. [9], and Bai and Hu [10] studied
the movement and deformation characteristics of the overly-
ing strata during the mining process of the lower protective
seam. Shun et al. [11] and Xiong et al. [12] analyzed the
migration rule of overburden after mining. Wang et al. [13]
and Xue et al. [14] formulated a fracture evolution law for
the overlying strata following coal mining. Tang et al. [15],
Zhang et al. [16], Xu and Han [17], and Zhang et al. [18] ana-
lyzed the stress distribution and deformation of the protected
layer during the mining process of the lower protective layer.
Yang et al. [19] studied the deformation and failure
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characteristics of the overlying strata, development law of
mining stress and fracture, and size of the stress release area.
Zhang et al. [20] studied the characteristics of strata failure
fracture, fracture evolution, and subsidence deformation in
the process of the upward mining of deep coal seams. They
further analyzed the relationship between the strata subsi-
dence deformation curve and the strata fracture, fracture
development, and stress state. Liu et al. [21] analyzed the
law governing the development of overlying strata fractures
caused by thin protective seam mining. Huang et al. [22]
focused on the comprehensive morphological characteristics
of the fracture zone formed by the mining of the lower coal
seam and the distribution of the concentrated stress in the
surrounding rock. Liu and Chen [23] studied the deforma-
tion of coal seam pressure relief, development of mining frac-
ture, protective effect of pressure relief, discharge of pressure
relief gas, gas drainage, and outburst prevention and control
laws. Qian et al. [24] studied the stress distribution law of the
overlying strata with respect to the various support parame-
ters of the upper protective layer and obtained the range of
impact of the stress release and concentration areas of the
overlying strata.

There have also been several developments in the study of
the stability of the overlying roadway owing to the mining of
the lower protective layer. Qian et al. [24] used the FLAC
numerical simulation software to analyze the effect of
upward mining on the stability of the overlying roadway with
respect to the various support parameters of the upper pro-
tective seam and found that the vertical stress, plastic zone,
and displacement of the sidewall on one side of the roadway
in the upper protective seam were greater than those on the
side near the underlying goaf. Xie et al. [25] studied the
impact of the repeated mining of multiple coal seams on
the deformation of roof roadways. Wang et al. [26] studied
the temporal and spatial evolution laws of the stress and frac-
ture fields in a roof coal roadway after pressure-relief mining
in a lower coal seam and found that the superimposed stress
formed by the underlying mining and roadway excavation
determines the stress distribution and fracture evolution
characteristics of the rock surrounding the roadway. Zhang
et al. [27] used physical experiments to study the deforma-
tion and failure characteristics of the roof roadway in various
areas and obtained the similar characteristics of roadways in
“three zones”: in the collapse zone, the roadway indicated
strong roof collapsing and floor bulging; the cracks in the
rock surrounding the roadway in the fracture zone were sig-
nificantly reduced, but the mining damage was still signifi-
cant; and the deformation and failure of the rock
surrounding the roadway in the bending subsidence zone
were not evident. Zhou et al. [28] used the UDEC discrete
element numerical simulation software to study the failure
characteristics of the rock surrounding a coal roadway in
the fracture zone and found that the failure was most evident
in the roof and floor of the roadway, followed by the failure of
the side of the roadway near the working face.

The literature referred to above primarily investigated the
deformation and failure characteristics and stress distribu-
tion of the overlying strata and coal roadway in the mining
process of the lower protective seam. However, little infor-

mation is available on the deformation and failure law of
the rock roadway outside the “three zones” and adjacent to
the working face. However, the overlying 879 gas drainage
roadway of the II 1051 working face in the Zhuxianzhuang
coal mine is located in the rock strata outside the “three
zones,” which is significantly deformed and damaged by the
mining of the working face. Based on the abovementioned
conditions, through similar simulation experiments and
numerical simulations and considering the overlying 879
gas drainage roadway of the Zhuxianzhuang coal mine II
1051 working face of the Huaibei Mining Group as the engi-
neering background, in this study, the deformation and fail-
ure characteristics of the upper roadway during the mining
of the lower protective layer are investigated. Further, the
law that governs the impact of the deformation and failure
characteristics of the overlying strata on similar characteris-
tics of the upper roadway and the instability mechanism of
the roadway is summarized.

2. Project Profile

The Zhuxianzhuang mine is located in Suzhou City, Anhui
Province, China. The 879 gas drainage roadway, to be studied
in this study, is located in the II 5 mining area. The mineable
coal seams in the mining area were identified as No. 8 and
No. 10 coal. The No. 10 coal seam lies under the No. 8 coal
seam, the distance is approximately 78m, and the coal seam
dip angle is approximately 20°. The No. 10 coal seam is used
in protective seam mining; the thickness of the coal seam is
0.97–3.2m, and its structure is relatively simple. The 879
gas drainage roadway is arranged 40–45m above the roof
of the No. 10 coal seam, with a horizontal distance of 5m
from the left coal wall of the working face, serving as gas
drainage for the No. 8 coal seam, as depicted in Figure 1(a).
The position of the rock surrounding the roadway and the
rock properties of the roof and floor of the roadway are
depicted in Figure 1(b). According to the geological histo-
gram, it can be seen that the direct bottom of the roadway
is made of mudstone, the two sides are made of fine sand-
stone, and the lithology of the floor is poor. Therefore, under
high stress and dynamic load, the floor is more likely to be
damaged than either side.

To reduce the amount of roadway excavation required,
the 879 gas drainage roadway was used as the main roadway
for the eight coal mines. When the lower protective layer was
mined, the overlying strata moved and deformed under the
impact of mining, the original stress balance state was bro-
ken, the coal and rock mass near the working face were
destroyed, and the stress on the surrounding rock was redis-
tributed to achieve a new stable state. In the process of relief
of pressure from the upper coal seam, the strength of the sur-
rounding rock of the upper roadway was weakened, leading
to the fracture and instability of the rock surrounding the
roadway, which is difficult to maintain and has a significant
impact on the safety of the mine. Therefore, it is necessary
to study the characteristics, summarize the mechanism of
roadway deformation and failure, and provide guidance for
reasonable roadway support design.
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Figure 1: Comprehensive histogram depicting the spatial location and geology of roadway.
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3. Study onMigration and Stress Distribution of
Overlying Strata in Upward Mining

3.1. Similar Material Model Design. According to the geolog-
ical conditions and similarity theory, the geometric similarity
ratio was CL = 1 : 100, bulk density similarity ratio was Cγ
= 1 : 1:67, and stress similarity ratio was Cσ = 1 : 167. There-
fore, the model size was determined as length × width ×
height = 3000mm × 300mm × 1300mm, and the mining
thickness was determined as 2.5 cm. On either side of the
model, 70 and 50 cm boundary coal pillars were set. In the
test, fine sand was selected as the aggregate, gypsum powder
and lime powder were used as cementing materials, mica
powder was used for layered laying between each rock layer,
and the remaining weight of the upper part of the model was
imposed by an additional counterweight.

3.2. Test Data Monitoring. To monitor the changes in the
stress and displacement of the overlying strata and rock sur-
rounding the 879 gas drainage roadway when the model
mines the lower protective layer, six stress observation lines
were buried from the bottom to top; the distances between
the lines and the No. 10 coal roof were 2.5, 15.5, 15.5, 33,
41, 57, and 70 cm. Simultaneously, five displacement-
measuring lines were set on the surface of the model. The dis-
tances between the measuring lines and the roof of the No. 10
coal seam were 7.5, 17.5, 32.5, 42.5, and 57.5 cm. One mea-
suring point was arranged every 10 cm of the measuring line,
and another four displacement-measuring points were
arranged around the roadway. The distribution of the mea-
surement points is depicted in Figure 2.

During the test, a BX120-50AA resistance strain gauge
and a CM-2B strain gauge were used as the stress acquisition
devices to record the stress change in the overlying strata in
real time during coal mining. The effect of the equipment
connection is depicted in Figure 3.

3.3. Analysis of Test Results

3.3.1. Migration Law of Overlying Strata during Mining. In
the early stage of mining, the overlying strata moved down-
ward with coal seam mining, and the movement was slow.
As the working face was continually excavated, rock fissures
developed gradually, rock strata bent and sank, and tensile
failure occurred, leading to rock collapse. At this time, the
height from which the rocks fell was small, as depicted in
Figure 4(a). With continuous mining of the coal seam, the
overlying strata also moved toward the goaf. The fissures of
the strata developed, the strata broke again, and the falling
height increased to 5m, as depicted in Figure 4(b). When
the working face was continually excavated 15m forward,
the main roof was broken periodically, and vertical and hor-
izontal cracks appeared in the front and on the roof of the
working face, respectively. At this time, the advancing dis-
tance of the working face was 70m, as illustrated in
Figure 4(c). Therefore, the periodic fracture step of the main
roof was approximately 15m.

The continuous excavation of the working face led to
increasingly intense movement of the overlying strata, the
weak strata collapsed with mining, and the main roof was
broken periodically. Owing to the various properties of the
strata, bed separation with a length of approximately
300mm and a height of approximately 10mm appears
among the various strata above the main roof, as depicted
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in Figure 4(d). As the working face was continually excavated
further, the overlying strata further bent and sank, and the
bed separation gradually closed and developed upward. As
depicted in Figure 4(e), the deformation and movement of
the strata began to affect the roadway horizon, and the strata
moved and deformed toward the goaf, leading to tension in
the surrounding rock on the right side of the roadway, caus-
ing small vertical tension cracks. When the working face was
excavated up to the terminal line, as depicted in Figure 4(f),
fissures developed in the rock surrounding the roadway,
which exhibited asymmetric characteristics.

3.3.2. Stress Distribution Law of Overlying Strata under
Mining. Owing to the mining of the coal seam, the original
stress equilibrium state of the overlying strata was broken,
the stress was redistributed, and the vertical stress concentra-
tion appeared at the coal wall of the working face. In the ini-
tial stage of mining, the stress concentration area was small.
As depicted in Figures 5 and 6, when the excavation length
of the working face was less than 55m, the stress concentra-
tion factor of the rock layer 33m away from the roof of the
working face tended to be 1. The results indicate that when
the excavation distance of the working face was less than
55m, the range of impact of the mining was the largest within
33m of the roof, and the impact on the strata at 33m of the
roof and above was small. When the excavation length of
the working face exceeded 55m, the scope of impact of the
mining expanded. The impact gradually reached and crossed
the strata where the roadway was located; the maximum
value of the impact was reached on the strata 70m above
the roof, as depicted in Figures 7 and 8.

Based on this investigation of overburden migration and
stress distribution, the stress distribution during the mining
process of the working face was summarized and analyzed.
The results obtained from the monitoring and distribution
of rock stress were compared with those of the model, and
the stress distribution in each layer was determined. The
stressed environment of the roof of the 879 gas drainage
roadway can be described as follows: After the mining of

879 gas drainage roadway No. 8 coal

No. 10 coal

Transfer of bed separation

(e) Excavation at 150m

879 gas drainage roadway No. 8 coal

No. 10 coal
Falling zone

Fracture zone

Bending subsidence zone

(f) Excavation at 180m

Figure 4: Movement characteristics of overlying strata during mining.
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the II 1051 working face, the 879 gas drainage roadway in the
upper part of the No. 10 coal seam lays in the stress-rising
area of the overlying strata formed by mining. As illustrated
in Figure 9, the stress concentration factor of the surrounding
rock increased, and the roadway was strongly affected by
mining. Thus, the roadway was prone to deformation and
failure.

4. Numerical Simulation Study on Stability of
Upper Roadway under Upward Mining

4.1. Establishment of Numerical Calculation Model. The finite
difference numerical simulation software FLAC3D was used

to establish the required model based on the actual geological
and mining technical conditions of the II 1051 fully mecha-
nized face and the prior establishment of similar models.
The model involves the studied coal seam, roadway, and its
top and bottom plates. It simulates the dip angle between the
coal and rock (20°) and the mining thickness of No. 10 coal
seam (2.5m). The model size is length × width × height =
360m × 400m × 320m, which is divided into 9, 36, and 160
grid units, as depicted in Figure 10. The upper boundary of
the model is defined as a free boundary, and the lower and left
and right boundaries are defined as single-constraint bound-
aries to limit their horizontal displacement. The mechanical
model adopts the Mohr–Coulomb strain-softening approach
to reflect the property that the residual strength gradually
decreases with the development of deformation after coal fail-
ure. A vertical load corresponding to the actual burial depth of
the model was applied to the upper boundary of the model to
simulate the stress exerted by the vertical pressure caused by
other overlying strata. The physical and mechanical parame-
ters of the model are listed in Table 1.

4.2. Steps in Numerical Simulation

(1) First, the relevant constraints of themodel were defined,
and the initial equilibrium operation was performed

(2) Second, the excavation balance among the transpor-
tation channel, track channel, and upper gas drainage
roadway in the II 1051 fully mechanized working face
was determined

(3) The working face was excavated step by step, and
each excavation was 10m deep

(4) Finally, comparative analysis and research were con-
ducted on the model after the excavation operation
had stabilized
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4.3. Analysis and Discussion of Numerical Simulation Results

4.3.1. Analysis of Characteristics of Failure Field of Rock
Surrounding Roadway during Advancing of Working Face.
Figure 11 depicts the distribution law of the roadway failure
field 120m from the initial position of the working face at
various advancing distances.

As illustrated in Figure 11, in the early stage of the work-
ing face mining, the degree and scope of damage of the road-
way floor and rock surrounding the roadway on either side
were large. With the continuous advancement of the working
face, the range of damage of the rock surrounding the road-
way gradually increased. When the advancing distance of
the working face was less than 60m, as shown in
Figures 11(a) and 11(b), the degree and range of damage of
the rock surrounding the roadway remained unchanged.
When the advancing distance exceeded 60m, as shown in
Figures 11(c)–11(h), the impact of the mining activities on
the surrounding rock on either side of the roadway began
to appear, and the degree and scope of damage began to
increase. The increase in the range of the scope of damage
of the roadway roof was small, and the degree and scope of
damage were less than those of the floor and either side. It

can be seen from the figure that the two sides of the roadway
were damaged primarily by shear, and the damage depth was
approximately 1.5–2m. The roof and floor of the roadway
were damaged in the form of shear damage and tension–
shear composite damage. The floor damage was the most sig-
nificant, with a damage depth of 2.5m, and the roof damage
was the least significant, with a damage depth of 1–1.5.

4.3.2. Analysis of Stress Change in Roadway during
Advancement of Working Face. To analyze the stress distri-
bution law of the rock surrounding the roadway in mining,
the area with the maximum stress concentration on either
side of the roadway was selected for data extraction to reflect
the maximum stress applied on the roadway. The data in the
figure were extracted from 10 to 400m of the model; the data
were taken every 10m. A total of 40 data points were cap-
tured from each survey line, and the data were extracted
when the model simulated the excavation of 30, 60, 90, 120,
150, 180, 210, and 240m. Eight data curves were obtained
for each side of the roadway, and the results are presented
in Figure 12.

It can be seen from Figure 12 that the continuous
advance of the working face led to a gradual increase in

Original rock stress area

Stress-rise zone
Stress-reduction zone

Stress-rise zone

Original rock stress area

Figure 9: Stress zoning diagram.

879 gas drainage roadway

II 1051 Working faceXY

Z

Figure 10: Grid diagram of numerical model.
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Table 1: Parameters of physical and mechanical properties of the model.

Rock name Thickness (m) Bulk (GPa) Shear (GPa) Coh. (MPa) Fric. °ð Þ σtension (MPa) Density (KN/m3)

Sand-shale interbeds 2 0.13 0.12 0.86 32 0.31 2530

Fine sandstone 4 1.05 0.68 1.28 38 0.52 2873

Siltstone 2.5 0.13 0.12 0.86 32 0.31 2530

No. 10 coal 5 0.25 0.10 0.50 28 0.17 1380

Mudstone 2 0.30 0.17 0.48 26 0.15 2483

Medium sandstone 6 0.55 0.43 1.28 38 0.52 2920

Fine sandstone 4 1.05 0.68 1.28 38 0.52 2873

Siltstone 3.5 0.54 0.41 1.10 34 0.41 2460

Mudstone 2 0.30 0.17 0.48 26 0.15 2483

Fine sandstone 3 1.05 0.68 1.28 38 0.52 2873

Sandy mudstone 8 0.13 0.12 0.86 32 0.31 2530

Fine sandstone 6 1.05 0.68 1.28 38 0.52 2873

Siltstone 3 0.54 0.41 1.10 34 0.41 2460

Mudstone 6 0.30 0.17 0.48 26 0.15 2483

Fine sandstone 5 1.05 0.68 1.28 38 0.52 2873

Alumine 4 0.06 0.04 1.00 32 0.36 2461

Siltstone 6 0.54 0.41 1.10 34 0.41 2460

Medium sandstone 6 0.55 0.43 1.28 38 0.52 2920

Fine sandstone 2 1.05 0.68 1.28 38 0.52 2873

Mudstone 8 0.30 0.17 0.48 26 0.15 2483

No. 8 coal 10 0.25 0.10 0.50 28 0.17 1380

Fine sandstone 2 1.05 0.68 1.28 38 0.52 2873

Mudstone 12 0.30 0.17 0.48 26 0.15 2483

(a) Advance 30 m (b) Advance 60 m (c) Advance 90 m

(d) Advance 120 m (e) Advance 150 m (f) Advance 180 m

None

Shear-n shear-p tension-p
Shear-p
Shear-p tension-p
Tension-p shear-p tension-p
Tension-p tension-p
Tension-p

(g) Advance 210 m (h) Advance 240 m

Shear-n shear-p

Figure 11: Distribution of characteristics of failure field of the surrounding rock at various positions from the working face.
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the degree of stress concentration on either side of the
roadway. The roadway was located in the mining abut-
ment pressure-rising area, which also corresponded to
similar simulation results; the degree of stress concentra-
tion on the right side of the roadway near the working
face was greater than that of the left side. When the
advancing distance of the working face was less than
60m, as shown in Figures 12(a) and 12(b), the stress on
the rock surrounding the roadway exhibited no apparent
change. At this time, the impact of mining did not affect
the strata of the roadway. When the advancing distance
of the working face was more than 60m, as shown in
Figures 12(c)–12(h), the stress on the surrounding rock
began to increase, and the roadway was definitely affected
by mining.

4.4. Reasons for Deformation and Failure Characteristics and
Instability of Roadway. The natural caving method was used
to manage the roof during the excavation process of the II
1051 working face. With the advance of the working face,

the overlying strata moved continuously, forming “three
zones” above the working face: the falling zone, fracture zone,
and bending subsidence zone. With the increase in the falling
height and the development of fractures, the bending subsi-
dence of the overlying strata intensified. Because the upper
roadway floor consisted of mudstone, the lithology was poor
and was affected by the bending subsidence of the overlying
strata; the floor is subjected to shear and tensile failures. With
the continuous advancement of the working face, the impact
of mining gradually affected the roadway horizon, stress con-
centration occurred on either side, and the damage gradually
developed from the floor to either side, which led to aggrava-
tion of damage to the sides, primarily in the form of shear
failure. Aggravation of the failure of the floor and either side
led to breaking of the equilibrium state of the rock surround-
ing the roadway, which further caused subsidence of the roof.
After the failure of the roof, the entire surrounding rock
gradually became unstable, which further increased the scope
of the floor failure and finally led to an increase in the failure
of the entire surrounding rock field.
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Figure 12: Vertical stress distribution on either side of roadway along strike under different advancing distance.
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5. Measurement and Analysis of
Roadway Deformation

To determine the deformation characteristics and stability
time of the roadway, the displacement observation station
was set at an appropriate position in the roadway. To deter-
mine the appropriate roadway support technology and sup-
port time, the cross point method was used to observe the
deformation of the roadway in the process of mining. The
observation started in early June and ended in December. A
measuring point was selected and set to 0. A negative value
indicates a distance near the measuring point, and a positive
value indicates a distance away from the measuring point. By
processing the observation data, the deformation curves
exhibited in Figure 13 were obtained for the roadway roof
subsidence, floor heave, and two sides.

As presented in Figure 13, with the advance of the II 1051
working face, the trend of roadway roof subsidence, floor
heave, and either side moving closer was roughly the same.
When the II 1051 working face was advanced to 60m away
from the measuring station, the impact of mining on the
roadway was weak, and the deformation of the roadway
was small. This conclusion was consistent with the results
of the numerical simulations. When the working face was
20m away from the measuring station, the speed of deforma-
tion of the roadway increased sharply. At this time, the roof
subsidence, floor displacement, and two-sided approach were
60, 300, and 90mm, respectively. When the working face was
pushed over the measuring station for 40m, the deformation
rate of the roadway began to slow down, and the deformation
of the roadway tended to be stable. At this time, the roof sub-
sidence, floor subsidence, and two-sided approach were 300,
800, and 400mm, respectively. From the field measurement
data, it can be seen that the 879 gas drainage roadway was
affected by the mining of the lower working face, and the
roadway deformation, particularly the floor heave, was evi-
dent. Therefore, floor heave control should be considered
when selecting a roadway support scheme.

6. Conclusion

We studied and analyzed the deformation and failure charac-
teristics of the overlying strata to understand the law that
governs their impact on similar characteristics of the upper
roadway and the instability mechanism of the roadway dur-
ing the mining of the lower protective seam. For this purpose,
the similarity simulation experiments and numerical simula-
tions were used.

(1) At the initial stage of mining, the movement and
deformation of the overlying strata had little impact
on the upper roadway. When the working face was
excavated at more than 55m, the movement and
deformation of the overlying strata began to spread
to the roadway, and the surrounding rocks on either
side of the roadway began to produce asymmetrically
distributed microcracks. With the continuous exca-
vation of the working face, the range of impact of
the mining stress also expanded. When the excava-

tion reached the terminal line, that is, the working
face was connected, the area impacted by the mining
stress extended to 70m above the roof roadway of the
working face. At this time, the roadway lays in the
mining stress-rising area, and the stress concentra-
tion factor of the surrounding rock increased

(2) Affected by the mining of the lower working face, the
degree of damage of the surrounding rock of the
roadway was intensified, and the two sides produced
shear damage. The roof and floor appeared in the
form of composite tension-shear damage, and the
degree of damage to the floor was greater. The depth
of the final damage to the floor was 2.5m, and the
depth of damage to either side and the roof of the
roadway was 1–2m. With the continuous advance-
ment of the lower working face, the degree of concen-
tration of stress on the surrounding rock gradually
increased, and that on the right side of the roadway
near the working face was greater than that on the left
side

(3) With the advancement of the working face, the trends
of roadway roof subsidence, floor heave, and either
side of the roadway moving closer were roughly the
same, indicating a dynamic trend of increasing slowly
first, then increasing sharply, and finally becoming
stable. Here, the floor deformation (800mm) was
the largest, followed by that of the two sides
(400mm), and the roof deformation was the smallest
(300mm). Therefore, floor heave control should be
considered in the selection of the roadway support
scheme
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Rock burst occurs frequently as coal mining depth goes deeper, which seriously impacts the safety production of underground coal
mines. Coal seam water injection is a technique commonly used to prevent and control such accidents. Moisture content is a critical
factor tightly related to rock burst; however, an in-depth insight is required to discover their relationship. In this study, the influence
of moisture content on the mechanical properties of coal and rock burst tendency is explored via multiple measurement techniques:
uniaxial compression test, cyclic loading/unloading test, and acoustic emission (AE) test. These tests were performed on coal
samples using the MTS-816 rock mechanics servo testing machine and AE system. The testing results showed that with the
increase in moisture content, the peak strength and elastic modulus of each coal sample are reduced while the peak strain
increases. The duration of the elastic deformation phase in the complete stress-strain curves of coal samples is shortened. As the
moisture content increases, the area of hysteretic loop and elastic energy index WET of each coal sample are reduced, and the
impact energy index KE is negatively correlated with the moisture content, whereas dynamic failure time is positively correlated
with the moisture content, but this variation trend is gradually mitigated with the continuous increase of moisture content. The
failure of the coal sample is accompanied by the sharp increase in the AE ring-down count, whose peak value lags behind the
peak stress, and the ring-down count is still generated after the coal sample reached the peak stress. With the increase in
moisture content, the failure mode of the coal sample is gradually inclined to tensile failure. The above test results manifested
that the strength of the coal sample is weakened to some extent after holding moisture, the accumulative elastic energy is
reduced in case of coal failure, and thus, coal and rock burst tendency can be alleviated. The study results can provide a
theoretical reference for studying the fracture instability of moisture-bearing coal and prevention of coal and rock burst by the
water injection technique.

1. Introduction

As underground coal mining gradually goes deeper, rock
burst has become a dynamic disaster seriously threatening
the coal mine safety production [1–3]. As an important index
used to measure the possibility of rock burst occurrence, the
burst tendency of coal is affected by various factors, among
which moisture content is a highly significant influencing
factor [4]. Coal seam water injection is a common technique
for preventing and controlling rock burst [5]. Therefore,
studying the influence laws of moisture content on the

mechanical properties of coal and its burst tendency will be
of great theoretical and practical significance.

Many researchers have studied the influence of moisture
content on the mechanical properties of coal body, mainly
concentrating on the compressive strength [6–10], the tensile
strength [10–14], and the physical properties under triaxial
tests [15–18]. Based on a widely accepted viewpoint, a piece
of coal, if containing water, will go through creep damage,
which also damages coal strength [19, 20]. Auxiliary moni-
toring means are generally adopted by many scholars to indi-
rectly reflect the strength loss relation of coal [21, 22].
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Acoustic emission (AE), a mature technique to moni-
tor sample failure process, can reflect the precursor infor-
mation of compression-induced fracture instability of coal
on the basis of the AE signal [23], and the peak value of
AE ring-down count appears nearby the peak stress, mak-
ing it applicable to geotechnical engineering, such as coal
mining, slope, tunnel, and bridge [24, 25]. AE signal has
a favorable corresponding relationship with the complete
stress-strain curve of coal [26–29]. The increase in the
moisture content of coal will repress the occurrence of
AE events [30–32], and meanwhile, the load-carrying
induced failure of moisture-containing coal-rock mass is
usually accompanied by the changes in its internal struc-
ture and physicochemical properties, as well as the energy
released in forms of AE, recovery of elastic energy, and so
on [33, 34].

Most of the abovementioned studies have been focused
on the influence laws of moisture content in coal on its
mechanical properties, which has, to a great extent, deepened
the understanding of fracture instability characteristics of
moisture-containing coal samples, but the influence of high
moisture content on the mechanical properties and burst
tendency of coal has been rarely involved. Therefore, study-
ing the influence of high moisture content on the mechanical
properties and burst tendency of coal under waterlogging
effect will be of great pertinence and significant research
value.

2. Introduction of Test

2.1. Testing Equipment and Sample Preparation. The testing
system used in this study was mainly composed of two
setups. The MTS-816 rock mechanics servo testing
machine was used for the uniaxial compression and cyclic
loading/unloading, and the DS5 AE system was employed
to monitor the AE data in the load-carrying process of
coal samples. The AE system was equipped with a probe
to acquire signals, which was bonded onto the surface of
the coal pillar using a coupling agent and mighty adhesive
tape. Based on the past testing experience, the sampling
frequency of the amplifier was set to 40 dB, with a thresh-
old value of 50 dB. The MTS-816 rock mechanics servo
testing machine consisted of a loading/unloading subsys-
tem and automatic data acquisition subsystem, which can
be conveniently operated via the computer. Meanwhile,
the testing process can be manually intervened, and the
control mode, test parameters, and test procedures can
also be altered. Figure 1 pictorially shows the ready condi-
tion of the coal sample.

To reduce the measurement errors induced by sample
preparation, a few coal samples were collected from the same
place and taken to the laboratory, followed by the coring,
cutting, and grinding procedures. Ultimately, they were
processed into cylindrical samples with a diameter of
50mm and a height of 100mm. The coal samples were
numbered as a1-a9 and b1-b9, where a1-a9 were used to
perform the mechanical property test and AE test under
uniaxial compression, and b1-b9 were used to test the
energy evolution characteristics under cyclic loading. The

pictures of the well-prepared coal samples are shown in
Figure 2.

2.2. Testing Program and Process. Before the test was started,
all coal samples were soaked in water to study their water
absorption laws. Firstly, the mass of each sample was weighed
and calculated, it was then soaked in water until reaching the
prescribed mass, and meanwhile, the time needed by the
sample to reach the prescribed moisture content was
recorded. Lastly, it was maintained in a closed container for
24 h, and the test was finally commenced. The moisture con-
tent ω is calculated by Formula (1), and the results are listed
in Table 1.

ω = M1 −M2
M2

∗ 100%: ð1Þ

The uniaxial compression test and cyclic loading/un-
loading tests were carried out in accordance with the stan-
dard of the China National Coal Association (GB/T
25217.2-2010). In the uniaxial compression test, the stress
loading was applied using MTS-816 on each coal sample
at a rate of 0.5MPa/s. In the cyclic loading/unloading test,
the load was applied to each sample at a rate of 0.5MPa/s
until reaching 75%–85% of average uniaxial strength, and
then, it was unloaded to 5% of uniaxial strength at the
same rate, and thereafter, the coal sample was cyclically
loaded and unloaded in this way. The maximum strength

Figure 1: Ready condition of the coal sample.

Figure 2: Some coal samples after processing.
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value of cyclic loading each time was 5% greater than the
maximum strength value at the previous loading stage
until the coal failure. During the testing process, the
MTS-816 was synchronously operated with the AE system,
where the MTS-816 system automatically acquired data,
recorded the stress, strain, and time, and drew the stress-
strain curves, and the AE system realized the automatic
acquisition of the event number.

3. Analysis of Test Results

3.1. Effects on Mechanical Properties of Coal Samples. The
complete stress-strain curves of several coal samples are
shown in Figure 3. Each curve can be divided into five phases:
fracture compaction, elastic, yield, failure, and postpeak
phases. Once the loading got started, the complete stress-
strain curve was obviously bent, and as the moisture content
increased, the slope of the curve was obviously reduced,
namely, the duration of the elastic deformation phase was
shortened and that of the plastic zone in the postpeak phase
was lengthened, and the overall curve was inclined to right-
ward offset, that is, the possibility of plastic failure was
increased. The moisture state significantly led to the mechan-
ical damage of coal samples.

The influences of different moisture contents on the
peak strength and peak strain of coal samples are shown
in Figure 4. Peak strain, referring to the strain of the coal
sample in case of peak stress, denotes the deformation
degree of the coal sample when experiencing a failure.
As shown in the figure, the peak strength of the coal sam-
ple has a negative linear correlation with the moisture
content, and the peak strain shows a positive linear corre-
lation with the moisture content. As the moisture content
increases from 16% to 25%, the compressive strength
declines from 4.28MPa to 1.71MPa, with the decreasing
amplitude approaching 60%. When the peak strain increases
from 0.01168 to 0.01736, the increasing amplitude is approx-
imately 32%. Therefore, the coal samples with high moisture
content showed more obvious plastic failure characteristics.
A possible reason is that after containing water molecules,
the enhanced plastic ability of coal particles lengthens the
fracture compaction phase and weakens the friction coeffi-
cient and cohesion between internal coal particles [35],

further indicating that the higher moisture content leads to
the lower peak strength, the higher peak strain, and the more
obvious coal “softening.”

Elastic modulus reflects the coal-rock deformation resis-
tance in the elastic deformation phase. Based on the linear
relationship between stress and strain in the elastic deforma-
tion phase, the elastic modulus of coal and rock [36] can be
calculated by

E = σ2 − σ1
μ2 − μ1

, ð2Þ

where σ is the stress at one point on the complete stress-
strain curve, MPa; μ is the corresponding strain of the com-
plete stress-strain curve.

Figure 5 and Table 2 show that the elastic modulus of coal
presents a declining trend with the increase in moisture con-
tent, showing an overall negative correlation. The elastic
moduli of most samples are roughly 0.35GPa, possibly
because the high moisture content in the coal sample leads
to an internal crack closure and tremendous friction

Table 1: Mechanical parameters of some coal samples.

Preloading condition No. Moisture content Preloading condition No. Moisture content

Uniaxial compression test

a1 16%

Loading/unloading test

b1 16%

a2 17% b2 17%

a3 17% b3 18%

a4 18% b4 18%

a5 19% b5 19%

a6 20% b6 21%

a7 21% b7 22%

a8 22% b8 23%

a9 25% b9 25%
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Figure 3: Complete stress-strain curves of coal samples with
different moisture contents.
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coefficient, which makes it difficult for the fracture surface to
slide during failure [37].

Under hydraulic pressure, the elastic modulus of the coal
sample will also be reduced, and the relation is as follows
[38]:

E = c − dp, ð3Þ

where c and d are coefficients and p is the hydrostatic
pressure.

From Formula (3) and Figure 5, it can be known that
elastic modulus will decline more obviously under high

hydraulic pressure. Therefore, coal is prone to deformation
and even failure under high moisture content and high
hydraulic pressure.

3.2. Energy Evolution Characteristics of Coal Samples. The
primary cause for a dynamic disaster is energy release [39].
Rock loading/unloading is a process of energy accumulation,
dissipation, and release, and the annular region enclosed by
the loading curve segment of the coal sample and the unload-
ing curve segment formed in the previous cycle is a hysteretic
loop [40, 41].

Based on the energy conservation law and thermody-
namics, the mechanical energy of the MTS-816 rock
mechanics servo testing machine can be largely divided into
two parts: internal elastic strain energy temporarily stored
and plastic strain energy. The relationship between those
two can be expressed by Formula (4) as follows:

U =U1 +U2 = 〠
n

i=1

1
2

σi+1 + σið Þ × εi+1 − εið Þ, ð4Þ

U1 =
ðb
a
σdε,

U2 =
ðc
b
σdε,

ð5Þ

where U is the total energy generated by the work done
by the external load to the rock sample, being the area
under the ith loading curve; U1 is the plastic strain
energy, being the area of the hysteretic loop in the ith
cycle; and U2 is the elastic strain energy, being the area
under the ith unloading curve. σi and εi are the corre-
sponding stress and strain values at each point on the
stress-strain curve.
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Figure 4: Influence curves of peak stress and peak strain of coal samples with different moisture contents.
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Table 2: Mechanical parameters of some coal samples.

Loading condition No. Moisture content Loading rate Elasticity modulus (GPa) Peak strength (MPa)

Uniaxial compression failure

a2 17%

0.5MPa/s

0.3722 3.94

a4 18% 0.3274 3.05

a8 22% 0.2361 2.63

a9 25% 0.1744 1.71
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Figure 6: Cyclic loading/unloading curves of coal samples with different moisture contents ((a) 18%; (b) 21%; (c) 25%).

Table 3: Calculation results of cyclic loading energy of coal samples.

Loading mode No. Moisture content
Number of cyclic stages

before failure

Total strain
energy U

Area of hysteretic
loop U1

Recoverable strain
energy U2

/J·m-3

Cyclic loading/unloading

b3 18% 12 2.95441 0.39274 2.56167

b6 21% 8 2.42494 0.44268 1.98226

b9 25% 5 2.00783 0.54268 1.46515
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The cyclic loading/unloading images of the coal sam-
ples with moisture contents of 18%, 21%, and 25% were
selected as an example demonstration. As shown in
Figure 6 and Table 3, the unloading curve of the coal sam-
ple was slightly lower than the loading curve, and the total
strain energy presents a declining trend. For each coal
sample in this test, the area of the hysteretic loop was
gradually enlarged with the increase in moisture content,
indicating that the dissipated energy gradually increases.
The peak stresses failing three coal samples are
3.112MPa, 2.663MPa, and 2.315MPa, after the 13-stage,
9-stage, and 6-stage cyclic loading, respectively. The peak
stress leading to the failure of the coal sample under the
cyclic loading/unloading is not much different from the
peak stress of the coal sample with the same moisture
content under the uniaxial compression. A possible reason
is that the overall strength of coal samples with high mois-
ture contents is partially low, and thus, the change laws of
peak strength under different loading modes can be hardly
distinguished.

According to the PRC National Standard (GB/T
25217.2-2010), the dynamic failure time DT means the
duration from peak strength to complete specimen failure
in the uniaxial compression test. The impact energy index
KE refers to the accumulative deformation energy before
the peak value leading to the sample failure, and the
deformation energy consumed after the peak value is
reached in the uniaxial compression test. The elastic
energy, an index used to measure the burst tendency of
coal-rock mass, is the ratio of the elastic energy to the
plastic strain energy in the cyclic loading/unloading test:
the greater the WET value, the smaller the energy dissi-
pated in the specimen loading process, namely, the stron-
ger the release of kinetic energy will be.

WET =
U2
U1

, ð6Þ

where U1 is the plastic strain energy, being the area of the
hysteretic loop in the ith cycle; and U2 is the elastic strain
energy, being the area under the ith unloading curve.

According to the PRC National Standard (GB/T
25217.2-2010), the coal samples in this test showed a weak
burst tendency. The burst tendency of coal was divided
into three types on the basis of the related indexes, as
listed in Table 4. When four indexes were contradictory,
the classification could be implemented using the fuzzy

comprehensive evaluation method. With the increase in
moisture content, the elastic energy index WET is reduced
from 6.52256 (strong impact) to 2.69984 (weak impact),
impact energy index KE from 6.36 (strong impact) to
2.06 (weak impact), uniaxial compressive strength σ from
3.94 (weak impact) to 1.71 (no impact), and dynamic fail-
ure time DT from 64.3ms (weak impact) to 193.34ms
(weak impact). Fundamentally, the burst tendency of the
coal sample is reduced after containing moisture. Higher
moisture content contributed to more obvious reduction
amplitude, further indicating that the coal sample with a
high moisture content experiences a failure by absorbing
less energy, thus mitigating its burst tendency. Given this,
the feasibility and theoretical reasonability of coal seam
water injection in the prevention and control of rock burst
are verified through the test.

Figure 7 and Table 5 reveal that as the moisture content
increases, the dynamic failure time is gradually lengthened,
and they have a positive correlation, whereas the impact
energy index is negatively correlated with the moisture
content, possibly because the water molecules change the
structure and connection type of particles inside the coal
sample. Unloading cannot be timely realized in case of

Table 4: Classification of burst tendency of coal.

Type Type I Type II Type III
Burst tendency No Weak Strong

Index

Dynamic failure time/ms DT > 500 50 <DT ≤ 500 DT ≤ 50

Elastic energy index WET < 2 2 ≤WET < 5 WET ≥ 5

Impact energy index KE < 1:5 1:5 ≤ KE < 5 KE ≥ 5

Uniaxial compressive strength (MPa) RC < 7 7 ≤ RC < 14 RC ≥ 14
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Figure 7: Fitted curves of dynamic failure time and impact energy
index of coal samples with different moisture contents.

6 Geofluids



failure of the coal sample with high moisture content, the
potential energy accumulated inside it fails to be timely
dissipated, and thus, long unloading time is needed. The
peak stress inducing the sample failure and elasticity
energy WET were gradually reduced with the increase in
moisture content, indicating that the existence of water
can reduce the elastic limit of the coal sample, soften the
rock, and easily lead to deformation and failure of the coal
sample. However, as the moisture content continuously
increases, the weakening effect of water on coal strength
is gradually alleviated, while the coal with a high moisture
content would maintain a certain strength.

Based on the data acquired by the DS5 AE system, the AE
energy count and ring-down count of some coal samples
were selected in this study. Accumulative energy—energy of
mathematical meaning—reflects the intensity of the relative
energy of the AE signal, and it is calculated as the area under
the detection envelop line of the AE signal; ring-down count
reflects the number of AE events, and it has a certain corre-
sponding relation with the internal damage degree of rock
material [42, 43].

From the ring-down count and stress-strain curves as
shown in Figure 8, the peak value of AE ring-down count
appears nearby the peak stress. In the initial compaction
phase, the early stage AE signal of the coal sample was
obviously weak due to the softening and lubricating effects
of water, and almost no AE signal is generated; in the
elastic and yield phases, the AE signal of each sample is
obviously enhanced; in case of coal failure, microcracks
can be intuitively observed, accompanied by the sharp
increase in AE ring-down count. The peak value of AE
ring-down count lags behind the peak stress, and the
ring-down count is still generated after the coal sample
reaches the peak stress. However, under an excessively
high moisture content, the lag time is shortened, indicating,
again, that under an extremely high moisture content in the
coal sample, the generation of AE events in the sample is
weakened, namely, the ability of water molecules to change
the internal structure of the coal sample is limited.

By analyzing the accumulative energy and stress-strain
curves in Figure 8, each coal sample experiences a slow
increase in energy in the initial phase, and the sharp increase
in energy can be obviously observed before the coal failure.
As natural soaking is adopted to treat the coal samples, the

bonding ability between coal particles is degraded due to
the action of moisture, and the energy needed by the coal
sample to reach the peak stress is reduced. The accumulative
energy in case of coal failure presents a gradual declining
trend, demonstrating that the coal sample with a higher
moisture content absorbs less energy when going through a
failure. As shown in Figure 8(b), the accumulative energy is
still increasing after the peak stress, because after the coal
sample reaches the peak stress, the AE probe fails to be fixed
around the sample. As the test proceeds, a slight collision
takes place between the probe and the wall surface of the coal
pillar. The curves in Figure 8(c) are not continuously chan-
ged with the implementation of this test, because the coal
sample is already completely damaged during the loading
process, the AE probe falls off, and thus the complete data
cannot be acquired.

The moisture content has a bearing on the form of
coal failure in addition to its strength. As shown in
Figure 9, the failure modes of coal samples are analyzed.
The coal samples mainly experience tensile fracture failure,
and meanwhile, a small number of shear cracks are gener-
ated. By comparing the crack development in Figure 10,
the red line represents macrocrack. With the increase in
moisture content, the coal failure form gradually tends to
be a tensile failure, and as for their morphological character-
istics, they are run through by tensile cracks. These cracks are
fully developed, and the fragment shedding phenomenon
occurs to some coal samples in case of failure. The tensile
cracks are not obvious in the coal sample with the moisture
content of 16%, possibly because the coal sample experiences
a failure under the insufficient development of the tensile
fracture failure.

4. Conclusions

The mechanical properties, energy storage characteristics,
and failure modes of moisture-containing coal samples are
analyzed through the uniaxial compression test, loading/un-
loading test, and AE test. Ultimately, the following conclu-
sions were drawn:

(1) As the moisture content increases, the duration of the
elastic phase in the loading-induced coal failure is
shortened, while the duration of the plastic zone in

Table 5: Test values of burst tendency of some coal samples.

Loading condition No. Moisture content Dynamic failure time DT (ms)
Impact energy index

KE

Elastic energy index
WET

Uniaxial compression failure

a2 17% 64.3 6.36 —

a4 18% 141.6 3.01 —

a8 22% 179.1 2.63 —

a9 25% 193.34 2.06 —

Cyclic loading/unloading

b3 18% — — 6.52256

b6 21% — — 4.47789

b9 25% — — 2.69984
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Figure 8: Stress-strain-accumulative energy-ring-down count curves under different moisture contents ((a) 17%; (b) 21%; (c) 25%).

8 Geofluids



(a) (b)

(c) (d)

(e)

Figure 9: Broken states of coal samples with different moisture contents ((a) 16%; (b) 17%; (c) 20%; (d) 21%; (e) 25%).
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the postpeak phase is lengthened. The higher mois-
ture content leads to the lower peak strength and
elastic modulus of coal, and the more obvious coal
“softening”

(2) The peak stress leading to coal failure, area of the hys-
teretic loop, and elastic energy index WET decline
with the increase in moisture content. The impact
energy index KE is negatively correlated with the
moisture content, and the dynamic failure time DT
positively correlates with the moisture content, but
as the moisture content continues to increase, this

variation trend is gradually mitigated, indicating that
when the coal sample goes through a failure after
containing moisture, the accumulative elastic energy
is reduced, so is the burst tendency. However, when
the moisture content approaches the saturated state,
the weakening effect of water on coal strength is grad-
ually mitigated, and the coal sample with a high
moisture content retains a certain strength

(3) The number of AE events shows an excellent corre-
sponding relation with the complete stress-strain
laws of coal samples. The coal failure is accompanied

(a) (b)

(c) (d)

(e)

Figure 10: Local images of the broken states of coal samples with different moisture contents ((a) 16%; (b) 17%; (c) 20%; (d) 21%; (e) 25%).
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by the sharp increase in AE ring-down count, which
lags behind the peak stress, and is still generated after
the coal sample reaches the peak stress. The tensile
failure is a dominant failure mode of the coal sample,
along with a small quantity of shear failure. With the
increase in moisture content, the failure mode is
gradually inclined to tensile failure, and the fragment
shedding phenomenon occurs to some coal samples
in case of failure
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