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With the eﬀects of high geostress and intensive dynamic disturbances in deep mining, the stability and safety of tunnels are
seriously aﬀected. The optimization for U-shaped steel support is of vital signiﬁcance and can solve the problems of cost
reduction and tunnel instability. Based on the perturbation equation, a coupled formula for U-shaped steel and the surrounding rock mass was proposed to evaluate the practical stability of a U-shaped steel support. Through a numerical
simulation method, the characteristics of U-shaped steel support can be obtained under coupled static-dynamic loading.
Furthermore, the ﬁeld test was carried out and compared with the numerical simulation, which was discussed. The results show
that there will be a stress concentration when the contact area is small. In addition, the concentrated stress will release with the
increase in contact area. With the increase in the lateral stress coeﬃcient, the deformation exhibits a downward trend under
static loading, indicating that the lateral stress is the dominant force driving the deep geostress activity. The support requirement of this section of surrounding rock can be satisﬁed by a U-shaped steel group with 1.5 m spacing under
dynamic disturbance.

1. Introduction
Due to the severe situation in the mining market in recent
years, all mining enterprises are further reducing the cost and
increasing eﬃciency, and the cost of tunnel support accounts
for a large proportion of the cost of mine production materials.
If the support forms and parameters of the tunnel are not
chosen properly, it will cause two extremes: one is the high
intensity of support, which will cause high support costs and
aﬀect the speed of excavation. The other is that the strength of
support is not enough to eﬀectively control the deformation of
surrounding rock, and safety accidents can easily occur such as
roof fall. How to reduce the support cost under safe conditions
has become a new topic in the production of enterprises.
Because the mine production condition is special, safe,
and stable, production can enter the track of the virtuous

circle. Particularly, roof collapse is one of the most destructive safety accidents occurring during and after the deep
tunnel excavation. According to statistical data, approximately 1200 deaths have been caused by tunnel instability in
2008 in China; tunnel instability is an accident that is difﬁcult to predict, creates a great safety hazard, and produces
strong destructiveness [1]. Therefore, to reduce the support
cost, ﬁrst of all, we should do a good job of safety, to solve the
problem of roadway instability.
To solve the tunnel instability problem, the microseismic
monitoring technology is employed to locate cracks and
characterize the stress conditions for the physical processes
related to rock deformation and failure, which can provide
guidance for the evaluation of tunnel stability [2–5].
However, the diﬃculties in accurate identiﬁcation and localization for microseismic sources may delay the stability
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analysis; thus, tunnel safety cannot be eﬀectively ensured.
Dong et al. [6, 7] established an interval nonprobabilistic
reliability model to analyze the stability of jointed rock mass.
In addition, Li et al. [8–11] were the ﬁrst to study the
mechanical properties of rock under dynamic and static
combined loading and put forward the corresponding
constitutive model, as well as the two coupling loading
methods “critical static stress slight disturbance” and “elastic
static stress shock disturbance,” and applied them to the
experiment. Through the small-scale model tests, Kirsch [12]
researched the evolution of failure mechanism for diﬀerent
overburden layers over the tunnel. Yang et al. [13] established a numerical model of tunnel ventilation using UDEC,
and then the tunnel failure process was simulated. Based on
the numerical simulation and laboratory experiment, Wang
et al. [14] investigated the deformation characteristics, stress
distribution, and stability of surrounding rock in tunnels,
which provided useful information for the tunnel collapse
process. However, it is worth noting that the abovementioned research mainly focuses on the analysis of failure
mechanism and process, which is a type of post hoc analysis
for the excavated tunnels. Actually, it is also important to
select suitable and eﬀective supporting methods for tunnels,
which can basically prevent the deep tunnel instability in a
direct way, and the purpose of reducing the support cost is
achieved.
Currently, the commonly used supporting technologies
include shotcrete [15], bolts [16], and steel I-beams [17],
and their characteristics and performances have been
comprehensively discussed. Zhou et al. [18] calculated the
critical buckling stress of the I-steel concrete composite
beams, which provided a theoretical basis for improving
the support eﬀect of the I-steel concrete composite beams.
Cao et al. [19] put forward a bolt support method for
tunnels that can reduce surrounding rock deformation
through optimization of bolt parameters and arrangement,
ﬂoor beam layout, and full-length grouting. Although
these technologies have the advantages of low support
costs and improved support eﬀects, most of them have the
disadvantages including the low support strength, antibending capacity, and diﬃcult applicability, which are also
prominent [20, 21]. Thus, it is more suitable for them to be
applied in shallow tunnels, instead of deep tunnels with
high geostress. In recent years, more attention has been
paid to the yieldable U-shaped steel due to its superior
characteristics shown in deep tunnels, which can eﬀectively control the surrounding rock deformation through
the adaptation of proper support intensity. Liu et al. [22]
explored the mechanical mechanism of U-shaped steel
supports using ANSYS software. Jiao et al. [23] improved
the support eﬀects of the traditional U-shaped steel sets in
a loose thick coal seam, which can accelerate the excavation and reduce cost. However, the factors including
support spacing, side stress coeﬃcient, dynamic disturbances, and contact area between U-shaped steel and
surrounding rock are not comprehensively considered in
the previous research, actually. The support spacing and
contact area are related to tunnel stability and mine cost. In
deep tunnels, horizontal stress is one of the important
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factors related to tunnel instability, and mine operation is
aﬀected by blasting impacts and other events. Therefore, it
is signiﬁcant to study the U-shaped steel support in deep
tunnels under the eﬀects of various inﬂuencing factors.
In view of this, we put forward a coupled formula for the
U-shaped steel and surrounding rock in deep three-center
arch tunnels that can be used to evaluate U-shaped steel
failure. Then, a 3D coupled model was established using
ANSYS software. With the considerations of diﬀerent
support spacings, side stress coeﬃcients, contact area ratios,
and dynamic disturbances, the stability of surrounding rock
and the support eﬀect of U-shaped steel were comprehensively researched. Furthermore, combined with the ﬁeld
blasting vibration tests, the numerical simulation results
were analyzed and veriﬁed. Finally, the optimal support
spacing of U-shaped steel was solved with the combination
of stress concentration factor. This paper is expected to
provide theoretical guidance for the U-shaped steel support
of deep tunnels, which can improve tunnel stability and
reduce support cost.

2. Establishment of the Coupling Model
In general, the micromodels are established to explore the
mechanisms between surrounding rock and support
system [24, 25], which are commonly established for the
circular tunnels. On this basis, a coupling model between
surrounding rock and U-shaped steel in the three-core
arch tunnel is proposed. The U-shaped steel is simpliﬁed
and can be regarded as a bar member, as shown in
Figure 1.
2.1. Perturbation Equation Addition. The arch form exists in
both U-shaped steel and surrounding rock. It is advisable
that the arch deformation mode should be set as sin(πx/t),
according to reference [25]. Combined with the static
pressure and harmonic roof plate disturbance, the sum of
uniform load and roof plate disturbance can be calculated as
πx
Q(x, t) � F(cos Ωt) · sin  + q(x, t),
(1)
L
where Q(x, t) is the sum of uniform load and roof plate
disturbance, F is the vibration amplitude, Ω is the vibration
angular frequency, and q(x, t) is the uniform load on the
U-shaped steel roof plate.
2.2. Analysis of Coupling Failure between U-Shaped Steel and
Surrounding Rock. The main form of bar failure is tensile
failure. The maximum tensile stress can be calculated with
the critical tensile force of the bar:
σ max �

ρL2
ρL2
− σh �
− ξ · Q(x, t),
2h
2h

(2)

where ρ is the rock mass density, ξ is the side stress coeﬃcient, and σ max is the maximum tensile stress.
The critical force for the pressed beam is calculated as
follows:
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Q (x, t)

1.15
1.10

Instability

1.05
A 1.00
0.95
σh

h

σh

L

0.90

Stress of the original rock area

Figure 1: Coupling model of the roof of the surrounding rock and
supporting body. Q(x, t) is the sum of the uniform load and vibration of the roof plate, acting on the upper part of the bar; σ h is
the horizontal stress, acting on the horizontal direction of the bar; L
is the length of the bar and can be the span of U-shaped steel; h is
the thickness and can be set to unit length “1.”

π2 EI
� σ cr · bh,
(μL)2

25
30
Q (x, t) (Mpa)

35

40

Stability

U-shaped steel spacing is diﬀerent. The A value in all cases in
the table is less than 0, which means the U-shaped steel does
not break. Considering the physical parameters of surrounding rock, it is normal to meet the requirements of
stability.

3. ANSYS Numerical Simulation Analysis
(3)

2

π Eh
,
σ cr �
3L2
where σ cr is the critical stress for the pressed beam; b is the
beam width and can be set as unit length “1”; μ is the length
coeﬃcient, taken as 0.5; and I is the second moment of area.
When the maximum compressive stress of the bar is
greater than the critical stress (σ cr < σ h ), U-shaped steel will
be unstable. The safety factor A determines the stability:
A�

20

Figure 2: U-shaped steel failure curve. Q(x, t) is the sum of
uniform load and roof plate disturbance, and A is the factor of
safety. The value of A decreases with the increase in elastic modulus
Q(x, t).

Plastic area

2

15

0.85

Elastic area

Fcr �

10

σ max  ρL2 /2h − ξ · Q(x, t) 3L2 ρL2 − 2hξ · Q(x, t)
�
.
�
2π2 Eh3
σ cr
(π2 Eh2 /3L2 )
(4)

If A > 1, U-shaped steel will be unstable.
If A < 1, U-shaped steel will be stable.
The diﬀerent values of the sum of uniform load and roof
plate disturbance are substituted into equation (4), and the
failure curve of U-shaped steel is drawn, as shown in Figure 2. A critical point of U-shaped steel failure is obtained
roughly, which is located between E � 24 MPa and 26 MPa,
which provides some guidance for subsequent numerical
simulation.
2.3. Formula Demonstration. Hypothetical surrounding
rock mechanical parameters are σ c � 20 MPa, C � 6 MPa,
φ � 25° , G � 5 GPa, R0 � 3 m, P0 � 15 MPa (low ground
stress ﬁeld), and P0 � 35 MPa (high ground stress ﬁeld).
To verify the correctness and the eﬀectiveness of the
solved formula, several groups of simulations and ﬁeld related data are listed in Table 1, in which P0 represents
diﬀerent vertical stresses. The stress varies when the

In order to study the support eﬀect of U-shaped steel on-site,
a coupling model between U-shaped steel and surrounding
rock was established based on mine geological data. The
parameters of 25 U-shaped steels and rock masses are shown
in Tables 2 and 3.
In the process of numerical simulation, it is impossible to
take all factors that aﬀect the tunnel stability into account.
Therefore, the simulation makes some necessary assumptions: (1) the rock mass is regarded as a continuous, homogeneous, and isotropic medium; (2) the contact surface of
U-shaped steel and rock mass is in good condition with no
relative slip; and (3) the eﬀects of groundwater are not
considered.
According to the degree of rock fracture in deep mines,
Dong and Zhao [26] divide the quality of surrounding rock
into ﬁve grades. The selected parameters are similar to those
of grade II rock mass with small collapses and low strength
of rock fracture section. In order to ensure the safety and
stability of the tunnel, the tunnel adopts the U-shaped steel
support.
The parameters in Tables 2 and 3 are inputted into the
model, and 24 monitoring points are arranged on the
U-shaped steel beam on average; the boundary conditions of
the model are carried out, as shown in Figure 3.
3.1. Spacing Inﬂuence Factor. The rationality of U-shaped
steel spacing is one of the important problems related to the
redundancy of support and the economic beneﬁt of the
whole mine. More importantly, it can protect the supports
from out-of-plane instability. For this purpose, the equivalent stress and deformation of U-shaped steel at diﬀerent
spacings were simulated, as shown in Figure 4. Among them,

4
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Table 1: The safety factor of the coupling model between the surrounding rock and U-shaped steel.

Plan
A
B
C
D
E

P0 (MPa)

K

P

Ω(Hz)

v(m/s)

t(s)

A

15
20
25
30
35

0.8
1.0
1.2
1.5
2.0

1/4
1/3
1/2
3/4
1

10
30
50
70
90

1
2
3
4
5

4.5
4.6
4.7
4.8
4.9

<0
<0
<0
<0
<0

K is the side stress coeﬃcient, and P is the contact area ratio.

Chemical
composition
Geometric
parameters

Mechanical
properties

Table 2: The chemical composition, geometric parameters, and mechanical properties of U-shaped steel.
P
C
Si
Mn
ALt
0.21∼0.31
0.2∼0.6
1.20∼1.60
≥0.015
≤0.045
Inertial
Sectional
Weight
Moment of inertia (cm4)
radius
Sectional modulus (cm3)
area (cm2)
(kg·m−1)
(cm)
IY
Ix
Iy
WX
WY
IX
31.79
24.95
495.8
551.9
3.95 4.17
83.1
81.77
Tensile
Yield
Bending test (D � diameter
Shear
Young’s
Elongation
strength
strength
(mm); A � sample thickness
strength
modulus
at break (%)
(MPa)
(MPa)
(mm))
(MPa)
(GPa)
530
335
20
D � 3A
318
206

Table 3: Rock mechanical parameters.
Parameter
Young’s modulus (GPa)
Poisson’s ratio
Compressive strength (MPa)
Tensile strength (MPa)
Internal friction angle
Cohesion (MPa)

Supporting section
surrounding rock
98
0.22
75
10
35
27

the distance is between 1.0 m and 2.5 m, the deformation of
each monitoring point is increased, but the amount of
deformation at 0.5 m is relatively large. The local single data
and the overall data deviation need to be quantiﬁed.
3.2. Impact Factor of Lateral Stress Coeﬃcient. The side stress
coeﬃcient is the ratio of vertical stress to horizontal stress,
which is an important aspect of tunnel stability. The lateral
stress coeﬃcient is related to tunnel stability, so a tunnel
support model with diﬀerent lateral pressure coeﬃcients and
1.5-meter spacing is established, as shown in Figure 5. It can
be seen that, with the increase in lateral stress coeﬃcient, the
main force of U-shaped steel is transferred from the top
beam to the side beam.
Second, the deformation values of U-shaped steel
monitoring points under each side stress coeﬃcient are
extracted, and the curves are drawn, as shown in Figure 6.
The black broken line deformation is the largest and the
green broken line deformation is the smallest, indicating that
the main force of failure and instability of deep U-shaped
steel is horizontal stress.
Considering only one factor is not enough to obtain the
support law, diﬀerent spacings are added on the basis of

S
≤0.045
Static
moment
(cm)
Sx
197.5
Poisson’s
ratio
0.3

diﬀerent lateral stress coeﬃcients. As shown in
Figures 7(a)–7(c), it can be seen that the deformation
amount of the black broken line with the distance of 0.5 m is
larger than that of the 1.0 m red broken line. The deformation of the black broken line with 0.5 m spacing is
smaller than that of the 1.0 m red broken line, which indicates that, with the increase in the side stress coeﬃcient,
the deformation characteristics of the U-shaped steel with
small spacing will change. The side stress coeﬃcient increased, and the outburst deformation part of U-shaped steel
was transferred from the top beam to the side beam.

3.3. Impact Factor of Contact Area Ratio. In practical applications, due to construction problems, the tunnel surface
is often not regular, and the erection of U-shaped steel
cannot be completely aligned with the surrounding rock.
Because the ﬁtting is incomplete, the local stress concentration phenomenon often appears [27]. Stress concentration refers to the phenomenon that the maximum stress
value is higher than the average stress value in the local
region of the structure or member. Therefore, it is necessary
to analyze the contact area ratio between U-shaped steel and
surrounding rock. For this reason, a tunnel support model
with a lateral pressure coeﬃcient of 1 and a distance of 1.5 m
is established, under diﬀerent contact area ratios, as shown
in Figure 8. From Figures 8(a)–8(c), it is found that the
bottom of the U-shaped steel has less contact with the rock
mass, and the equivalent stress value is higher. It can be seen
from Figures 8(d)–8(f ) that the equivalent stress values are
smaller than those shown in Figures 8(a)–8(c). The side
beam contact is relatively higher, and the equivalent stress
value is low. It indicates that, with the increase in ground
stress, the dangerous point of the material is the point with
higher equivalent stress.

Advances in Civil Engineering

5

D: tow force

ANSYS

16.0
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C
D
E
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X
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U-steel deformation

U-steel deformation

Figure 3: Coupling model of U-shaped steel and surrounding rock. The boundary conditions and 24 monitoring points are represented with
A to F and red spheres.
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Figure 4: Continued.
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Figure 4: Deformation of the U-shaped steel with diﬀerent spacings: (a) 0.5 m; (b) 1.0 m; (c) 1.5 m; (d) 2.0 m; (e) 2.5 m. They are represented
by the curves in black, red, blue, pink, and green, respectively. Blue to red, small to large deformation. The data from the monitoring points
are extracted and drawn as the broken line map (f ). The maximum values were 1.5502 mm, 1.2614 mm, 1.2615 mm, 1.2617 mm, and
1.2619 mm, respectively.
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1.0 side stress coefficient

U-steel deformation

(b)

U-steel deformation

(a)

1.2 side stress coefficient

1.5 side stress coefficient

(c)

(d)

Figure 5: Continued.
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Figure 5: Deformation of the U-shaped steel with diﬀerent lateral stress coeﬃcients: (a) 0.8; (b) 1.0; (c) 1.2; (d) 1.5; (e) 2.0. Dark blue to deep
red, small to large deformation. The maximum values were 1.3533 mm, 1.2614 mm, 1.1701 mm, 1.0344 mm, and 0.95849 mm, respectively.
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Figure 6: The deformation of various side stress coeﬃcients. The
black broken line, red broken line, blue broken line, pink broken
line, and green line represent the deformation of 0.8, 1.0, 1.2, 1.5,
and 2 side stress coeﬃcients, respectively.

From the maximum deformation shown in Figure 9, it is
known that the U-shaped steel bearing capacity is mainly on
the top, and with the increase in the contact area, the
maximum deformation is decreasing.
Data extracted for analysis are shown in Figure 10.
Figure 10(a) shows oscillating discontinuity at monitoring
points numbered 8 to 17 (U-shaped steel roof beam).
According to the lateral stress coeﬃcient inﬂuence factors,
vertical stress plays a leading role when the lateral stress
coeﬃcient is 1.0. Therefore, the deformation part is the top
beam part, and at this time, the value of the top beam part is
an oscillating discontinuity, which indicates that the local
stress concentration forms when the contact area is small. As
shown in Figures 10(b)–10(f ), with the increase in the
contact area ratio, the U-shaped steel contact with the
surrounding rock is increased. The concentration stress of

the untouched part of the U-shaped steel roof beam is
transferred to other contact parts, and the concentration
stress is released eliminating the oscillating discontinuity
phenomenon.
To compare the deformation of diﬀerent contact area
ratios, the data of each monitoring point at 1.5 m spacing are
drawn in Figure 11. Among them, under the condition of
complete contact, the deformation of each monitoring point
is smaller than other conditions, which indicates that the
coupling eﬀect of U-shaped steel and surrounding rock is
good, the overall force is enhanced, and the supporting eﬀect
is better. When the contact area ratio is 1/4, there is a
signiﬁcant jump at monitoring points 8 to 17, that is, the
stress concentration part. That is to say, for a part of
U-shaped steel, the pressure increases when the force area
decreases, and the maximum stress value in the local region
of the member is higher than the average stress value.
3.4. Force Analysis of U-Shaped Steel under Dynamic
Disturbance. With the increase in depth, underground
stress activity intensiﬁes, which often has a great inﬂuence
on tunnel stability [28]. Therefore, based on the original
model, a dynamic disturbance was added to simulate its
eﬀect on the supporting body, as shown in Figure 12. Based
on this analysis under two schemes, ﬁrst, the dynamic block
sustained 0.1 s impact on the rock mass at the velocity of
60 m/s. Second, the dynamic block sustained 0.15 s impact
on the rock mass at the velocity of 50 m/s. The impulse of
scheme 1 is less than that of scheme 2, which indicates that
the acting force of scheme 1 is less than that of scheme 2.
The following results were obtained by simulation of the
two schemes, as shown in Figure 13. From Figure 13(c), it is
concluded that the deformation of the left beam is clearly
close to the dynamic disturbance, especially at the bottom.
From Figure 13(f ), it is concluded that the maximum deformation occurs at the 45° oblique beam, while the lateral
beam and the bottom are relatively small. Figure 13(d) is
more uniform than Figure 13(a), and there is no irregular
deformation distribution in the model. In Figure 13(f),
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Figure 7: The deformation of various monitoring points with diﬀerent factors. (a) Deformation of the 0.8 side stress coeﬃcient; (b)
deformation of the 1.0 side stress coeﬃcient; (c) deformation of the 1.2 side stress coeﬃcient; (d) deformation of the 1.5 side stress
coeﬃcient; (e) deformation of the 2.0 side stress coeﬃcient. The black curve represents the distance of 0.5 m; the red curve, the distance of
1.0 m; the blue curve, the distance of 1.5 m; the pink curve, the distance of 2.0 m; the green curve, the distance of 2.5 m.

relative to Figure 13(c), the deformed section of the monitoring point is transferred from the lateral beam to the
inclined 45° beam. This shows that, with the increase in
dynamic disturbance time, the main force points of
U-shaped steel will change and transfer to the top beam.
In view of this, the deformation and equivalent stress
values of the two schemes are extracted for analysis, as
shown in Figure 14. It can be seen from Figure 14(a) that the
deformation of the power block is larger if the force is large.

The equivalent stress of the supporting body is larger if the
speed of the power block is larger at monitoring points 1 to 7,
as shown in Figure 14(b). However, monitoring points 8 to
24 do not follow this rule. It is thus evident that the velocity
aﬀects the supporting body, and the magnitude of the
equivalent eﬀective stress depends on the distance between
the power block and the supporting body.
Metal mine tunnels are usually carried out by blasting.
The existence of shock waves caused by blasting aﬀects the
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1/4 contact area

Equivalent stress

(b)

Equivalent stress

(a)

1/3 contact area

1/2 contact area

(d)

Equivalent stress

Equivalent stress

(c)

2/3 contact area

3/4 contact area
(e)

Full contact
(f )

Figure 8: The overall equivalent stress. The equivalent stress is based on the stress contour line to express the stress distribution in the model.
It can clearly describe the variation in a result in the whole model so that it can quickly determine the most dangerous region in the model.
The equivalent stress maps with contact area ratios of (a) 1/4, (b) 1/3, (c) 1/2, (d) 2/3, (e) 3/4, and (f ) 1 are shown. The maximum values were
1.6939e8 Pa, 1.7734e8 Pa, 1.7192e8 Pa, 1.8352e8 Pa, 1.8613e8 Pa, and 1.1269e8 Pa, respectively.

safety of underground mining. Therefore, the inﬂuence of
blasting disturbance on U-shaped steel during tunnel excavation is simulated, as shown in Figure 15. Subsequently,
according to diﬀerent explosive quantities, the blasting is
carried out in the adjacent tunnel, and the result is shown in
Figure 16. To further study the supporting mechanism of
U-shaped steel, the blasting wave is extracted and analyzed,
as shown in Figure 17. It can be seen from Figures 17(a)–
17(d) that the positive and negative signs of velocity

represent directionality, and the maximum vibration velocity approximately increases with the increase in explosive
content.
Finally, the stress values of U-shaped steel are extracted,
as shown in Figure 18. With the increase in explosive
quantity, the equivalent stress decreases ﬁrst and then increases. The possibility of this phenomenon is twofold:
ﬁrst, the eﬀect of energy transfer in the rock mass is
diﬀerent when the vibration frequency of diﬀerent
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U-steel deformation
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Figure 9: Total deformation of U-shaped steel with the contact area ratios of (a) 1/4, (b) 1/3, (c) 1/2, (d) 2/3, (e) 3/4, and (f ) 1/1. The
maximum deformation values were 1.3069 mm, 1.3027 mm, 1.2906 mm, 1.2863 mm, 1.2813 mm, and 1.2614 mm, respectively.

explosions is diﬀerent. Second, the blast wave propagates in
the air and rock mass to produce reﬂection. It is possible that
the blast wave and reﬂected wave are oﬀset, and it is also
possible to stack.
In view of this, it is not ideal to consider only the equivalent
stress, so the strain value of the corresponding model is
extracted, as shown in Figure 19. The strain value is positive,
indicating that the stress of U-shaped steel is tensile stress, and
vice versa for compressive stress. It can be seen that the main
force of U-shaped steel in Model 1 and Model 3 is tensile stress.
Model 2 and Model 4 are mainly under compressive stress.

Therefore, the force of U-shaped steel changed from tensile to
compressive due to the change in explosive content,
showing that it is within the disturbance range (no more
than tensile-compressive strength), and the support’s
physical strength can eﬀectively guarantee the safety of the
supporting section. It can be seen from Figures 17 and 18
that the explosion wave propagation will produce reﬂected
waves in the rock mass. Based on the diﬀerent blasting
frequency, the vibration wave will be superimposed or
oﬀset; the smaller the blasting vibration frequency is, the
greater the impact of the supporting body is.
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Figure 10: Various factors and contact area ratio for the deformation: (a) 1/4; (b) 1/3; (c) 1/2; (d) 2/3; (e) 3/4; (f ) 1/1. The black curve
represents the distance of 0.5 m; the red curve, the distance of 1.0 m; the blue curve, the distance of 1.5 m; the pink curve, the distance of
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Figure 12: Dynamic impact model diagram. The blue model represents the rock mass, the black one represents the U-shaped steel, the red
square represents the dynamic impact block, and the dynamic impact block from the laneway is (x : − 9.0, y : 0.5, z : 2.5).

4. Field Tests and Discussion
The data and results obtained from the above numerical
simulation were compared and analyzed according to the
actual situations. Figure 20 is a plane diagram of −630 m
middle section of Jiaojia Gold Mine, Shandong Gold Group,
China. The U-shaped steel of the ramp road was selected for
analysis, as shown in Figure 21.
Combined with the rock mass characteristic parameters
in the support section, the numerical simulation test was

carried out with the formula derived in this paper and the
ﬁeld blasting data, and the results were analyzed, as shown in
Figure 22. The simulated blasting wave data generated by
40 kg explosives were compared with the spot blasting data.
The actual blasting velocity waveform basically coincided
with the simulated blasting waveform, the actual waveform
was slightly larger, and the error between the two waveforms
was approximately 10%. Then, the ﬁeld data are added to the
U-shaped steel surrounding rock coupling formula to verify
the calculation results shown in Table 1. Apparently,
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Figure 13: Overall disturbance distortion. (a, d) Total deformation. (b, e) U-shaped steel magniﬁcation diagram. (b, e) Deformation of Ushaped steel monitoring point. (a), (b), and (c) are the numerical simulation of scheme 1, and (d), (e), and (f ) are the numerical simulation of
scheme 2.

excluding the impact of groundwater and rock joints and
fractures, the U-shaped steel spacing is 1.5 m, which meets
the stability requirements.
Many scholars have studied the stress concentration of
rocks [29–32]. Considering the loosening of underground
rocks, the existence of joints, and so on, the vertical stress
was calculated according to the actual mine conditions and

the tunnel depth. Then, the vertical stress changes under
diﬀerent stress concentration factors were calculated
according to the ﬁtting condition of the surrounding rock
and steel support, as shown in Figure 23. It can be seen that
higher stress concentration factors cause a worse degree of ﬁt
between the surrounding rock and the steel support and the
greater vertical stress on the steel support. The stent will
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Figure 16: The overall equivalent stress for blasting. The eﬀect of blasting disturbance on U-shaped steel is obtained under the explosive
charge of 32 kg (a), 40 kg (b), 48 kg (c), and 60 kg (d). Explosives act on U-shaped steel in the form of explosive waves through rock mass. The
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Figure 17: Burst disturbance waveform. The velocity waveforms produced by blasting of 32 kg, 40 kg, 48 kg, and 60 kg explosives are
represented, and the main frequency is 74 Hz, 3.7 Hz, 96 Hz, and 4.5 Hz, respectively. (a) Explosive content 32 kg and main vibration
frequency 74 Hz. (b) Explosive content 40 kg and main vibration frequency 3.7 Hz. (c) Explosive content 48 kg and main vibration frequency
96 Hz. (d) Explosive content 60 kg and main vibration frequency 4.5 Hz.
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Figure 18: Equivalent stress histogram of U-shaped steel under blasting disturbance. Model 1 to Model 4 refer to the equivalent stresses of
U-shaped steels with explosion amounts of 32 kg, 40 kg, 48 kg, and 60 kg, respectively.
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Figure 19: Strain histogram of U-shaped steel under blasting
disturbance. Model 1 to Model 4 refer to the strain of U-shaped
steels with explosion amounts of 32 kg, 40 kg, 48 kg, and 60 kg,
respectively.

damage, and there is loss of support capacity when the vertical
stress is greater than the yield stress of the steel support.
To obtain reasonable steel support spacing, the vertical
stress of steel support under diﬀerent stress concentration
factors was considered. The processed data were plotted in
Figure 24. When the support stress exceeds the yield strength
of the material, the steel frame will be destroyed and the
support strength will be lost. Moreover, the higher the stress
concentration factor, the greater the vertical stress on the
U-shaped steel support. When the stress concentration

Figure 20: Jiaojia Gold Mine: −630 m midsection plan.

factor is 12, the steel bracket spacing should be approximately 0.8 m to ensure the vertical stress is less than the yield
strength. When the stress concentration factor is 9, the steel
bracket spacing should be approximately 1.2 m to ensure the
vertical stress is less than the yield strength. When the stress
concentration factor is 6, the steel bracket spacing should be
approximately 1.8 m to ensure the vertical stress is less than
the yield strength. When the stress concentration factor is
less than 6, the yield strength of the steel support is greater
than the vertical stress of the support, and the steel support
can play a good role to ensure that the surrounding rock
of the tunnel is in a stable state. In practice, the stress
concentration factor of U-shaped steel is generally between
6 and 9, and the spacing of 1.5 m can meet the safety
requirements.
In this paper, the numerical simulation of steel support
spacing, contact area, and lateral stress coeﬃcient is taken
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Figure 21: The −630 m middle ramp. The red circle in the diagram shows the degree of adhesion between U-shaped steel and surrounding
rock. The average spacing of U-shaped steel is 1.5 m, and the contact area ratio is approximately 1/4.
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Figure 22: Real blasting wave (green wave) and simulated blasting
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into account. Combined with blasting vibration, the optimized parameters of U-shaped steel are obtained. Furthermore, a coupled formula for the U-shaped steel and
surrounding rock in deep three-center arch tunnels is put
forward, and its correctness is veriﬁed.

5. Conclusions
U-shaped steel supports play an extremely important role in
deeply buried tunnels under dynamic disturbance. We apply
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Figure 23: Vertical stress changes with diﬀerent stress concentration factors. The black curve represents the equivalent stress of
U-shaped steel with 0.8 side stress coeﬃcient, the red curve represents the case of side stress coeﬃcient 1.0, the blue curve represents the case where the side stress coeﬃcient is 1.2, the pink
curve represents the lateral stress coeﬃcient of 1.5, the green curve
represents the lateral stress coeﬃcient of 2.0, and the brown
represents the yield stress of U-shaped steel.

the coupling formula and stress concentration factor of
U-shaped surrounding rock to study tunnel stability. The
correctness of the formula is veriﬁed by using surrounding
rock data and numerical simulation. Factors such as disturbance angular frequency, velocity, and time are selected
as safety factor indexes of U-shaped steel.
Through the numerical simulation of diﬀerent spacings,
side stress coeﬃcients, contact area ratios, and explosive
quantities, the following conclusions can be drawn: (i) the
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outburst deformation section of U-shaped steel with lateral
stress coeﬃcient less than 1 is the part of the top beam. With
the increase in lateral stress coeﬃcient, the overall deformation shows a downward trend, indicating that the
lateral stress is the dominant force in deep ground stress
activity. (ii) When the contact area is small, a stress concentration will form, which is one of the factors leading to
the instability of U-shaped steel. (iii) The stability of
U-shaped steel is tested by simulating dynamic impact and
blasting vibration. The results clearly show that the
U-shaped steel with a spacing of 1.5 m can meet the support
requirements of grade V surrounding rock.
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Interbedded strata and their collapse are vital to mining pressure control for extremely thick coal seam under goaf. To ensure the
stability of the support and to avoid roof collapse, some traditional underground pressure theoretical models had been widely used
in the control of surrounding rock and the selection of support. However, one of the challenges for extremely thick coal seam
under goaf is that the abnormal disasters, such as support crushing and water inrush that were occurring frequently. To solve this
problem, the movement characteristics of overburden rocks during the mining of extremely thick coal seam under the conditions
of the interlayer thickness of 5 m and 40 m were studied by using the similar simulation experiments, while the numerical
simulation experiments were carried out for the interval between coal seams of 15 m and 60 m, respectively. Finally, the structure
and mechanical transfer mechanism of overburden in stope under diﬀerent thickness interbedded strata were analyzed dynamically, and the condition of full-thickness connection between upper goaf and lower goaf and corresponding judgment criteria
are obtained. These results can guide future research on the mechanical of extremely thick coal seam under goaf, which can
provide a theoretical basis and engineering reference for similar projects.

1. Introduction
With the depletion of shallow coal resources, coal mining
operations were gradually transferred to a single extremely
thick coal seam with a thickness of 6–25 m [1, 2]. In China,
there exist a great number of the coal seams with the
abovementioned conditions in Shanxi, Shaanxi, Inner
Mongolia, Xinjiang, and other regions. Therefore, a feasible
mining method is signiﬁcant for these coal seams [3, 4]. This
study was conducted in Xiegou Coal Mine (No. 13 coal seam
under No. 8 goaf ). The ﬁrst working face (23103) is exposed
to abnormal disasters such as support crushing and water

inrush, which also indicates it is not viable to deal with the
extremely thick coal seam simply based on the theory of
traditional mine pressure.
The redistribution of surrounding rock stress induced by
coal mining operations, the intensive stress, and stress transfer
to the deeper extensively exist when mining operations are
developed deeper. Meanwhile, these problems bring diﬃculties in the mining operations [5–7]. Close-distance coal
seams refer to coal seams with small coal seam spacing and
substantial inﬂuence on each other at mining operations
[8–11]. As a result, the upper coal seam mining damages the
surrounding rock and then transmits stress to the bottom

2
plate [10–13]. Yan [14–17] conducted a preliminary study on
the joint mining theory of short-distance thin coal seams; Zhu
et al. [18] conducted a relevant theoretical investigation with
the following assumption: the interlayer and upper degraded
rock formation were regarded as a block and a loose body,
respectively. Due to the variation of coal seam occurrence
conditions and interlayer distance, the mine pressure performance of the fully mechanized coal mining face has various
characteristics [19–24]. Under this condition, it is diﬃcult to
determine the load of working faces simply based on the
traditional theory of roof support and control.
In addition, several problems (e.g. water, ﬁre, gas, and
mine pressure disasters) in extremely thick coal seams become increasingly serious. The spacing between the coal seam
and upper goaf ranges from 30 to 80 m. For ordinary working
faces, there will be no obvious safety problems for downward
mining, but for the 15 m thick coal seam, the fault zone will
directly penetrate the upper goaf. The fractured rock mass
transmits the load, and the main roof breaking movement
may directly aﬀect the surface; in the presence of the coal
pillar in the upper goaf, there may be harmful gas accumulation and wastewater enrichment, which may cause accumulation of gas in the mining of the underlying thick coal
seam and even coal seam spontaneous combustion, water
inrush, and other disasters [3,24–28]; residual coal pillars in
the goaf to transfer stress concentration may suddenly lose
stability or cause impact pressure [7, 29]. The actual measurement of the mine pressure in the Xiegou coal mine, the
Tashan coal mine, and the Suancigou coal mine shows that,
under goaf (especially under the coal pillar), the lower
working resistance of the hydraulic supports is common for
the fully mechanized caving mining in the extremely thick
coal seam but occasionally shows abnormal pressures such as
support crushing and water inrush. Therefore, whether it
continues to improve the working resistance of the hydraulic
supports is a topic worth considering. Therefore, whether the
stope continues to improve the working resistance of the
bracket is a topic worth considering.
The overlying strata structure of the mining of extremely
thick coal seam under goaf will form a structure similar to the
shallow buried depth rather than the shallow buried depth, and
the structure is similar to the thick alluvium while not the thick
alluvium. Mostly, the pedestal rock of the shallow coal seams is
thinner, and the surface is loosely covered. The mining pressure
of the shallow working face is severe, and the loose covering
layer moves with the bedrock layer and falls on the surface,
which is prone to abnormal disasters and water or sand inrush.
Huang and Xu have conducted relevant studies of this aspect
[30–33]; as the thick alluvium is extensively excavated in the
bottom coal seam, the alluvium is integral in the motion
deformation, its self-weight will be acting on the underlying
bedrock in the form of loads, while the bearing capacity of the
bedrock is easily analysed and the roof of the working face can
be controlled easily [34–36]. The overlying strata structure of
the mining face with large mining height and fully mechanized
caving mining under the goaf has its own particularity, and the
overlying goaf generally contains wastewater from the upper
goaf, which is prone to water inrush from the roof. The relationship between the surrounding rock and the support is still
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unclear, especially the mechanism of the support crushing is
not enough. Under the background of a large amount of
extremely thick coal resources buried in the goaf in China,
relevant research needs to be carried out.

2. Physical Simulation Test on Different
Thickness of Interbedded Strata and
Their Collapse
2.1. Prototype Geological Conditions. Shanxi Coking Coal
Group’s Xiegou Coal Mine has a designed production capacity of 15 million tons per year. The mineﬁeld is 22 km
long from north to south, 4 to 5 km wide from east to west,
and covers an area of 88.64 km2. It mainly mines Nos. 8 and
13 coal seams. The average thickness of the No. 8 coal seam is
5.7 m, the average thickness of the No. 13 coal seam is 15 m,
and the spacing between two coal seams is 55 m. At present,
the No. 8 coal seam in the ﬁrst mining area has been
completed, and the No. 13 coal seam is in the trial mining
stage. The No. 13 coal seam adopts the mining method of
large mining height and caving coal, with a cutting height of
4 m and caving height of 11 m.
2.2. Experimental Design. A large-scale plane strain similar
simulation test platform was selected from the Institute of
Mining Technology of the Taiyuan University of Technology.
The eﬀective size of the test platform is 3.0 m × 1.8 m × 0.16 m,
and the geometric similarity ratio is 1 : 50. Under the conditions of model coal seam thickness 30 cm (actual 15 m) and
mining height 8 cm (actual 4 m), the overburden collapse
characteristics of interlayer rock thickness between 5 m and
40 m are compared and analyzed. Discrete rigid blocks were
selected in similar simulation experiments.
2.3. Results and Discussion
2.3.1. Interbedded Strata Thickness of 5 m. The pressure
characteristics of the working face are shown in Table 1.
When the working face advances 0.46 m (23 m) close to the
ﬁrst coal pillar, the initial collapse of the top coal occurs
(Figure 1(a)). When the working face advances 0.69 m
(34.5 m), the immediate roof falls for the ﬁrst time, and the
fall angle is 58.22° (Figure 1(b)). When the working face is
advanced by 0.56 m (28 m), the “arch structure” with the
same height as the coal seam is formed. When the working
face is advanced by 0.97 m (48.5 m), the main roof caves for
the ﬁrst time (Figure 1(c)). When the working face advances
1.1 m (55 m), 1.43 m (71.5 m), and 1.98 m (99 m), the ﬁrst
three periodic roof weighting occurs and the top roof collapses at the angle of 51.28°, 43.32°, and 62.80°, respectively
(Figures 1(d)–1(f )). When the working face is advanced
2.23 m (111.5 m), the main roof lead fracture causes the front
support point to rotate and induces deformation instability.
2.3.2. Interbedded Strata Thickness of 40 m. The working face
pressure characteristics are shown in Table 2. When the
working face advances 0.72 m (36 m), the top coal ﬁrst falls,
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Table 1: The statistics of top coal, immediate roof, and main roof collapsing interval of 10 cm (5 m) interlayer.
No.
1
2
3
4
5
6
7
8
9

Name
1st top coal caving
1st roof caving
1st roof weighting pace
1st periodic roof weighting
2nd periodic roof weighting
3rd periodic roof weighting
4th periodic roof weighting
5th periodic roof weighting
Average

Face advanced distance
Model (cm)
Reality (m)
46.0
23.0
69.0
34.5
97.0
48.5
110.0
55.0
143.0
71.5
198.0
99.0
231.0
115.5
268.0
134.0

Periodic roof weighting pace
Model (cm)
Reality (m)
46.0
23.0
69.0
34.5
97.0
48.5
13.0
6.5
33.0
16.5
55.0
27.5
33.0
16.5
37.0
18.5
34.2
17.1

(a)

(b)

(c)

(d)

(e)

(f)

Figure 1: The advancing distance of working face and strata pressure phenomenon of stope in 10 cm (5 m) interlayer. (a) 1st top coal caving.
(b) 1st roof caving. (c) 1st roof weighting pace. (d) 1st periodic roof weighting. (e) 2nd periodic roof weighting. (f) 3rd periodic roof weighting.
Table 2: The statistics of top coal, immediate roof, and main roof collapsing interval of 80 cm (40 m) interlayer.
No.

Name

1
2
3
4
5
6
7
8
9
10

Top coal caving
First roof caving
1st roof weighting pace
1st periodic roof weighting
2nd periodic roof weighting
3rd periodic roof weighting
4th periodic roof weighting
5th periodic roof weighting
6th periodic roof weighting
Average

Face advanced distance
Model (cm)
Reality (m)
72.0
36.0
74.0
37.0
85.0
42.5
122.0
61.0
152.0
76.0
185.0
92.5
223.0
111.5
254.0
127.0
284.0
142.0

and the overburden appears to be separated (Figure 2(a)).
When the working face advances 0.74 m (37 m), the immediate roof falls for the ﬁrst time, and the angle is 58.74°
(Figure 2(b)). When the working face is advanced by 0.85 m

Periodic roof weighting pace
Model (cm)
Reality (m)
72.0
36.0
74.0
37.0
85.0
42.5
37.0
18.5
30.0
15.0
33.0
16.5
38.0
19.0
31.0
15.5
30.0
15.0
33.17
16.58

(42.5 m), the main roof caved for the ﬁrst time (Figure 2(c)).
When the working face is pushed forward by 1.22 m (61 m),
1.52 m (76 m), and 1.85 m (92.5 m), the ﬁrst three periodic
roof weighting occurred. At this time, the top coal fell at the

4
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(a)

(b)

(c)

(d)

(e)

(f )

Figure 2: The advancing distance of the working face and strata pressure phenomenon of stope in 80 cm (40 m) interlayer. (a) 1st top coal caving.
(b) 1st roof caving. (c) 1st roof weighting pace. (d) 1st periodic roof weighting. (e) 2nd periodic roof weighting. (f) 3rd periodic roof weighting.

fall angles of 64.49°, 69.84°, and 64.83°, respectively
(Figures 2(d)–2(f)). When the work advances forward 2.12 m
(106 m), the main roof lead fracture causes the front support
point to rotate and will induce deformation instability.

3. Numerical Simulation Test on Different
Thickness of Interbedded Strata and
Their Collapse
3.1. Model Description. UDEC numerical simulation software
was selected, the model width × height � 240 m × 180 m, and
the upper 8th coal seam left a coal pillar with a width of 20 m
(as shown in Figure 3). It is assumed that the layers of the coal
and rock mass are isotropic and horizontal, the horizontal and
displacement constraints are established at the bottom of the
model, the horizontal constraints are established at the left and
right boundaries, and the upper boundary is the stress
boundary. The models of interlayer rock thicknesses of 60 m
and 15 m are established. The mechanical parameters of coalrock contact surfaces are shown in Table 3.
3.2. Results of Numerical Simulation
3.2.1. Interbedded Strata Thickness of 60 m. When the
working face advances 40 m, the lower immediate roof directly falls behind the working face, and the upper immediate roof is directly broken; the total damage height reaches
20 m, forming a small “arch structure” (Figure 4(a)). When
the working face advances 60m, the upper immediate roof
collapses, the total damage height reaches 30m, and the
fracture zone is in the interbedded strata, while the small
"arch structure," as have been mentioned above, expands
into a larger “arch structure” (Figure 4(b)). When the
working face advances 80 m, the lower main roof breaks, and

Basic roof
Immediate roof
Goaf no. 8

Pillar

Goaf no. 8

Basic roof
Immediate roof
Coal seam no. 13
Seam ﬂoor

Figure 3: Initial design model.

the damage height reaches 40 m, and the “arch structure”
does not expand signiﬁcantly (Figure 4(c)). When the
working face advances 100 m, it enters the coal pillar of the
goaf and the lower main roof collapses, which leads to a large
breakage, where the total damage height reaches 120 m and
the large “arch structure” and the upper goaf are connected
(Figure 4(d)). When the working face advances 140 m, it
enters the goaf and the upper goaf is aﬀected by the upper
coal seam. However, the total damage height reaches the
upper boundary of the model, and the bracket is in the
“given deformation” state (Figure 4(e)). When the working
face advances 180 m, the overburden area passes through the
goaf and the bracket is in the “given load” state, with coal
pillars as the axis of symmetry, forming two large “arch
structures” which is shown in Figure 4(f ).
3.2.2. Interbedded Strata Thickness of 15 m. When the
working face is advanced 40 m, the interbedded strata collapse
in the form of block structure, with a damage height up to
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Table 3: The mechanical parameters of the contact surface of coal and rock.
Lithology
Pack sand
Medium-grained sandstone
Argillaceous sandstone
No. 8 coal seam
Medium-grained sandstone
Argillaceous sandstone
Mudstone
No. 13 coal seam
Sandstone

Normal stiﬀness
(GPa)
8.5
7.0
6.0
5.5
8.5
7.5
6.0
5.5
8.5

Shear stiﬀness
(GPa)
8.5
7.0
6.0
5.5
8.5
7.5
6.0
5.5
8.5

Cohesion
(MPa)
1.6
1.5
0
0
1.5
1.0
0
0
1.5

Internal friction angle
(°)
20.2
19.5
14.5
13.5
20.2
19.5
14.5
13.5
20.2

(a)

(b)

(c)

(d)

(e)

(f )

Strength of extension
(MPa)
0
0
0
0
0
0
0
0
0

Figure 4: The evolution diagram of collapsing characteristics of overburden rock in the 60 m interlayer. Advance of the working face:
(a) 40 m, (b) 60 m, (c) 80 m, (d) 100 m, (e) 140 m, and (f ) 180 m.
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20 m, and break through the upper goaf (Figure 5(a)). When
the working face is advanced by 60 m, the total damage height
reaches 30 m, there is no fracture or collapse of the main roof,
and the interbedded strata push down with the working face
(Figure 5(b)). When the working face advances 80 m, the
overlying strata of the coal pillar break (Figure 5(c)). When
the working face advances 100 m, it enters the coal pillar of the
goaf. The immediate roof collapses, and the total damage
height reaches 120 m (Figure 5(d)). When the working face
advances 140 m, it enters the goaf, the interbedded strata
collapse with the working face, and the total failure height
reaches the upper boundary of the model (Figure 5(e)). When
the working face advances 180 m, the overburden completely
collapses and it forms a large “arch structures,” and the
support is in a “given load” state (Figure 5(f)). When the
interlayer rock thickness is 15 m, it can be observed that the
interlayer rock layer and the overlying rock layer gradually
evolve into a large “arch structure” with a small “arch
structure” as the working face advances, and the interlayer
rock layer is an articulated block structure.

4. Discussion
4.1. Arch Structure and Its Stability of Interbedded Strata.
When the interbedded strata are thick, the interbedded
strata fall structure can be regarded as an “arch structure,” as
shown in Figure 6. Since the interlayer rock is not uniformly
distributed by the pressure of the overlying rock formation,
the interlayer rock formation eventually forms a loose layer
arch structure in order to resist the uneven pressure. The
overburden pressure will be transmitted from the vault to
the arch that is still ﬁxed in the stable rock formation,
eventually forming a relatively stable space to protect the
working face. When the loose layer arch structure advances
to a certain distance on the working face, it will penetrate
with the goaf of the old arch structure of the upper layer,
which is characterized by the full thickness of the interlayer
rock.
The working resistance of the support Fz consists of two
parts, the gravity of main roof W and load from loose layer Fs .
The gravity of the main roof:
W � L1 L2 ρ1 gh1 ,

(1)

where L1 is the control top distance of the support (m), L2 is
the width of the support (m), ρ1 is the density of the main
roof (kg/m3), and h1 is the thickness of the main roof (m).
Load from the loose layer:
Fs �

d2 ρ2 gh2
,
3f

(2)

where d is the span of the arch (m), h2 is the height of the
free space in the stope (m), ρ2 is the density of the loose
layer (kg/m3), and f is the solid constant of the loose layer.
Therefore, the working resistance of the bracket is as
follows:
Fz � W + Fs � L1 L2 ρ1 gh1 +

d2 ρ2 gh2
.
3f

(3)

4.2. Mass Block Structure and Its Stability of Interbedded
Strata. When the interbedded strata are thinner, the interlayer rock layer is simpliﬁed to the block structure
mechanical model, as shown in Figure 7. It is assumed that
block No. 2 is in equilibrium, and the surrounding rock
near the top plate is subjected to the combined force of the
horizontal load and the combined force of the vertical load.
If the interlayer rock mass is balanced only by its own
weight and vertical stress, the following equations are
obtained:
N3 � W + Y5 cos α,
⎪
⎧
⎪
⎨
T3 � N3 tan φl ,
⎪
⎪
⎩
T3 � W + Y5 sin α,

(4)

where φl is the internal friction angle of the structural surface
(°), α is the dip angle of fracture surface (°), W is the gravity of
No. 2 rock sample (N), and Y5 is the join force of No. 2 rock
sample in the direction of qy (N).
It can be obtained from the above equations, when α ≤ φl ,
the No. 2 rock will be at rest; when α > φl , the No. 2 rock will
slide.
Based on the block equilibrium equation,
0, Y5 + W + N3 (sin α, − cos α) + N4 (−sin α, cos α)
− N3 + N4 tan φl + F3 + F4 (cos α, sin α) � 0.
(5)
From the left side of the No. 2 rock, it can be seen


−T3 cos α + N3 sin α � X3 ,
T3 � N3 tan φl .

(6)

Namely, the equations can be transferred as follows:
X cos φl
⎪
⎧
⎪
,
N3 � 3
⎪
⎪
⎪
sin α − φl 
⎪
⎨
(7)
⎪
⎪
⎪
⎪
X
sin
φ
⎪
3
l
⎪
.
⎩ T3 �
sin α − φl 
From the right side of the No. 2 rock, it can be seen


−T4 cos α − N4 sin α � −X4 ,
T4 � N4 tan φl .

(8)

Also, the above equations can be transferred as follows:
X cos φl
⎪
⎧
⎪
N4 � 4
,
⎪
⎪
⎪
sin
α + φl 
⎪
⎨
(9)
⎪
⎪
⎪
⎪
X4 sin φl
⎪
⎪
.
⎩ T4 �
sin α + φl 
Therefore, the sliding force can be achieved as follows:
F � Y5 + Wsin α −

X3 sin φl
X sin φl
− 4
.
sin α − φl  sin α + φl 

(10)

Since it is generated by the vertical load, the No. 2 rock is
in equilibrium in the horizontal direction, so it is available:
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(a)

(b)

(c)

(d)

(e)

(f )

Figure 5: The evolution diagram of collapsing characteristics of overburden rock in the 15 m interlayer. Advance of the working face:
(a) 40 m, (b) 60 m, (c) 80 m, (d) 100 m, (e) 140 m, and (f ) 180 m.

Since Y5 is generated by the vertical load qy , that is,
Y � Y5 � f(qy ), and X3 and X4 can be made by horizontal
force qx , the No. 2 rock mass is in equilibrium in the
horizontal direction:
X � X3 � X4 � f qx .

(11)

Also, the sliding force F can be formulated as follows:
F � fqy  + Wsin α − 2f qx 

cos α sin2 α
.
sin α − φl sin α + φl 
(12)

The gravity of No. 2 rock W can be seen as follows:
cIH
(13)
W � cV �
,
sin α
where I is the width of cracks (m), H is the length of the
block (m), and c is the unit weight of the block (kg/m3).
Then, the horizontal forces X and vertical forces Y can be
shown as
⎨ X � f qx  � qx H,
⎧
⎩ Y � fq  � q I.
y

y

(14)
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Figure 6: Mechanical model of the loose layer arch structure.
qy

Y5
Y3
X3

–F4

–F3
1N3

2
–T3

α

N4

3

–T4

Y4

H

Y3

qx

w

Figure 7: Computational model of the roof fracture.

Therefore, the sliding force F can be expressed as
2

F � qy I sin α + cHI sin α − 2qx H

cos α sin α
.
sin α − φl sin α + φl 
(15)

Assume F > 0 and α > φl , the prevailing instability criterion can be shown:
qy + cHI sin α − 2qx H

cos α sin2 α
> 0.
sin α − φl sin α + φl 
(16)

4.3. Division of Three Zones. There is no uniform deﬁnition
of close-distance coal seam mining, which is aﬀected by the
thickness of coal seam mining and overlying strata structure,
interlayer rock stratum structure, and lithology. Along with
the prevention and control of roof collapse and spontaneous
combustion in extremely thick coal seam mining under the
goaf, the adaptability to close and nonclose distances should
also be considered. Liu [37, 38] calculated the empirical
formulas of the height of the caving zone and the fracture
zone as shown in Table 4, which was according to the lithology of the overlying strata. This method can be used
generally to divide “three zones” of the depressing zones
overlying a goaf, as the caving zone, fracture zone, and
complete subsidence zone.

From the structural characteristics of the interlayer rock,
whether the caving zone of lower coal seam is connected
with the upper goaf as the boundary of the coal seam closedistance coal seam. When the mining thickness is 15 m, if the
interlayer rock layers are all hard rock layers and less than
60 m or the interlayer rock layers are all soft stratum and less
than 15 m, they are close-distance coal seams.
From the perspective of ﬁre prevention and leakage
prevention, whether the fracture zone of lower coal seams
reaches the upper goaf as the boundary of the close-distance
coal seam is identiﬁed. If the caving zone and the fracture
zone are both hard rock layers and less than 100 m or both
the caving zone and the fracture zone are soft rock layers and
less than 35 m, they are close-distance coal seams.
(1) When the interlayer rock thickness is greater than
100 m, the interlayer rock layer gradually evolves
into a large “arch structure” in the form of a small
“arch structure” with the advancement of the
working face, and “three zones” formed behind the
working face in the interbedded strata, as shown in
Figure 8. However, due to the thick interbedded
strata, the maximum height of the “arch structure” is
smaller than the thickness of the interlayer rock.
Therefore, the presence of the upper goaf does not
aﬀect the “three zones” in the interbedded strata.
(2) When the thickness of the interlayer rock is less than
60 m, the lower goaf breaks in the form of block
structure with the advancement of the working face
and quickly penetrates with the upper goaf, and the
entire overburden falls in the form of “arch structure,” as shown in Figure 9. At this time, the fall zone
of the upper goaf is aﬀected by the secondary disturbance, the fracture zone becomes a new caving
zone, and the complete subsidence zone becomes a
new fracture zone.
(3) When the thickness of the interlayer rock is between
60 and 100 m, the interbedded strata will gradually
evolve into a large “arch structure” in the early stage
of the working face advancement, and the upper goaf
will not aﬀect the “three zones” in the interlayer rock
layer. When the height of the “arch structure”
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Table 4: Traditional empirical calculation formula of collapsed and fractured zone height.
Lithology
Hard rock
Medium-hard rock
Soft stratum
Extremely weak rock

Maximum height of caving zone (m)
Hk � ((100  M)/(2.1  M + 16)) ± 2.5
Hk � ((100  M)/(4.7  M + 19)) ± 2.2
Hk � ((100  M)/(6.2  M + 32)) ± 1.5
Hk � ((100  M)/(7.0  M + 63)) ± 1.2

Maximum height of fracture zone (m)
Hd � ((100  M)/(1.2  M + 2.0)) ± 8.9
Hd � ((100  M)/(1.6  M + 3.6)) ± 5.6
Hd � ((100  M)/(3.1  M + 5.0)) ± 4.0
Hd � ((100  M)/(5.0  M + 8.0)) ± 3.0

M: thickness of the coal seam; ± is the margin of error.

Figure 8: The relationship between upper gob and lower gob under
the condition of thick layer strata.

coal seam is connected with the upper goaf as the
boundary of the coal seam close-distance coal seam is
identiﬁed; from the perspective of ﬁre prevention
and leakage prevention, whether the fracture zone of
lower coal seam is connected with the upper goaf as
the boundary of the close-distance coal seam is
identiﬁed
(2) When the interbedded strata is thin, the interlayer
rock falls in the form of block structure caving,
overlying strata are “arch structure” in the form of
caving; when the interbedded strata is thick, the
interlayer rocks are in the form of “arch structure”
(3) When the interbedded strata are thinner, the ﬁrst top
coal caving, the ﬁrst immediate roof caving, the ﬁrst
roof weighting, and the maximum working resistance of the hydraulic support are relatively earlier
than thick interlayer, while the periodic roof
weighting pace and the angle of the top coal and
immediate roof have no signiﬁcant changes
(4) The maximum working resistance of the hydraulic
support under diﬀerent conditions occurs when the
working face enters and exits the pillar of coal
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Figure 9: The relationship between upper goaf and lower goaf
under the condition of thin layer strata.

reaches the thickness of the interbedded strata and
continues to develop upwards, it will penetrate with
the upper goaf. At this time, the upper goaf will cave.
The zones are subjected to secondary disturbances,
the old fracture zone becomes a new caving zone,
and the complete subsidence zone becomes a new
fracture zone.

5. Conclusions
According the physical simulation, numerical simulation,
and theoretical analysis, the diﬀerent thickness interbedded
strata and their collapse during the mining of extremely
thick coal seam were studied. The main conclusions can be
drawn as follows:
(1) From the structural characteristics of the interbedded strata, whether the caving zone of the lower
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Protective layer mining, as a dominating regional prevention measure, is generally adopted to prevent and control gas disasters in
highly gassy or outburst mines of China. Interlayer distance is one of the most important factors that inﬂuences protection eﬀect.
However, how does interlayer distance aﬀect the protection eﬀect of steeply inclined upper protective layer mining is not
understood fully. According to the engineering practice in Nantong mining district, a new method for similar material simulation
experiment of steeply inclined upper protective layer mining is proposed, in which an orthogonal test of similar materials
comprising of sand, cement (containing gypsum and ﬂy ash), and water mixture is conducted to obtain relations between
proportioning parameters and mechanical properties using a multiple regression method. And then the method is applied to study
the protection eﬀect of steeply inclined upper protective layer mining with varying interlayer distances. The results show the
following. (1) The proportioning parameters of similar material have strong linear relations with its mechanical properties, and
mechanical behaviors of such similar material denote that it can simulate most coal-rock lithologies in coal mine. (2) Both
pressure-relief curves and swelling strain curves for protected layer present convex shapes; protection angles at lower excavation
boundary are greater than those of upper excavation boundary; with the increase of interlayer distance, the pressure-relief curve
evolves from pattern “∩” to pattern “∧” and corresponding pressure-relief region becomes narrower, the center of pressure-relief
region tends to transfer to the corresponding center of upper protective layer excavation region, the stress concentration coeﬃcient decreases, the protection angles change little, and the length of the protection region reduces dramatically. (3) The
protection region and protection angle calculated based on swelling strain of 3‰ are less than the empirical values based on the
dip angle in Provisions, denoting that the method proposed in this study is safer than that in Provisions. The research results
provide a useful guide for layouts of roadway and gas drainage boreholes to prevent gas disaster in Nantong coal mine district.

1. Introduction
Currently, coal constitutes a major part of China’s energy
consumption. As the depletion of shallow coal resources, coal
working face would enter into deep mining area. Related
studies show that the mining depth of China would increase
to 1500 m in next twenty years [1–3]. The in situ stress, gas
pressure, or gas content reserved in coal seams would increase

with mining depth, thus causing an increase of gas disaster
risk which would seriously aﬀect eﬃciency and safe mining of
coal resources. There are numerous measures proposed to
prevent and control gas disaster, such as hydraulic fracturing
and protective layer mining. Particularly the latter, it has been
identiﬁed as the dominating regional prevention measure to
eliminate gas outburst risk in mining highly gassy mines of
China [4, 5]. As illustrated in Figure 1, when there are several
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Figure 1: Schematic diagram for protective layer mining.

coal seams (i.e., coal seams group) with gas outburst dangers
in highly gassy mine, the coal seam ﬁrstly excavated is called
protective coal seam or protective layer (the latter is more
general as sometimes a thin rock layer is excavated instead in
coal mine), while other coal seams excavated later are called
protected coal seams or protected layers; the vertical distance
between two layers is called interlayer distance. After protective layer is excavated, the stress of surrounding strata
would be redistributed, the overlying or underlying strata
would move, form ﬁssures, and bed separations as shown in
Figure 1. The overlying strata could be subdivided into a
caving zone, a fractured zone, and a bending zone from
bottom to top, while underlying stratum adjacent to protective layer is a ﬂoor heave zone [4, 6]. Because the stresses of
adjacent protected layers in speciﬁc regions of a caving zone, a
fracture zone, and a ﬂoor heave zone have been released to an
extent, the permeability of protected layers would be increased, causing the coalbed gas to be released continuously
through mining-induced ﬁssures or gas drainage boreholes,
and gas outburst dangers would be eliminated.
As seen in Figure 1, the protection eﬀects of these
protected layers would diﬀer. In the present study, the term
“protection eﬀect,” which is used to represent comprehensive indexes of the protection angle, protection region,
pressure-relief region, swelling strain, and pressure-relief
extent, is useful for layouts of transportation/ventilation

roadway and gas drainage boreholes in the protected
layer, etc. Hence, the determination of protection eﬀect in
the protected layer is the key for protective layer mining.
There are many factors, such as dip angle and buried depth
of coal seam, physicomechanical properties of rock, and
interlayer distance, which combine to inﬂuence protection
eﬀect of protective layer mining. Among these factors, the
interlayer distance between two coal seams is a key inﬂuencing factor.
Recently, based on theoretical analysis, numerical simulation, and ﬁeld observation, scholars [7–15] qualitatively
studied protection eﬀect of protective layer mining.
According to stress distributions of underlying strata and
plasticity theory, Yin et al. [10] analyzed the stress-relief
principle of underlying strata in theory, and research results showed that, with the increase of mining-induced ﬁssures’ depth, underlying strata experienced a less relief of
stress whose distribution evolved from pattern “U” to pattern
“V,” and the protection region became narrower. Li et al. [11]
used UDEC program to investigate the pressure-relief eﬀect in
near-horizontal protective layer mining with varying interlayer distances. Yang [12] studied stress distribution
characteristics of underlying horizontal strata in upper protective layer mining with FLAC3D program, found that underlying strata of protective layer could be divided into a
three-dimensional pressure-relief zone, a one-dimensional
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pressure-relief zone, and an original stress zone, and then
proposed a method based on the stress criterion for classifying
close and remote distance protective layer. Based on the
assumption that a plastic shear plane exist, Lei et al. [13]
obtained an eﬀective interlayer distance for upper protective
layer mining using the ﬁnite element shear strength reduction
method. Wang [14] analyzed the pressure-relief functional
principle for underlying strata of the upper protective layer
using the numerical method and found that the eﬀective
pressure-relief region or swell deformation of underlying
strata would gradually reduce with layers space increasing. Liu
et al. [15] summarized engineering practices of protective
layer mining, proposed an index, “equivalent interval,” as the
classiﬁcation criterion of protective layer mining, and suggested that protective layers could be classiﬁed as a close
distance layer, a remote distance layer, and a super-remote
layer. The empirical values for maximum eﬀective interlayer
distance and protection angles have been given in “Provisions
of the prevention of coal and gas outburst” (referred to
hereafter as Provisions) [16], but relation between interlayer
distance and protection eﬀect has not been proposed.
In brief, existing reports on protection eﬀect of protective
layer mining with varying interlayer distances mostly concentrated on slightly inclined or near-horizontal coal seams,
lacking reports on steeply inclined coal seams, whose redistribution characteristics of stress and displacement would
diﬀer, thus aﬀecting its protection eﬀect [9, 17, 18]; or reports
were partially limited to single parameter analysis of protection eﬀect (such as protection angle or pressure-relief
region), which could not comprehensively reﬂect protection eﬀect of protective layer mining; moreover, numerical
simulation methods were commonly utilized to investigate
rock responses in protective layer mining. The numerical
simulation model can be established in computers to study
practical engineering, such as anisotropic and discontinuity
characteristics of rocks. However, constitutive relations
currently used in numerical models have not realistically
simulated mechanisms of rock failure or deformation in
mesoscopic scale yet [19]. Furthermore, site observations of
protection layer mining can be approximated to its realistic
conditions. Nevertheless, the engineering geological condition is complex; thus it is diﬃcult to ensure results observed
are only aﬀected by single factor (such as interlayer distance)
rather than other factors. In short, protection eﬀect of steeply
inclined upper protective layer mining with varying interlayer
distances is not fully understood and needs further investigation. Compared to site observation and numerical
simulation, similar material simulation [20–24] in a laboratory can simulate real physical object (i.e., engineering prototype), with similar materials having mechanical properties
similar to those of a prototype according to certain similarity
criteria. As the similar material model has all or most of the
major characteristics of the prototype, it can reﬂect failure or
deformation process of prototype truly and visually. Moreover, the simulation conditions and variables can be controlled easily, thus a quantitative rule can be observed for
research objects with economic feasibility. Hence, according
to an engineering practice in Nantong coal mine district, a
new method for similar material simulation experiment, with
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similar materials representing various coal-rock strata around
protective layer in coal mine, is conducted to investigate the
protection eﬀect of steeply inclined upper protective layer
mining with close distance (interlayer distance is 25 m), remote distance (interlayer distance is 45 m), and super-remote
distance (interlayer distance is 65 m), respectively [12, 14–16].
The research results provide a useful guide for gas disaster
control in Nantong coal mine district. In the sections below,
case study mine is introduced in Section 2; the new method
for similar material simulation experiment of steeply inclined
upper protective layer mining is proposed in Section 3; the
protection eﬀect with varying interlayer distances based on
similar material experiment is investigated in Section 4; and
conclusions are given in the ﬁnal section.

2. Case Study Mine
The Nantong coal mine district is located in Chongqing city
of China, and its geographical location is shown in Figure 2.
The coal seams of Nantong coal mine district belong to
upper permian longtan formation. The major minable coal
seams in this district are C6 coal seam and C4 coal seam.
The schematic diagram for geological synthesis columnar is shown in Figure 3. As seen from Figure 3, the
interlayer distance between C6 coal seam and C4 coal seam
ranges from 25 m to 70 m due to geologic tectonics. The
thickness of C6 coal seam is 1.2∼1.8 m with average thickness
being 1.5 m, and the thickness of C4 coal seam is 1.8∼2.2 m
with average thickness being 2 m. The average dip angle for
two coal seams is 45°, which are steeply inclined coal seams.
The strata lithologies between two coal seams are mainly
calcareous shale, silty shale, limestone, and cherty limestone.
Currently, the average buried depth of C6 coal seam,
overlying above the C4 coal seam, is 650 m. The C6 coal seam
has lower risk of gas outburst, so it is chosen as the upper
protective layer to eliminate gas outburst risk of C4 coal
seam. A pitching oblique mining method [9, 17] is used to
exploit coal seams, and the average working face length in C6
coal seam is 70 m. Related physicomechanical parameters for
each stratum are shown in Table 1.
As mentioned, the dip angle and buried depth of C6 coal
seams do not vary largely, but the interlayer distance between two mineable coal seams ranges from 25 m to 70 m. To
systematically and accurately study protection eﬀect of
steeply inclined upper protective layer mining with varying
interlayer distances, the interlayer distances chosen to be
studied should reﬂect conditions of close distance, remote
distance, and super-remote distance. There are no acknowledged deﬁnitions of close distance, remote distance,
and super-remote distance protective layers presently. But
relevant studies [12, 14–16] showed that, with the increase of
interlayer distance, the pressure-relief eﬀect in the protected
layer would decrease; when it reaches to an extent, the
protection eﬀect cannot be guaranteed. The Provisions [16]
points out that the maximum eﬀective interlayer distance for
steeply inclined upper protective layer mining is 60 m. Liu
et al. [15] proposed an index, “equivalent interval,” as the
classiﬁcation criterion of protective layers. The equivalent
interval is deﬁned as (interlayer distance)/(mining height).
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Figure 2: Location map of Nantong coal mine district.

When the equivalent interval is less than 20, it is called the
close distance protective layer. When the equivalent interval
is greater than 20 but less than 50, it is called the remote
distance protective layer. Yang [12] proposed a method
based on the stress criterion for classifying close and remote
distance protective layer. Results showed that when the
mining height is 1.5 m, when the interlayer distance is less
than 30 m, it is called the close distance protective layer;
when the interlayer distance is greater than 30 m but less
than 64 m, it is called the remote distance protective layer.
Therefore, based on the geological synthesis columnar of
Nantong coal mine district and aforementioned studies,
close distance (interlayer distance is 25 m), remote distance
(interlayer distance is 45 m), and super-remote distance
(interlayer distance is 65 m) are chosen in this paper to
investigate the inﬂuence of varying interlayer distances on
protection eﬀect of steeply inclined upper protective layer
mining, which can well reﬂect the actual situation of
Nantong coal mine district.

3. Similar Material Simulation Experiment
3.1. Experimental Devices. In order to carry out the similar
material simulation experiment, a rotatable physical similarity simulation bench, with the geometric dimensions of
2.0 m × 2.0 m × 0.3 m (length × height × width) and rotation
angles ranging from 0° to 70° to manufacture coal-rock strata
with various dip angles, is used, and other experimental
devices consisting of pressure test devices, strain (or displacement) test devices, and loading devices (including

levers and weights) are shown in Figure 4. It is worth noting
that, after the similar material simulation model has been
manufactured, the ground pressure induced by excluded
overlying strata is applied using levers, of which the ratio of
power arm to resisting arm is 1 : 10, on the top of the similar
material model as shown in Figure 4.
3.2. Similarity Condition and Similar Material
3.2.1. Parameter Determination of Interlayer Lithology.
As seen from Figure 3 and Table 1, there are various kinds of
strata with diﬀerent physicomechanical properties and
thicknesses between upper protective layer (C6 coal seam)
and protected layer (C4 coal seam). The variation of interlayer distance inevitably results in thickness change of
each stratum, thus causing the diﬃculty of studying eﬀect of
interlayer distance on protection eﬀect of steeply inclined
upper protective layer mining. Relevant studies [14, 18]
showed that the “thickness weighted average method” (referred to hereafter as TWAM), which combines several
strata into a composite medium stratum or introduces
interbedded hard rock content coeﬃcient, can reﬂect integrated physicomechanical behavior of coal-rock strata
between two coal seams. Therefore, TWAM is utilized to
eliminate the inﬂuence of interlayer lithology:
X�

ni�1 li Xi
,
ni�1 li

(1)

where X denotes weighted average of the physicomechanical
parameter for composite medium stratum between two coal
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Figure 3: Schematic diagram for geological synthesis columnar.

Table 1: Related physicomechanical parameters for each stratum.
Stratum
number
1
2
3
4
5
6
7
8
9
10
11
12

Lithology
Limestone
Allitic shale
C6 coal seam
Calcareous
shale
Silty shale
Limestone
Silty shale
Cherty
limestone
Silty shale
C4 coal seam
Siltstone
Limestone

Volume weight
(MN·m−3)
0.028
0.024
0.014

Elastic modulus
(GPa)
30.2
23.3
0.91

Poisson’s
ratio
0.26
0.30
0.35

Tensile strength
(MPa)
9.8
6.6
0.4

Compressive strength
(MPa)
107.35
91.00
3.98

0.025

26.4

0.23

8.7

103.35

0.024
0.028
0.024

23.1
30.2
27.6

0.28
0.26
0.28

9.8
9.8
6.6

107.35
107.35
88.71

0.029

35.3

0.23

21.2

185.26

0.024
0.014
0.030
0.028

20.1
0.94
21.6
30.2

0.28
0.38
0.25
0.26

9.8
0.3
7.3
9.8

107.35
3.38
104.57
107.35

seams, Xi denotes physicomechanical parameter for ith
stratum, li denotes the ith stratum thickness, and n denotes
the number of strata.

3.2.2. Similarity Criteria and Similar Material. The similar
material simulation experiment is a reduced-scale approach
according to similarity criteria [24–26]. The selected similar
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materials must have very similar physicomechanical properties of engineering prototype (referred as coal-rock strata
here). At present, similarity criteria are based on elastic
theory and dimensional analysis method. According to the
pressure-relief mechanism of protective layer mining, the
following similarity criteria should be satisﬁed in similar
material simulation experiment [22–24]:
L
c
σ t m � m × m × σ t p ,
(2)
Lp cp
σ c m �

Cm �

Lm cm
×
× σ c p,
Lp cp

(3)

L m cm
×
× Cp ,
Lp cp

(4)

tan φm  � tan φp ,
Em �

Lm cm
×
× Ep ,
Lp cp

]m � ]p ,

(5)
(6)
(7)

where (σ t)p, Lp, cp, (σ c)p, Cp, φp, Ep, and ]p denote the tensile
strength, geometric size, volume weight, compressive
strength, cohesion, internal friction angle, elastic modulus,
and Poisson’s ratio of coal-rock prototype, respectively;
(σ t)m, Lm, cm, (σ c)m, Cm, φm, Em, and ]m denote the tensile
strength, geometric size, volume weight, compressive
strength, cohesion, internal friction angle, elastic modulus,
and Poisson’s ratio of similar material, respectively. Taking
into account geometric size of laboratory physical similarity
simulation bench, the geometric similarity constant Lm/Lp is
set to 1/100, and scales of other physicomechanical parameters can be derived from equations (2)–(7).
To implement similar material simulation experiment, a
suitable similar material is needed. The type and proportion
parameters of similar material determine whether

experimental results obtained can represent mechanical responses of prototype. Similar material simulation experiments have been widely employed, but how to obtain accurate
and optimum proportioning parameters is urgently needed to
be investigated in coal mining [20–26]. In this section, the
river sand, cement (containing gypsum and ﬂy ash), and water
are used and mixed to manufacture a new similar material,
which is used to represent various coal-rock strata around the
protective layer in the coal mine. The composition ratios of
similar material, such as sand-binder ratio (i.e., river sand to
cement ratio), density, and residual water content, have
signiﬁcant inﬂuence on its mechanical responses. To obtain
accurate proportioning parameters, based on the orthogonal
design method and multiple regression method, relations
between mechanical parameters and proportioning parameters of such similar material are obtained, and then the
required mixing ratio and manufacture parameters for similar
material simulation experiment can be accurately deduced.
The three inﬂuencing factors (including sand-binder
ratio, density and residual water content) are relaxed
within speciﬁc regions, and each factor is divided into four
levels; then Poisson’s ratio, compressive strength, and elastic
modulus are determined. The orthogonal array L16(43) is
applied to choose sixteen combinations to be tested [21–23].
The levels of orthogonal design for similar materials are
shown in Table 2, and the sixteen combinations and corresponding mechanical parameters obtained are given in
Table 3.
It is worth noting that mechanical parameters (including
Poisson’s ratio, compressive strength, and elastic modulus)
are obtained by uniaxial compression tests of similar material specimens with a diameter and a height of 50 mm and
100 mm in the laboratory, as shown in Figure 5.
As can be seen from Table 3, the elastic modulus,
compressive strength, and Poisson’s ratio of similar material
specimens range from 27.36∼261.84 MPa, 0.181∼1.202 MPa,
and 0.149∼0.343, respectively. The testing results denote that
mechanical behaviors of similar material have a large variation range, which can satisfy requirements of similar
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Table 2: Levels of orthogonal design for similar materials.

Level number
1
2
3
4

Density (kg·m−3)
1550
1600
1650
1700

Sand-binder ratio
6
8
10
12

Water content (%)
5
3
2
1

Table 3: Sixteen combinations and mechanical parameters of similar materials.
Experimental
number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Sand-binder ratio

Density (kg·m−3)

6
6
6
6
8
8
8
8
10
10
10
10
12
12
12
12

1550
1600
1650
1700
1550
1600
1650
1700
1550
1600
1650
1700
1550
1600
1650
1700

Residual water
content (%)
5
3
2
1
3
5
1
2
2
1
5
3
1
2
3
5

Compressive
strength (MPa)
0.442
0.504
0.821
1.202
0.270
0.416
0.572
0.731
0.315
0.333
0.181
0.354
0.193
0.206
0.239
0.267

Elastic
modulus (MPa)
91.23
81.67
217.83
261.84
48.75
74.36
96.42
166.22
59.22
65.51
27.36
53.88
47.02
38.50
40.60
43.84

Poisson’s
ratio
0.251
0.254
0.213
0.243
0.235
0.296
0.194
0.284
0.190
0.186
0.311
0.316
0.149
0.202
0.286
0.343

Uniaxial
compression test

Similar material specimens

Figure 5: Mechanical testing of similar material specimens.

material simulation experiment with various coal-rock lithologies in the present study.
Utilizing the multiple regression method [27], the regression equations between proportioning parameters and
mechanical parameters are obtained according to testing
results in Table 3:
S � 0.00218x − 0.0657y − 0.0875z − 2.13,

(8)

E � 0.48x − 17.03y − 20.3z − 462,

(9)

] � 0.000574x + 0.0273y − 0.762,

(10)

where S, E, ], x, y, and z denote compressive strength, elastic
modulus, Poisson’s ratio, density, residual water content,
and sand-binder ratio, respectively. The ﬁtting correlation

coeﬃcients for equations (8)–(10) are 0.87, 0.9, and 0.93,
which indicate that strong linear relations exist between
mechanical parameters and proportioning parameters.
According to equations (8)–(10), the eﬀects of sand-binder
ratio on compressive strength and elastic modulus are more
remarkable than the eﬀects of the residual water content and
density; both compressive strength and elastic modulus of
similar materials increase as the density increases and decrease
as the residual water content or sand-binder ratio increases;
the eﬀect of residual water content on Poisson’s ratio is more
remarkable than the eﬀect of density, and sand-binder ratio
has little eﬀect on Poisson’s ratio of similar materials.
Finally, proportioning parameters for each coal-rock
stratum in the similar material simulation experiment can
be derived by solving equations (8)–(10) using the Matlab
program:
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x � 5640.8] − 19306S + 83.235E − 1493.7,

(11)

y � 4.06S − 0.782] − 0.175E + 1.1091,

(12)

z � 3.387E + 194.71] − 797.03S − 15.492.

(13)

According to the physicomechanical properties of each
stratum in Table 1, geometric similarity constant, and
equations (11)–(13), the ﬁnal proportioning ratios and
physicomechanical parameters for similar material representing each stratum are obtained, as shown in Table 4.
3.3. Model Manufacture and Experimental Procedure
3.3.1. Model Manufacture. The coal-rock strata of on-site
engineering are simulated by similar materials including
sand, cement (containing gypsum and ﬂy ash), and water
mixtures. To ensure proportioning ratios and mechanical
parameters for each stratum are satisﬁed, similar material for
each stratum or layer is manufactured using a method of
layered ﬁlling and compaction [24], in which a moderate
amount of mica powder is sprinkled between diﬀerent layers
as laminated weak surfaces. The physical similarity simulation bench should be ﬁrstly rotated an angle of 45° to
perform the ﬁlling of similar materials. The thickness of each
stratum and excavation length in similar material simulation
model are determined according to geometric similarity
constant of 1 : 100. The complete similar material model
including each rock formation is illustrated in Figure 6. For
better clarity, the relevant rock strata in the similar material
model have been marked. To reduce boundary eﬀect of
upper protective layer mining [17, 18], the simulated
working face of C6 coal seam (i.e., protective layer) is
arranged at the approximate diagonal of the similar material
simulation model.
The main purposes of this experiment are to study
pressure-relief characteristics and deformations within
underlying C4 coal seam (protected layer) induced by C6
coal seam (protective layer) mining. Hence, internal pressures and deformations (or strains) within the protected
layer are needed to be monitored during excavation. The
internal pressures are monitored using ASMD3-16 resistance strain gauge and BX-1 pressure sensors, while the
displacements (or strains) are monitored using a digital
image correlation method [24], as shown in Figure 7.
The locations in the C4 protected layer, which correspond to upper and lower boundaries of the C6 protective
layer excavation region, generally have minimum swelling
deformation. Thus, the variations of pressure and displacement nearby these positions are keys for determining
protection angle and protection region. Taking such into
account, pressure sensors with an interval are embedded in
the C4 protected layer to record the pressures, whose embedding locations correspond to the excavation region of the
C6 protective layer. In addition, as image coordinates and
similar material model coordinates need to be corresponded
when the digital image correlation method is used to
compute displacement and strain after the C6 protective

layer excavation, some grid points (i.e., control reference
points) are also arranged on similar model surface [24] as
shown in Figure 6. Similar material simulation results given
below indicate that the method used can achieve a comprehensive monitoring of displacement and pressure during
C6 protective layer mining. Furthermore, the average buried
depth of the C6 protective layer in the similar material model
is 800 mm, which represents 80 m in the prototype. To
simulate C6 protective layer mining in Nantong coal mine
district with an average buried depth of 650 m, the ground
pressure induced by excluded overlying strata with an average thickness of about 570 m is applied as an additional
uniform load using levers on the top of the similar material
model. According to the aforementioned similarity criteria
for similar material model and lever principle, ﬁfty-seven
weights, whose mass of each is 10 kg, are applied on ﬁve
levers to simulate the ground pressure as shown in
Figure 4(a).
3.3.2. Experimental Procedure. The data acquisition system
of pressure and displacement should be calibrated and reset
before excavation. When the maintenance time of similar
material model reaches (20–30 days in general), and the
similar material strength satisﬁes the designed requirements, the C6 coal seam is excavated with a length of
700 mm to simulate C6 coal seam mining, which can be
shown in Figure 6. During the excavation of C6 coal seam,
the pressure data measured by pressure sensors are
monitored and collected, and the procedure for collecting
deformation and strain of protected layer is as follows: (1)
photos of the similar material model are taken by a highprecision digital camera; (2) the recorded photos are analyzed in order by software GeoDIC; (3) ﬁgures for deformation and strain ﬁelds of strata are obtained using the
result visualization postprocessing system PostViewer. It is
worth noting that the monitoring data are collected until
the excavation has been completed and the strata deformation is stable.

4. Results and Analysis of Protection Effect with
Varying Interlayer Distances
4.1. Pressure-Relief Characteristics of Protected Layers with
Varying Interlayer Distances. The schematic diagram for
relevant parameters in upper protective layer mining is illustrated in Figure 8. The term “DBMC” represents distance
along bedding surface between monitoring point of C4
protected layer and central point of C6 protective layer
excavation region. The term “oﬀset distance” represents the
bedding distance between the central point of pressure-relief
region and the central point of C6 protective layer excavation region. Therefore, if the value of DBMC is positive, it
denotes the monitoring point is located at the ascending
direction of the C4 protected layer corresponding to excavation region of the C6 protective layer, and vice versa. If the
oﬀset distance is zero, it denotes the pressure-relief region is
symmetric with central point of the C6 protective layer
excavation region.
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Table 4: Proportioning parameters and mechanical parameters of similar materials for each stratum.
Stratum number
1
2
3
4
5
6
7

Lithology

Density (kg·m−3)

Limestone
Allitic shale
C6 coal seam
Composite medium stratum
C4 coal seam
Siltstone
Limestone

1.656
1.637
1.513
1.551
1.513
1.539
1.656

Sand-binder ratio
Compressive strength
Elastic modulus (MPa)
Sand : cement
(MPa)
6 :1
178.61
0.63
6 :1
162.31
0.63
9 :1
10.19
0.04
6.5 : 1
140.80
0.70
9 :1
10.09
0.04
7 :1
110.81
0.54
6 :1
178.61
0.63
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Figure 6: Similar material model.
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Figure 7: Pressure monitoring devices. (a) Pressure sensor. (b) Resistance strain gauge.

After the C6 protective layer has been excavated,
pressure-relief curves for C4 protected layers with varying
interlayer distances are obtained through analysis of monitoring results of pressure sensors, as shown in Figure 9.
In Figure 9, the vertical coordinate represents the
pressure-relief value of ground stress within the C4 protected layer. Therefore, if the pressure-relief value is greater
than zero, it denotes that the ground stress within the C4
protected layer would be released; namely, it is less than its
initial value, and vice versa. The shapes of pressure-relief

curves for C4 protected layers with varying interlayer distances are both convex. The curve slopes are greater on both
sides of curve boundaries, indicating that the pressure-relief
extents signiﬁcantly change near boundaries of corresponding excavation regions. With the increase of interlayer
distance, the pressure-relief curve evolves from pattern “∩”
to pattern “∧” and corresponding pressure-relief region
becomes narrower, which agrees with the relevant theoretical analysis results [10]; the altitude of pressure-relief
curve decreases, indicating that the overall pressure-relief
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descending direction, which are distinctly discrepant with
the characteristics of pressure-relief curves in lower protective layer mining [28].
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Central point of pressure-relief region

Pressure-relief value (kPa)

Figure 8: Schematic diagram for relevant parameters in upper
protective layer mining.
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4.1.1. Characteristics of Pressure-Relief Regions. As aforementioned, if the pressure-relief value is greater than zero, it
indicates that the ground pressure is less than the initial
pressure, thus the distance between the two intersection
points of pressure-relief curve and horizontal coordinate is
the length of pressure-relief region (Figure 8). The length of
pressure-relief region and oﬀset distance with varying interlayer distances are presented in Table 5. As seen in Table 5,
with the increase of interlayer distance, the length of
pressure-relief region decreases monotonously from
669 mm to 504 mm, while oﬀset distance increases monotonously from −50 mm to −46 mm, indicating that the
center of the pressure-relief region tends to transfer to the
corresponding center of C6 protective layer excavation
region.
4.1.2. Maximum Pressure-Relief Values and Pressure-Relief
Ratios. The pressure-relief ratio ηp is given by
ηp � |σ − σ 0 |/σ 0 , where σ 0 is the original pressure within the
protected layer before C6 coal seam excavation and σ is the
pressure within protected layer after C6 coal seam excavation. The maximum pressure-relief value and maximum
pressure-relief ratio with varying interlayer distances are
presented in Table 6. Both the maximum pressure-relief
value and pressure-relief ratio decrease as interlayer distance
increases, which indicate that eﬀects of C6 protective layer
mining on underlying protected layer would be gradually
reduced. It can be concluded that the protection eﬀect would
be diminished when the interlayer distance increases to an
extent, which conforms to the practical situation.

DBMC (mm)
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100
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–20
–40
–60
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Figure 9: Pressure-relief curves for C4 protected layers with
varying interlayer distances.

extent of the protected layer reduces; and curve slopes on
both sides of the curve boundaries decrease, indicating that
the stress concentration nearby excavation boundaries of
protective layer reduces, but the inﬂuencing range of
pressure concentration increases; furthermore, the drop
velocity of the pressure-relief curve in the ascending direction is greater than that of the descending direction, and
the maximum pressure-relief point (denoted by “★” in
Figure 9) gradually evolves from the ascending direction to

4.1.3. Pressure Concentration Coeﬃcients. The pressure
concentration coeﬃcient ηc is given by ηc � σ/σ 0 . Two locations in C4 protected layers are chosen to analyze the stress
concentration coeﬃcient, one is in the descending direction
with DBMC being −427.6 mm, and the other is in the ascending direction with DBMC being 377.5 mm. During
excavation of the C6 upper protective layer with interlayer
distance being 450 mm, no pressure concentration is observed as all pressure sensors are arranged in the pressurerelief region. So only the pressure concentration coeﬃcients
with interlayer distances being 250 mm and 650 mm are
obtained in Table 7. As seen from Table 7, with interlayer
distance increasing, the pressure concentration coeﬃcients
at the descending and ascending locations both decrease,
indicating that the eﬀects of protective layer mining on
underlying protected layers also decrease.
In brief, as the interlayer distance increases, the pressure
distribution pattern in the protected layer evolves from “U”
to “V”; the pressure concentration coeﬃcient in the protected layer decreases, but the inﬂuencing range of pressure
concentration increases; the maximum pressure-relief ratio
decreases, which are 50.8%, 37%, and 23.5% in the close,

Advances in Civil Engineering

11

Table 5: Pressure-relief region and oﬀset distance with varying interlayer distances.
Interlayer distance (mm)
250
450
650

Length of pressure-relief region (mm)
669
652
504

Oﬀset distance (mm)
−50
−47
−46

Table 6: Maximum pressure-relief value and pressure-relief ratio with varying interlayer distances.
Interlayer distance (mm)
250
450
650

Maximum pressure-relief value (kPa)
94.80
68.99
43.89

Maximum pressure-relief ratio (%)
50.8
37
23.5

Table 7: Pressure concentration coeﬃcient with varying interlayer distances.
Interlayer distance (mm)
250
650

Pressure concentration coeﬃcient
at descending location
1.218
1.046

remote, and super-remote distance protected layers, respectively; and the length of pressure-relief region decreases,
which are 669 mm, 652 mm, and 504 mm in the close, remote, and super-remote distance protected layers, respectively. According to the above results, a large pressurerelief region will develop in the underlying protected layer
and lead to a signiﬁcant increase in coal permeability in
Nantong coal mine district [2, 3]. Therefore, upper protective layer mining combined with gas drainage in pressurerelief region can be adopted to prevent gas outburst and
guide layout of roadway in site. As the stresses in the
pressure-relief region have been released to an extent, the
diﬃculty degree of gas drainage in the pressure-relief region
is greatly reduced compared with other regions. Gas
drainage boreholes should be drilled in the pressure-relief
region before C6 upper protective layer mining, which is to
ensure the pressure-relief gas can be extracted timely. Besides, the middle section or length of pressure-relief region
for close distance or remote distance protective layer mining
is ﬂatter or greater than that of super-remote distance
protective layer mining. Hence, the spacings or of gas
drainage boreholes in super-remote distance protective layer
mining should be reduced. Moreover, the stress in location
with the maximum pressure-relief ratio has been released
more fully, and the location of pressure-relief region center
tends to transfer to the excavation region center as interlayer
distance increases, and thus the two locations are key regions
for gas drainage. Furthermore, the inﬂuencing range of
pressure concentration increases with interlayer distance
increasing. Hence, the roadway in super-remote distance
protective layer mining should be arranged at a greater
distance from the corresponding excavation boundary.
4.2. Protection Regions and Angles with Varying Interlayer
Distances. After the excavation of the C6 protective layer,
according to the digital image correlation method [24], the
displacements in the normal direction of protected layers for

Pressure concentration coeﬃcient
at ascending location
1.202
1.080

the similar material model with varying interlayer distances
can be calculated. And then through transformation and
calculation, the swelling strains within protected layers can
be obtained. The swelling strain curves for protected layers
with varying interlayer distances are illustrated in Figure 10.
It indicates that the distribution characteristics of swelling
strains within C4 protected layers are similar to that of
pressures (as shown in Figure 9), which also demonstrates
that a strong relation exists between pressure and strain in
upper protective layer mining. With the increase of interlayer distance, the swelling strain curve evolves from
pattern “∩” to pattern “∧” and corresponding region with
positive swelling strain becomes narrower; the altitude of
swelling strain curve decreases, indicating that the overall
strain of protected layer reduces; and curve slopes on both
sides of the curve boundaries decrease.
In current Provisions [16], if the coal-rock lithologies
and mining heights change little between protected layer and
protective layer, when the swelling strains of speciﬁc region
within the protected layer are equal or greater than 3‰, the
gas outburst risk within such speciﬁc region of the protected
layer would be eliminated. Such speciﬁc region is called the
protection region. Hence, swelling strain of 3‰ (referred to
hereafter as the deformation protection criterion) is used to
ascertain the protection region within the protected layer in
the present study. Based on the deformation protection
criterion, the protection angle at the lower excavation
boundary of the C6 protective layer is given by
h
δ3 � arctan ,
u

(14)

where δ3 represents the protection angle at the lower excavation boundary of the protective layer, h is the interlayer
distance between protected layer and protective layer, and u
is the distance along bedding surface between lower excavation boundary of the C6 protective layer and the critical
point with swelling strain of 3‰, as shown in Figure 11. The
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Figure 10: Swelling strain curves for the C4 protected layer with
varying interlayer distances.
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Figure 11: Schematic diagram for calculation of protection angles.

calculation method for the protection angle at the upper
excavation boundary of the C6 protective layer, δ4, is similar
to that of the lower excavation boundary.
Protection angles at excavation boundary of C6 protective layers are calculated using equation (14), and the
empirical values in Provisions are also given for comparison,
as shown in Table 8. As seen from Table 8, protection angles
at the lower excavation boundary are greater than that of the
upper excavation boundary. As the interlayer distance increases, protection angles at lower and upper excavation
boundaries change little. The average protection angles at

lower and upper excavation boundaries are 77° and 67°,
respectively, both of which are less than the empirical values
in Provisions.
Related studies show that the underlying ﬂoor be divided
into ﬂoor heave-induced ﬁssure zone, ﬂoor heave-induced
deformation zone, and original ﬂoor zone from top to
bottom [29–31]. In the former zone, mining-induced ﬁssures propagate across or parallel to bedding planes, and
thus gas can easily ﬂow to the goaf through ﬁssures. In the
second zone, ﬁssures are mainly parallel with bedding
planes, thus providing channels for gas migration. In the
third zone, there are little ﬁssure channels for pressure-relief
gas migration, and thus the protection eﬀect cannot be
guaranteed. The lower limit of the ﬂoor heave-induced
ﬁssure zone is 15∼25 m, while the lower limit of the ﬂoor
heave-induced deformation zone is 50∼60 m. Therefore, the
close, remote, and super-remote distance protected layers in
the present study are in the ﬂoor heave-induced ﬁssure zone,
the ﬂoor heave-induced deformation zone, and the original
ﬂoor zone, respectively. The protection eﬀect of the superremote distance protective layer mining cannot be guaranteed. The relation between length of protection region and
interlayer distance is presented in Figure 12. As shown in
Figure 12, with the increase of interlayer distance, the length
of the protection region reduces dramatically. The length of
the protection region decreases from 434.5 mm to 268.7 mm
for remote and super-remote distance protective layer
mining, which agrees well with the aforementioned analysis
results. Engineering practice in Nantong coal mine district
also veriﬁes that the protection eﬀect of protective layer
mining with super-remote distance cannot be guaranteed.
Thus, compared with close distance or remote distance
protective layer mining, more measures should be taken to
enhance gas drainage to eliminate the gas outburst risks of
the super-remote distance protected layer in Nantong coal
mine district [29].
In brief, when mining steeply inclined upper protective
layer with varying interlayer distances in Nantong coal mine
district, both the protection region and protection angle
determined based on the deformation protection criterion
are less than the empirical values based on the dip angle in
Provisions, denoting that the method proposed in this study
is safer than that in Provisions.

5. Conclusions
According to an engineering practice of Nantong coal mine
district, a method for the similar material simulation experiment of steeply inclined upper protective layer mining is
proposed, and then it is adopted to investigate the protection
eﬀect with varying distances. The obtained conclusions are
as follows:
(1) The new similar material, which comprises of sand,
cement (containing gypsum and ﬂy ash), and water
mixture, can simulate various coal-rock lithologies in
coal mine.
(2) Strong linear relations exist between mechanical
parameters and proportioning parameters of similar
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Table 8: Protection angle at the excavation boundary.

Interlayer distance (mm)
250
450
650

Protection angle at the lower excavation
boundary, δ3 (°)
Present results
Results in Provisions
78
80
75
80
78
80

Protection angle at the upper excavation
boundary, δ4 (°)
Present results
Results in Provisions
65
70
71
70
65
70

and gas drainage boreholes to prevent gas disaster in
Nantong coal mine district.
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material. The eﬀects of the sand-binder ratio on
compressive strength and elastic modulus are more
remarkable than the eﬀect of the density and residual
water content; both the compressive strength and
elastic modulus of similar materials increase as the
density increases and decrease as the residual water
content or sand-binder ratio increases; the eﬀect of
residual water content on Poisson’s ratio is more
remarkable than the eﬀect of density, and sandbinder ratio has little eﬀect on Poisson’s ratio of
similar materials.
(3) Both pressure-relief curves and swelling strain curves
for the protected layer present convex shapes. With
the increase of interlayer distance, the pressure-relief
curve evolves from pattern “∩” to pattern “∧” and
corresponding pressure-relief region becomes narrower; the center of pressure-relief region tends to
transfer to corresponding center of protective layer
excavation region; the maximum pressure-relief
value, pressure-relief ratio, and stress concentration coeﬃcient decrease; the protection angles
change little, but length of protection region reduces
dramatically. Both protection region and protection
angle based on swelling strain of 3‰ in the present
study are safer than that in Provisions. The research
results provide a useful guide for layouts of roadway
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In order to analyze the impact of compound breakage of key strata on overlying strata movement and strata pressure behavior
during the fully mechanized caving mining in shallow and extremely thick seams, this paper took the 1322 fully mechanized
caving face in Jindi Coal Mine in Xing County as the engineering background. Under the special mining and geological condition
mentioned above, UDEC numerical simulation software was applied to research the engineering problems, and results of
numerical simulation were veriﬁed through the in-site measurement. The research results showed that during the fully
mechanized caving mining in shallow and extremely thick seams, the inferior key strata aﬀected by mining movement behaved in
the mode of sliding instability and could not form the stable structure of the voussoir beam after breaking and caving. In addition,
the main key strata behaved in the mode of rotary instability, and the caving rocks behind the goaf were gradually compacted
because of the periodic instability of the main key strata. With the continuous advance of the working face, the abutment pressure
of the working face was aﬀected by the compound breakage and periodic instability of both the inferior key strata and the main key
strata, and the peaks of the abutment pressure presented small-big-small-big periodical change characteristics. Meanwhile, the
risk of rib spalling ahead of the working face presented diﬀerent levels of acute or slowing trends. The actual measurement results
of ground pressure in the working face showed that, in the working process, the ﬁrst weighting interval of the inferior key strata
was about 51 m and its average periodic weighting interval was about 12.6 m, both of which were basically consistent with the
results of numerical simulation. The research has great signiﬁcance in providing theoretical guidance and practical experience for
predicting and controlling the ground pressure under the similar mining and geological conditions.

1. Introduction
Many areas in the west of China, mainly including Xinjiang,
Inner Mongolia, and Shaanxi and Shanxi provinces, are rich
in coal resources, accounting for 81.3% of total national
resources. Among these coal resources, the reserve of both
thick and extrathick coal seams take up more than 44% of
total reserves, which has laid a solid foundation for safe and
eﬃcient production of coal resources and rapid economic
development [1–3]. With the implementation of the

national strategy for developing the western areas, the
exploitation scale of coal resources in these areas has
gradually expanded, and shallow-buried working face are
becoming increasingly common [4–6]. At present, the Xing
County mining area in Shanxi province which is under
development has a total reserve of approximately 39.639
billion tons, and its average seam thickness is 12 m, which is
regarded as extrathick coal seam. The distinguishing feature of occurrence of coal seam in the Xing County mining
area is shallow-buried depth and thicker loess layers above

2
the bedrock, which is similar to that in the adjacent ShenfuYuheng mining area, but also has signiﬁcant diﬀerences. As
for the Xing County mining area, the buried depth of coal
seam is deeper than that in the Shenfu mining area, and the
thickness of both coal seam and bedrock is larger than that
in the Shenfu mining area, which belongs to the sandy-soilrock-type bedrock coal seam with shallow-buried depth
and thin thickness [7, 8]. Under the special mining and
geological condition in the Xing County mining area, both
the movement and breakage law of overlying strata and the
pressure behavior law of stope in the mining process of
shallow and extremely thick seams are signiﬁcantly different from those in conventional mining.
At present, many scholars have conducted extensive
research on the breaking mechanism and pressure behavior law of key strata in overlying strata under the
conventional mining condition of shallow coal seams. Lai
et al. studied the coupling mechanical properties of the
“support-surrounding rock” in the large-height working
face with shallow-buried and extremely thick coal seam
and obtained the features, mainly including period, intensity, and range, of the pressure behavior of the roof in
the large-height working face with shallow-buried depth
and extremely thick seam [9]. Aimed at the fact that the
key strata of shallow-buried seams in the Shendong
mining area are easy to cave and cause many problems,
such as roof failure due to weighting over great extent and
dynamic hazards. Jiang et al. studied the initial breaking
characteristics and caving mechanism of the key strata in
shallow coal seams [10]. Xie and Zhao took the Qianshuta
coal mine as the research background, and an integrated
method, mainly including numerical simulation, theoretical analysis, and on-site measurement, was used to
study caving feature and structure feature of the top coal
during fully mechanized top-coal caving mining in the
shallow-buried, hard, and extremely thick coal seam [11].
Wang et al. took the geological condition of the fully
mechanized working face with a high mining height in the
Sandaokou coal mine as the engineering background, and
similar material simulation was applied to research the
breaking laws of the key strata in the working face with
large mining height and approximate shallow depth [12].
Yang [13] carried out research on the mechanisms of
large-scale roof cutting and support crushing and pressure
behavior law of the working face in the process of highintensity exploitation of shallow-buried coal seams. Liu et
al. built the height control model of the water-ﬂowing
fractured zone based on the background of a shallow thick
coal seam in North Shaanxi. Through the experimental
simulation and analysis of rock bearing capacity and
fracture evolution rule, the control model of structural
stability of the key strata layer was built and the eﬀective
protection of the coal seam in northern Shaanxi was realized [14]. Ju and Xu studied surface stepped subsidence
related to top-coal caving longwall mining of extremely
thick coal seam under shallow cover. The formation
mechanism of the surface stepped subsidence case was
explained. The surface subsidence proﬁle after the sequent
mining activity was predicted. The possible controls of
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the stepped subsidence were lastly proposed [15]. Wang
et al. took the Shendong coal mine as the research
background and investigated the form and stability of the
roof-bearing structure of a shallow coal seam under
longwall mining, in order to determine the fundamental
mechanism of roof step-form subsidence [16].
The research mentioned above is mostly based on the
engineering condition of coal seams in the ShenfuYongheng mining area in China, the breaking mechanism of the key strata and pressure behavior law in the
mining process of shallow-buried coal seams have been
studied. However, there is little research on the inﬂuence of
compound breakage of the key strata on the movement of
overlying strata and pressure behavior law under the
special mining and geological condition in Xing Country
mining area. This paper takes the 1322 fully mechanized
caving face of Jindi Coal Mine in Xing County mining area
as a case study, and some research is conducted on the
problems mentioned above. The research results are of
great signiﬁcance to enrich mine pressure theory and
provide guidance for mine pressure control under similar
mining and geological conditions.

2. Engineering Background
The Xing County mining area is located in the Lvliang
mountain system and presents the typical landscape of Loess
Plateau. The geographical location is shown in Figure 1. The
coal seams of Xing County mining area mainly characterize
sand-base bedrock with a shallow-buried depth and thin
thickness, and the main structure of overlying strata is
characterized by loess-thin bedrock-seam structure. In addition, the main feature of this type of overburden strata
structure is that most of the loose layers of the quaternary
system are made up of loess layers with large thickness, and
the components of bedrock are mainly sandstone and
mudstone. The 1322 working face of the Jindi Coal Mine in
the Xing County mining area is located in the north-central
region of the mineﬁeld, with 1324 working face in the west,
the boundary pillar in the north, the industrial square pillar in
the south, and the goaf of 1313 working face, south transportation roadway, and other major roadways in the east. The
proﬁle of 1322 working face is shown in Figure 2. The main
exploiting seam at 1322 working face is 13# coal seam with a
buried depth of 258 m∼329.3 m, which is a shallow-buried
coal seam; the thickness of coal seam is 8.8∼13.65 m with an
average thickness of 11.9 m, which belongs to extremely thick
coal seam. The fully mechanized top-coal caving mining
method was used to exploit the 13# coal seam with a mining
height of 3.2 m and a roof caving height of 8.7 m. The inclined
length of the working face is 180 m, and the strike length is
1230 m. The dip angle of the coal seam is 18°∼25° with an
average angle of 22°, which is a gently inclined coal seam. The
thickness of immediate roof is 0.8∼2 m. The immediate roof
mainly consists of sandy mudstone, mudstone, and siltstone
with sandstones distributing locally; the basic top is made up
of medium-coarse sandstone; the ﬂoor is mainly made up of
ﬁne-grained sandstone, mudstone, and sandy mudstone.
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Figure 1: The geographic location of Jindi Coal Mine.

Figure 2: Overview of the 1322 working face at Jindi Coal Mine.

3. The Establishment of Numerical Model and
Simulation Scheme
This paper took the 1322 fully mechanized caving mining face
in Jindi Coal Mine as the engineering background, and the
UDEC discrete element numerical model was established to
study the movement law and pressure behavior law of overlying strata in the stope under the special mining and geological
condition of sallow-buried and extremely thick coal seam.
3.1. The Establishment of Numerical Models. Taking the 1322
fully mechanized top-coal caving face in Jindi Coal Mine as

the engineering background, the UDEC numerical simulation
software was used to establish a discrete element numerical
model to research the overlying strata movement and pressure behavior of the working face under the condition of the
fully mechanized top-coal caving mining face in the shallowburied thick coal seam. The length and height of the model
were 500 m and 120.6 m, and the average buried depth of the
coal seam was 266.6 m. As for the numerical model, a total of
17 layers of strata which contained both coal and roof and
ﬂoor were established, and the topsoil layer was simpliﬁed and
replaced by an equivalent stress of 2.63 MPa. Considering the
inﬂuence of the mining boundary, boundary protection
pillars with a thickness of 100 m were remained on both sides
of coal seams. The horizontal constraint was imposed on the
left and right boundaries of the model, and the vertical
constraint was imposed on the bottom boundary of the
model. The model was divided into 7871 blocks, 35874 cells,
and 44648 nodes. According to the key strata theory [17–20],
it could be obtained that there were two layers of the key strata
within the coal-bearing strata. The main key strata of the
overlying strata is the 9th layer of ﬁne sandstone above the 13#
coal seam, and the inferior key strata is the 2nd layer of
gritstone above the 13# coal. The subsidence monitoring lines
of overburden strata were, respectively, placed in the main
and inferior key strata, and vertical monitoring lines of stress
were arranged in the immediate roof. The numerical model
established and boundary conditions are shown in Figure 3.
3.2. Selection of Mechanical Parameters. The physical and
mechanical parameters of each stratum applied in the numerical model were measured by experiments in the laboratory, as are shown in Table 1. The mechanical parameters
of jointed rock mass are shown in Table 1.
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Figure 3: Schematic diagram of the numerical model and boundary conditions.
Table 1: Coal and rock interface mechanical parameters used in the model.
Strata number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Lithology
Sandy mudstone
Siltstone
Sandy mudstone
Medium sandstone
Siltstone
Fine sandstone
Gritstone
Mudstone
Medium sandstone
Sandy mudstone
Siltstone
Mudstone
Gritstone
Sandy mudstone
Coal
Fine sandstone
Sandy mudstone

Normal
stiﬀness (GPa)
1.0
3.5
1.0
3.5
3.5
4
3.6
0.6
3.5
1.0
3.5
0.6
3.6
1.0
0.5
4
1.0

Shear
stiﬀness (GPa)
2.5
7.2
2.5
7.0
7.2
8.2
8.0
2.3
7.0
2.5
7.2
2.3
8.0
2.5
2.0
8.2
2.5

3.3. Numerical Simulation Schemes. This paper mainly
researched the movement law and pressure behavior law of
overburden strata at fully mechanized caving face with
shallow-buried and extremely thick coal seam. As the fully
mechanized top-coal caving face with shallow-buried and
extremely thick coal seam continuously advanced, the
emphasis of the research was to simulate the breaking law of
the key strata at the fully mechanized top-coal caving face
with shallow-buried and extremely thick coal seam and the
pressure behavior law caused by the breakage of the key
strata.
In the process of numerical simulation, the length of
excavation was 10 m every time and the total length of
excavation was 300 m. The speciﬁc process of simulation is as
follows:
(1) The initial stress calculation function of UDEC was
used to generate the gravitational ﬁeld to simulate the
original stress state of the strata before excavation.

Cohesion (MPa)

Friction angle (°)

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

10
23
10
20
23
22
14
20
20
10
23
20
14
10
16
22
10

Tensile
strength (MPa)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

(2) Under the eﬀect of the initial stress ﬁeld, the
movement and deformation characteristics and the
pressure behavior law of overlying strata in the
mining process of shallow-buried and extremely
thick coal seams were simulated. A method of
continuous excavation was applied in the simulation,
and the length of excavation was 10 m every time,
with a total excavation length of 300 m.
(3) At diﬀerent advance distances of the working face,
the movement, caving characteristics, and stress
distribution of the overlying strata were compared
and analyzed.
(4) The monitoring data of the survey lines #1 and #2
arranged in the main and inferior key strata were
extracted, and based on the data obtained, the
subsidence curves of the main and inferior key strata
under the condition of diﬀerent advance distances of
the working face were respectively drawn; the
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monitoring data of the survey line #3 placed in the
immediate were extracted, and based on the data
gained, the vertical stress curves of the survey line #3
under the condition of diﬀerent advance distances
were drawn. By comparing and analyzing the curves
drawn, some conclusions could be obtained.
Convergence (m)

4.1. Analysis of Overlying Strata Movement. Monitoring data
of survey lines #1 and #2 placed in the inferior key strata and
the main key strata were extracted, and subsidence curves of
the inferior key strata and the main key strata under the
condition of diﬀerent advancing distances of the working
face could be obtained, as are shown in Figures 4 and 5,
respectively.
It is shown in both Figures 4 and 5 that when the
continuous advance distance of the working face was 20 m,
there was no obvious subsidence for the inferior key strata
and there was almost no subsidence for the main key strata.
When the working face advanced 50 m, the subsidence of the
inferior key strata increased to 11 m, meaning that the inferior key strata caved for the ﬁrst time. At the moment, the
subsidence of the inferior key strata beside the working face
rose dramatically to 8.5 m. It could be obtained that the
inferior key strata showed the characteristics of sliding instability. There was no obvious subsidence for the main key
strata, with only 0.3 m. When the continuous advance
distance of the working face reached 70 m, the maximum
subsidence of the inferior key strata was 11.5 m, which
meant that the inferior key strata occurred the periodical
caving for the ﬁrst time. It could be obtained from the
subsidence curves of the inferior key strata that the inferior
key strata showed the characteristics of sliding instability at
this time. In addition, the subsidence of the main key strata
increased to 0.8 m. When the working face advanced 90 m,
the inferior key strata occurred the periodical caving for the
second time, and its subsidence was 12 m. Compared to the
subsidence of the main key strata with the advance distance
of 70 m, the subsidence of the main key strata with the
advance distance of 90 m increased to 3 m, rising by 2.2 m
and with an increment of 275%. At this time, the main key
strata broke for the ﬁrst time and they showed the characteristics of rotary instability. When the continuous advance distance reached 110 m, the maximum subsidence of
the inferior key strata and the main key strata was 11.5 m and
4.2 m, respectively. Compared to the subsidence of the main
key strata with the advance distance of 110 m, the subsidence
of the main key strata with the advance distance of 150 m
increased by 1.8 m, with an increment of 43%, which meant
that the main key strata occurred the periodical breakage for
the ﬁrst time and they showed the characteristics of rotary
instability. When the continuous advance distances of the
working face were 200 m and 300 m, the maximum subsidence of the main key strata was 8.8 m and the subsidence
of the inferior key strata also rose, meaning that the caving
rocks located at the rear of the goaf were gradually compacted with the periodical instability of the main key strata.
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Figure 4: Subsidence curves of the inferior key strata.
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4. Study on Strata Pressure Behavior
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Figure 5: Subsidence curves of the main key strata.

4.2. The Impact of Key Strata Compound Breakage on the
Strata Pressure Behavior. The plastic zone distribution of
surrounding rocks in the working face under the condition
of diﬀerent advance distances of the working face is shown in
Figure 6. The advanced support pressure and the subsidence
of the main key strata under the condition of diﬀerent
advance distances are shown in Figure 7.
It is showed in Figures 6 and 7 that with the continuous
advance of the working face, the maximum subsidence of the
main key strata showed a gradually upward trend, and the
abutment pressure ahead of the working face showed a wavy
increasing trend. To be more speciﬁc, before the continuous
advance distance of the working face reached 90 m, because
the inferior key strata had occurred the initial caving and
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Figure 6: The plastic zone distribution of surrounding rocks in the working face under diﬀerent advance distances of the working face.
(a) 50 m. (b) 70 m. (c) 90 m. (d) 110 m. (e) 150 m. (f ) 200 m.
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Figure 7: The advanced support pressure and the subsidence of the main key strata.

periodical caving, the fracture in the main key strata developed, but the main key strata did not break and lose
stability, and they could still be regarded as the supporting
body of the overlying strata. At the moment, both the
maximum abutment pressure ahead of the working face and
the maximum subsidence of the main key strata increased
with a relatively slow speed. The rib ahead of the working face
had the risk of spalling. When the working face advanced
90 m, the main key strata located at the anterior and upper
side of the coal rib broke and lost the stability because of
stretching, and they broke for the ﬁrst time. At this time, both
the maximum abutment pressure ahead of the working face
and the maximum subsidence of the main key strata increased
dramatically with a fast speed, which increased risk of rib
spalling ahead of the working face. After the working face had
advanced 90 m, the main key strata aﬀected by diﬀerent levels
of stretching occurred the periodical breakage. When the
working face advanced 110 m and 170 m, because the abutment
pressure ahead of the working face was aﬀected by the compound breakage and periodical instability of both the inferior
and main key strata, the maximum abutment pressure showed a
downward trend compared with that when the advance distances of the working face were 90 m, 150 m, and 200 m. The
maximum of the abutment pressure ahead of the working face
presented small-big-small-big periodical change characteristics.
Meanwhile, the risk of rib spalling ahead of the working face
presented diﬀerent levels of acute or slowing trends. The
maximum of the abutment pressure occurred 10 m∼40 m ahead
of the working face, with an aﬀected area of 110 m∼160 m.

5. Field Test
In the mining process of 1322 fully mechanized top-coal
caving face, the working resistance of the hydraulic support
was measured in situ. By analyzing the monitoring results of
working resistance of 4 supports placed at 1322 fully
mechanized top-coal caving face, the working resistance
distribution of 4 supports could be obtained along with the

continuous advance of working face at the initial mining
stage, as are shown in Figure 8.
It could be concluded from Figure 8 that with the
continuous advance of the working face, the working resistance of the hydraulic support increased steadily. When
the advance distance of the working face reached 50 m, the
working resistance values of the 25#, 50#, and 60# supports
soared, which were close to the rated working resistance of
the hydraulic support. This meant that the inferior key strata
of the working face collapsed for the ﬁrst time, resulting in
hydraulic supports placed at the working face crushing with
a large area. The ﬁrst weighting interval of the inferior key
strata was about 51 m, which was basically consistent with
the results obtained from numerical simulation.
The working resistance distribution of the 4 hydraulic
supports along with the advance of the working face at the
normal mining stage is shown in Figure 9.
It could be obtained from Figure 9 that, at the normal
mining stage, when the working face advanced from 567.9 m
to 698.3 m with advance distance of about 130 m, the
working resistance of 4 hydraulic supports occurred the peak
pressure for 8∼10 times, meaning that the roof regularly
broke and caved for many times. The average periodical
weighting interval of the roof at the 25# and 50# support was
about 15.1 m and 12.1 m, respectively. The average periodical
weighting interval of the 4 supports was about 12.6 m. There
was no signiﬁcant diﬀerence in the average periodical
weighting interval of each support. The pressure duration of
the roof in the middle of the working face was relatively
longer, while the pressure duration of the head and tail was
relatively shorter.

6. Conclusion
This paper took the 1322 fully mechanized caving face in
Jindi Coal Mine in Xing County as the engineering background. Under the condition of diﬀerent advance distances,
UDEC numerical simulation software was applied to analyze
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Figure 8: The working resistance distribution of hydraulic supports placed at diﬀerent parts of working face at the initial mining stage.
(a) 25# support. (b) 50# support. (c) 60# support. (d) 110# support.
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23:34:03-05.08
02:47:57-06.08
06:25:10-06.08
14:50:33-06.08
18:41:25-06.08
00:21:41-07.08
02:07:18-07.08
04:24:13-07.08
15:22:02-07.08
21:00:05-07.08
03:47:20-08-08
05:11:01-08.08
09:53:01-08.08
16:43:40-08.08
20:58:06-08.08
00:14:17-09.08
04:00:49-09.08
11:44:48-09.08
17:41:23-09.08
20:59:12-09.08
00:20:14-10.08
01:53:02-10.08
13:53:11-10.08
18:49:29-10.08
23:59:00-10.08
04:22:54-10.08
20:57:57-11.08
01:42:17-12.08
15:17:40-12.08
01:34:12-13.08
19:36:50-13.08
23:15:41-13.08
05:47:17-14.08
10:56:06-14.08
13:44:34-14.08
18:12:39-14.08
22:54:12-14.08
00:49:10-15.08
06:36:11-15.08
13:56:49-15.08
16:44:57-15.08
21:19:35-15.08
06:21:46-16.08
11:12:52-16.08
14:51:55-16.08
18:20:36-16.08
00:28:20-17.08
04:48:17-17.08
12:25:39-17.08
18:25:16-17.08
22:06:03-17.08
23:46:25-17.08

kN

01:27:43-03.08
05:11:01-03.08
16:35:12-03.08
18:50:38-03.08
23:22:34-04.08
11:27:41-04.08
08:17:34-04.08
17:02:18-04.08
21:48:35-04.08
01:23:32-05.08
11:36:04-05.08
15:11:01-05.08
18:11:01-05.08
23:13:16-05.08
06:13:25-05.08
04:55:01-05.08
14:09:14-06.08
23:02:04-06.08
02:56:24-07.08
11:22:32-07.08
15:31:00-07.08
20:18:01-07.08
23:03:09-07.08
02:54:50-08.08
05:11:01-08.08
08:54:01-08.08
12:11:01-08.08
15:17:01-08.08
17:13:16-08.08
21:13:01-08.08
01:27:43-09.08
05:11:01-09.08
08:30:01-09.08
15:21:41-09.08
17:45:08-09.08
21:16:21-09.08
03:03:09-09.08
23:01:01-09.08
04:27:43-10.08
05:11:01-10.08
09:13:00-10.08
10:08:01-10.08
10:21:15-10.08
17:13:16-10.08
18:15:01-10.08
19:13:16-10.08
23:41:01-10.08
01:27:43-11.08
05:51:01-11.08
07:41:21-11.08
12:36:01-11.08
13:24:09-11.08
21:36:01-12.08
15:32:23-12.08
23:03:09-13.08
01:27:43-14.08
05:11:01-14.08
10:35:01-15.08
15:21:01-15.08
05:25:11-16.08
18:16:16-16.08
21:09:58-17.08
00:30:47-17.08
11:25:26-17.08
15:01:09-17.08
21:15:04-17.08

Advances in Civil Engineering

570

570

570

570

9

Time

12000

11000

10000
9000

8000

7000

6000

5000

4000

3000
580

580

580

580
590

590

590

590

600

600

600

600

610

610

610

610

620
Advance rate (m)

620

620

620

630

630

640

630
640

630
640

640

650

650

650

650

660

660

660

660

670

670

670

670

680

680

680

680

690

690

690

690

700

Setting load

Rating working resistance

End resistance

(a)
Time

12000

11000

10000

9000

8000

7000

6000

5000

4000

3000

Advance rate (m)
700

End resistance
Setting load

Rating working resistance

(b)
Time

12000

11000

10000

9000

8000

7000

6000

5000

4000

3000
Advance rate (m)
700

Rating working resistance
Setting load

End resistance

(c)
Time

12000

11000

10000

9000

8000

7000

6000

5000

4000

3000

Advance rate (m)

700

End resistance

Setting load

Rating working resistance

(d)

Figure 9: Working resistance distribution of hydraulic supports at diﬀerent positions of working face at the normal mining stage. (a) 25#
support. (b) 50# support. (c) 60# support. (d) 110# support.
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overlying strata movement and strata pressure behavior
during the fully mechanized caving mining in shallow and
extremely thick seams. The impact of compound breakage of
both the inferior and main key strata on strata pressure
behavior was analyzed, and the results of numerical simulation were veriﬁed by in situ measurement. The conclusions
are as follows:
(1) After the inferior key strata above fully mechanized
caving face in shallow and extremely thick seams
broke and caved, they could not form stable block
structure of the voussoir beam. The initial caving
distance of the inferior key strata was 50 m, and the
inferior key strata presented the characteristics of
sliding instability. In addition, their periodical caving
distance was about 20 m and showed the characteristics of sliding instability of the step voussoir beam.
(2) The initial and periodical caving distances of the main
key strata above fully mechanized caving face in shallow
and extremely thick seams were about 90 m and 50 m
respectively, presenting the characteristics of rotary
instability. The caving rocks behind the goaf were
gradually compacted because of the periodic instability
of the main key strata. With the continuous advance of
the working face, the maximum subsidence of the main
key strata showed a gradually increasing trend.
(3) With the continuous advance of the working face,
the abutment pressure ahead of the working face
presented a wavy increasing trend. After the working
face had advanced 90 m, because the abutment
pressure ahead of the working face was aﬀected by
the compound breakage and periodical instability of
both the inferior and main key strata, its maximum
presented small-big-small-big periodical change
characteristics. What is more, the risk of rib spalling
ahead of the working face presented diﬀerent levels
of acute or slowing trends. When the main key strata
occurred the initial breakage and periodical breakage, the maximum value of the advanced support
pressure was relatively large, and the location of the
maximum was away from the working face with a
relatively large aﬀected area.
(4) It could be obtained from the in situ measurement of
strata pressure behavior in the mining process of the
working face that the initial weighting interval of the
inferior key strata and the average periodical
weighting interval were about 51 m and 12.6 m, respectively, which were consistent with the results
obtained by numerical simulation.
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Rock engineering is usually associated with impact loads induced by blasting, drilling, vibration, or earthquake. In the engineering
ﬁelds of tunnelling, slopes, dams, and mining, rocks are always subjected to cyclic wet-dry caused by periodical variation in
moisture. To study cyclic wet-dry eﬀects on dynamic compression properties and deterioration of red-sandstone, physical tests
and dynamic and static tests were conducted after 0, 5, 10, 15, and 20 wet-dry cycles. Changes in physical and mechanical
parameters, including P-wave velocity, density, and static and dynamic compression strength, were determined. Deterioration of
red-sandstone caused by wet-dry cycles was veriﬁed through physicomechanical parameters, and the microscopic features were
scanned by SEM techniques. Experimental results showed that the dynamic compression strength increased with the loading rate,
but decreased with the increase of wet-dry cycles. In terms of the loading rate, the decay function model was proposed to evaluate
the long-term dynamic compression strength of red-sandstone against cyclic wet-dry action. Besides, the function of the loading
rate was obtained. Parameters of two models, decay constant and half-life values, were measured accurately.

1. Introduction
Weathering is deﬁned as the alteration and destruction
process of physical and chemical eﬀects on rock and soil
materials at or near the earth’s surface. This phenomenon is
widespread in rock materials [1–3]. Due to the deterioration
induced by various weathering treatments, the assessment
on engineering properties of rock mass is signiﬁcantly
important. As a typical type of the weathering process, cyclic
wet and dry are prevalent in rock engineering, especially in
ﬁelds of tunnelling, slopes, dams, and mining, where rock
materials are usually subjected to periodical changes in the
moist condition (namely, seasonal changes in groundwater
level, water level changes in reservoirs, recurrent rainfall,
and ebb and ﬂow of tides) [4, 5]. Several test methods have
been developed in the past decades to simulate the cyclic wet
and dry actions [6–11]. Actually, an intact cycle of wet-dry

consists of wet process (the transition from dry to wet) and
dry process (the transition from wet to dry) [5]. To accelerate
the simulation process, the wet process is usually conducted
by submerging rock materials in water for diﬀerent time
(e.g., 12 h, 24 h, 32 h, 48 h, and 3 d). The dry process is mainly
controlled by the dry way and dry time. The air-dried and
oven-dried are adopted widely. Although there is no universal standard for dry time t, the most common dry time are
12 h, 24 h, and 48 h. In addition, for the oven-dried type, the
temperature is generally controlled below 105°C to reduce
the temperature eﬀect on mechanical properties of rocks
[7, 8].
Based on the accelerated wet-dry method, many researchers have conducted the study on mechanical and
physical properties of rock materials after cyclic wet-dry
treatment [5, 7, 9, 10, 12–16], such as density, porosity, water
absorption, slake durability index, P-wave velocity, static
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uniaxial compression strength (UCS), tensile strength, and
fracture toughness. Although it is impractical to test each
property index of weathered rocks, it is universally accepted
that cyclic wet-dry reduces both mechanical and physical
properties of rock materials to varying degrees. As for
physical properties, a substantial experiment concluded that,
with the increasing wet-dry cycles, the P-wave velocity,
density, and slake durability index show an increasing trend,
while the porosity and water absorption increase due to the
wet-dry induced by deterioration. In terms of mechanical
properties, investigations were mainly concentrated on UCS,
tensile strength, and fracture toughness. For example, the
unconﬁned compression strength of sandstone specimens
was measured by Hale and Shakoor [13] after 50 wet-dry
cycles in total. They pointed out that there is no obvious
reduction in UCS. Özbek [15], Khanlari and Abdilor [16],
and Zhao et al. [17] obtained similar results after diﬀerent
wet-dry cycles. However, a sharp decrease in uniaxial
compression strength (reduced by 86.1%, after 8 cycles),
tensile strength (reduced by 73.42%, after 10 cycles), and
fracture toughness (reduced by 52.4%, after 7 cycles) was
reported by Yao et al. [18], Liu et al. [19], and Hua et al. [20],
respectively. The main causes for this discrepancy are the
diﬀerent mineralogical composition and microstructure
(e.g., voids, cementations, texture, and ﬁssures), which aﬀect
the sensitivity to cyclic wet-dry treatment [17]. As the testing
technique progresses, the wet-dry induced mechanism in the
microscale has been visualized with the aid of microcomputed tomography (CT), scanning electron microscopy
(SEM), and nuclear magnetic resonance (NMR). Zhang et al.
[21], Zhou et al. [22], and Liu et al. [23] utilized the SEM
technique to observe the microstructure of the rock specimen subjected to diﬀerent wet-dry cycles and concluded that
the combination of rock grains was weakened by the
microcracks and argillization. Liu et al. [19] conducted a
series of CT whole-section scanning on sandstone specimens
under dry-wet cycles and obtained that with the increasing
dry-wet cycles, the density decreases whereas the porosity
increases. Water distribution in saturation and dry processes
was concluded from NMR images by Zhou et al. [24]. The
test results explained the tensile strength diﬀerences under
the same water content but diﬀerent water treatments.
However, the above research studies mainly focus on
static mechanical and physical properties of rock materials.
There is rare research on dynamic behaviors of weathered
rock, especially the study on cyclic wet-dry cycles. Actually,
rock materials may be broken dynamically to some extent in
the engineering application, due to the impact loads induced
by blasting, drilling, vibration, rock-bursts, or earthquake.
Therefore, it is meaningful to study the dynamic properties
of rocks subjected to cyclic wet-dry. Recently, researchers
have paid attention to this issue. Zhou et al. [5, 22] analyzed
the dynamic compression strength and dynamic tensile
strength of sandstone after every 10 wet-dry cycles (50 cycles
in total) by the modiﬁed split-Hopkinson pressure bar
system and concluded that both dynamic compression and
tensile strength decrease with the increase of wet-dry cycles.
Considering combined eﬀects of deterioration and loading
rate in wet-dry cycles, a new decay model was established by
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Zhou et al. [22] to forecast the long-term dynamic tensile
strength against many more cyclic wet-dry cycles. However,
on account of varying rock types and diﬀerent mechanical
properties, more work should be done with cyclic wet-dry
treatment and dynamic properties.
To investigate the cyclic wet-dry eﬀect on static and
dynamic compression properties of rocks, a series of experiments on red-sandstone were conducted after 0, 5, 10,
15, and 20 wet-dry cycles in this work. The dynamic
compression tests were conducted by using the splitHopkinson pressure bar system, of which the impact velocity was also considered to assess the loading rate eﬀect in
this study. The density, P-wave velocity, and the surface
microscopic features were also analyzed to characterize the
deterioration caused by cyclic wet-dry. Moreover, in order to
reﬂect the loading rate and wet-dry cycles, a deterioration
model was built to forecast the long-term dynamic compression strength of red-sandstone.

2. Materials and Methods
2.1. Specimen Preparations. In this study, red-sandstone
specimens were selected from Linyi, Shandong province.
Results of X-ray diﬀraction indicated that this kind of redsandstone mainly consists of quartz (66.4%), feldspar
(18.3%), calcite (8.6%), hematite (6.3%), and small amounts
of chlorite, illite, and mica. Specimens were all extracted
from the same red-sandstone block which has the good
petrographic uniformity and geometrical integrity. Besides,
ultrasonic detection was applied to minimize variations and
guarantee good homogeneousness among specimens.
According to the recommendation of International Society
for Rock Mechanics (ISRM) [25, 26], red-sandstone was cut
into normal cylinder specimens, Φ50 × 25 mm for dynamic
compression tests and Φ50 × 100 mm for static compression
tests, respectively. All the specimens were carefully polished
to satisfy the dimensional standard suggested by the ISRM.
Table 1 shows the essential strength and physical properties
of red-sandstone.
2.2. Cyclic Wet-Dry Setup. In this study, a single wet-dry
cycle was performed by submerging red-sandstone specimens into puriﬁed water for 24 hours. Then, specimens were
dried in an oven for 24 hours with a constant temperature of
60°C and cooled to the room temperature. These specimens
were divided into ﬁve groups, subjected to 0, 5, 10, 15, and 20
wet-dry cycles, for static and dynamic compression tests.
2.3. Ultrasonic and SEM Tests. As another physical property
of rocks, the ultrasonic P-wave velocity is sensitive to inner
microdeterioration caused by cyclic wet-dry. The P-wave
velocity was measured by using a portable ultrasonic detector (RSM-SY6). It is developed by the Institute of Rock
and Soil Mechanics, Chinese Academy of Science, with a
primary frequency of 50 kHz and the sampling precision of
0.2 μs. Vaseline was applied to the top and bottom surfaces of
specimens for a good coupling eﬀect between the transmitter
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Table 1: Variation of physical and strength properties of red-sandstone.
Density (kg·m−3)
2478

Porosity (%)
0.45

P-wave velocity (m·s−1)
2598

Compression strength (MPa)
74.2

and the receiver. Besides, information of longitudinal waves
was automatically recorded for the following analysis.
2.4. Mechanical Experiments. Static compression tests were
conducted by using the rock mechanics testing system of
RMT-150B. The loading mode was controlled by the displacement, and the loading rate was set at 0.05 mm/min.
Displacements and loads were recorded automatically and
processed for calculating the uniaxial compression strength.
As shown in Figure 1, the dynamic compression tests are
performed by the SHPB test system of Φ50 mm. The SHPB
system mainly consists of an incident bar, a striker bar, and a
transmitted bar, with a length of 290 mm, 2400 mm, and
1400 mm, respectively. The specimen is placed between the
incident and transmitted bars, which are composed of high
strength 40Cr steel with an elastic modulus of 210 GPa and a
density of 7800 kg/m3. When the strike bar is launched with
the help of a nitrogen gasholder, a compression longitudinal
incident wave (εi ) is formed at free end of the incident bar
and propagated along with the incident bar soon afterwards.
When reaching the bar-specimen interface, some of the
waves propagate through the specimen and transmit to the
transmitted bar (εt ), whilst other waves are reﬂected back to
the incident bar (εr ). All waves are recorded by two strain
gauges which are ﬁxed on the incident bars and transmitted
bars.
The shaping technique was employed to guarantee the
dynamic equilibrium according to methods suggested by the
ISRM [26, 27]. A soft rubber sheet was set on the free end of
the incident bar as a pulse-shaping device, which was 1.0 mm
in thickness and 10 mm in diameter. Figure 2 illustrates the
typical impact pulse wave in the SHPB compression test. It
can be clearly seen that the sum of incident wave and reﬂected wave is nearly equal to the transmitted wave, indicating that the stress equilibrium has been achieved during
the impact process, and the inertial eﬀect can be ignored
[28, 29]. According to the 1D wave theory and veriﬁcation of
dynamic stress equilibrium, the dynamic parameters, such as
stress, strain, and strain rate, can be calculated through the
three-wave analysis [28].

3. Analyses and Results
3.1. Index Property Variations. The variation of P-wave
velocity, density, and static uniaxial compression strength is
listed in Table 2. The data clearly illustrate that, with the
increase of wet-dry cycles, three index properties all decrease
to varying degrees. After 20 wet-dry cycles, compared with
untreated specimens, the density, P-wave velocity, and static
UCS are reduced by 3.62%, 24.93%, and 18.28%, respectively. Besides, the most obvious decrease occurs in the
P-wave velocity. Similar to many other studies [5, 22], it is
found that the variation of three index properties changes

Tensile strength (MPa)
4.82

Poisson’s ratio
0.24

quickly in the ﬁrst few cycles, and then gets slowly with the
increasing wet-dry cycles. It can be inferred that the ﬁrst few
wet-dry cycles have a greater responsibility for the rock
deterioration.
Figure 3 shows typical static stress-strain curves of redsandstone specimens subjected to diﬀerent wet-dry cycles. It
can be seen that curves under varying cycles are similar in
shape, indicating an increasing trend with the increase of
strain. When the strength reaches the maximum, there is a
sharp drop, corresponding to the typical feature of brittle
failure. Otherwise, in the initial stages, there is a compaction
process, which is expressed with a concave curve. With the
increasing wet-dry cycles, the compaction process is more
obvious, resulting from the deterioration induced by wetdry. The increasing critical strain also reﬂects this point.
Above all, the rocks are more soft and ductile after the wetdry treatments. This is primarily caused by the expansion
and growth of internal microcracks.
3.2. Microscopic Observations. As discussed in Section 3.1,
the cyclic wet-dry treatment has an adverse eﬀect on the
physical and mechanical properties of red-sandstone. To
illustrate the deterioration mechanism induced by wet-dry
cycles, the scanning electron microscope (SEM) technique
was adopted to visualize the microstructure changes. Five
cylinder samples with the dimension of 10 mm were prepared for the SEM test, before which samples were subjected
to 0, 5, 10, 15, and 20 wet-dry cycles, respectively. Figure 4
shows typical SEM images of red-sandstone samples after
diﬀerent wet-dry cycles. It can be found that the microstructure of untreated specimen is intact, and loose granules
[30–32] and new microcracks are hard to be observed
(Figure 4(a)). For specimens subjected to 5 wet-dry cycles, a
part of loose granules begin to separate from main grains, as
shown in Figure 4(b). When 10 wet-dry cycles are reached,
two new-formed microcracks are clearly seen around the
grain (Figure 4(c)), demonstrating the partial failure of
connection between two grains. With the increasing wet-dry
cycles, not only the growth and expansion of microcracks
but also the number and density of loose granules increase
signiﬁcantly, as shown in Figures 4(d) and 4(e). Additionally, microholes which are possibly caused by the dissolution
of soft grains appear after 5 wet-dry cycles, as shown in
Figures 4(c)–4(e). Due to the increasing microcracks and
microholes, the grains, cements, or the connection between
them are weakened or even destroyed, mainly resulting in
the decay of physical and mechanical properties. The observation results are consistent with previous studies
[5, 22, 23].
3.3. Dynamical Compression Strength of Red-Sandstone after Diﬀerent Wet-Dry Cycles. After a range of tests
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Figure 2: Dynamic stress equilibrium check in a typical dynamic compression test.
Table 2: Index properties variation of red-sandstone subjected to diﬀerent wet-dry cycles.

0
5
10
15
20

Dried density
After (g/cm3)
Variation (%)
2478.0
0.00
2438.2
−1.61
2408.6
−2.80
2396.7
−3.28
2388.4
−3.62

P-wave velocity
After (m/s)
Variation (%)
2598.2
0.00
2350.0
−9.55
2180.4
−16.08
2020.3
−22.24
1950.5
−24.93

Static UCS
After (MPa)
Variation (%)
74.4
0.0
69.3
−6.85
67.1
−9.81
64.7
−13.04
60.8
−18.28
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Figure 3: Strain-stress curves of red-sandstone with diﬀerent wet-dry cycles.
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(a)
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(d)
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Figure 4: SEM images of red-sandstone free from and after diﬀerent numbers of wet-dry cycles: (a) untreated specimen; (b) specimen after 5
wet-dry cycles; (c) specimen after 10 wet-dry cycles; (d) specimen after 15 wet-dry cycles; (e) specimen after 20 wet-dry cycles. Note that the
magniﬁcation ratio is 1200.

and equilibrium veriﬁcation on red-sandstone specimens
subjected to diﬀerent wet-dry cycles, the dynamic compression parameters are obtained, including the loading
rate and dynamic compression strength, as shown in
Table 3. Figure 5 deeply presents the variation of dynamic
compression strength with the loading rate subjected to 0,
5, 10, 15, and 20 wet-dry cycles, respectively. The static
compression strength is also included for a better comparison. As can be seen from Figure 5, the dynamic
compression strength is aﬀected not only by the loading
rate but also by the number of wet-dry cycles. For
specimens subjected to same wet-dry cycles, assuming
that the dynamic compression strength of red-sandstone
has an increasing trend with the increase of the loading
rate, a signiﬁcant loading rate-independent eﬀect was
observed. It was also observed that the increasing rate of
dynamic strength increased quickly in the ﬁrst few cycles,
then increased slowly in the following cycles. Test results
are in accordance with the previous literature by Zhou
et al. [5]. For specimens under the similar loading rate,
with the increase of wet-dry cycles, the dynamic compression strength decreases gradually. However, from the
above data alone, it is impossible to conduct the quantitative research on strength reduction induced by wetdry cycles, because loading rates are not the same under
equal conditions. In order to solve this problem, exponential equations are adopted to ﬁt variation rules of
loading rate and dynamic compression strength. Figure 5

illustrates ﬁtting curves, and the equations are listed as
follows:
σ d � 554.71 − 479.56e−0.00178_ε ,
R2 � 0.99821,

(n � 0),

σ d � 517.45 − 449.21e−0.00189_ε ,
R2 � 0.99857,

(n � 5),

σ d � 526.53 − 460.57e−0.00174_ε ,
R2 � 0.99835 ,

(1)

(n � 10),

σ d � 547.17 − 482.47e−0.00158_ε ,
R2 � 0.99657,

(n � 15),

σ d � 567.43 − 507.22e−0.00144_ε ,
R2 � 0.99791,

(n � 20),

where σ d is the dynamic compression strength; ε_ and n are
the loading rate and number of wet-dry cycles, respectively.
From the ﬁtting results above, a good correlation coeﬃcient is found between ﬁtting curves and scatter points,
indicating that the exponential equation can eﬀectively reﬂect the nonlinear relationship between the loading rate and
dynamic compression strength of red-sandstone exposed to
diﬀerent wet-dry cycles. To analyze wet-dry eﬀects on dynamic properties, dynamic compression strength of specimens under the same loading rate (100 s−1, 150 s−1, 200 s−1,
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Specimen no.
DC0-1
DC0-2
DC0-3
DC0-4
DC0-5
DC0-6
DC0-7
DC0-8
DC0-9
DC0-10
DC0-11
DC0-12
DC0-13
DC1-1
DC1-2
DC1-3
DC1-4
DC1-5
DC1-6
DC1-7
DC1-8
DC1-9
DC1-10
DC1-11
DC1-12
DC1-13
DC1-14
DC2-1
DC2-2
DC2-3
DC2-4
DC2-5
DC2-6
DC2-7
DC2-8
DC2-9
DC2-10
DC2-11
DC2-12
DC2-13
DC2-14
DC3-1
DC3-2
DC3-3
DC3-4
DC3-5
DC3-6
DC3-7
DC3-8
DC3-9
DC3-10
DC3-11
DC3-12
DC3-13
DC3-14
DC3-15

n

0

5

10

15

Loading rate (s−1)
106
118
138
153
168
182
206
215
229
248
269
286
296
103
121
138
154
175
183
213
238
243
262
275
289
308
314
97
116
135
149
168
175
193
235
249
258
274
293
315
326
105
116
132
145
159
174
213
226
237
252
269
272
303
319
336

Strength (MPa)
157.7
164.3
180.2
193.7
195.7
208.5
223.0
229.4
234.3
248.9
256.2
269.1
270.2
146.3
158.7
170.4
182.3
196.8
198.8
215.4
234.5
235.6
246.6
250.4
256.8
266.9
266.0
136.3
149.0
159.4
168.5
183.7
188.4
199.6
220.2
228.9
236.0
238.0
248.6
257.3
265.8
136.8
143.6
163.7
162.4
168.5
179.7
199.0
209.3
216.9
224.2
232.4
234.0
249.6
251.6
264.3

Table 3: Continued.
Specimen no.
DC4-1
DC4-2
DC4-3
DC4-4
DC4-5
DC4-6
DC4-7
DC4-8
DC4-9
DC4-10
DC4-11
DC4-12
DC4-13
DC4-14

n

20

Loading rate (s−1)
113
128
142
158
174
182
209
223
231
246
263
278
296
317

Strength (MPa)
136.5
145.0
152.1
163.2
170.0
178.9
190.6
200.3
206.4
214.2
217.2
230.5
236.6
243.0

300
250
Dynamic UCS (MPa)

Table 3: Dynamic compressive strength of red-sandstone with
corresponding loading rate.
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Figure 5: Dynamic compression strength against loading rate
caused by diﬀerent wet-dry cycles.

250 s−1, and 300 s−1) is obtained based on equation (1).
Figure 6 further illustrates the relationship between dynamic
compression strength and number of wet-dry cycles at
diﬀerent loading rates. It can be seen that, regardless of the
loading rate, the dynamic compression strength decreases
with the increasing wet-dry cycles, verifying the deterioration eﬀect on dynamic compression strength of redsandstone. In general, cyclic wet-dry treatment has an adverse eﬀect on both static and dynamic compression
strengths of red-sandstone.
3.4. Decay Function Model of Dynamic Compression Strength
after Diﬀerent Wet-Dry Cycles. Limited to many nonartiﬁcial
factors, such as laboratory conditions, research grants, and
test period, laboratory tests cannot simulate site conditions
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Figure 6: Dynamic compression strength against number of wetdry cycles at diﬀerent loading rates.

completely, especially the weathering time which can last for
several years. Therefore, the long-term prediction which
cannot be tested in laboratory condition for dynamic properties of rock is addressed. To conduct the long-term prediction for mechanical properties and provide a more reliable
guidance for the design and construction in rock engineering,
several decay models subjected to diﬀerent weathering conditions were established [33–36]. For instance, to investigate
the decay eﬀect of rock against cyclic heating-cooling and
freezing-thawing, a decay function model, consisting of decay
constant (λ) and number of cycles (N), was proposed by
Mutlutürk et al. [33], and the model was conﬁrmed to satisfy
the experimental data well. On the basis of this decay model,
considering the strain rate, an improved deterioration model
was proposed by Wang et al. [37, 38] for the prediction of
dynamic mechanical degradation of rocks exposed to longterm weathering. According to loading rate and number of
wet-dry cycles, the decay function model of red-sandstone
against wet-dry cycles is presented as follows:
σ dn � σ d0 e−λ(_ε)n ,

5

(2)

where σ dn is the dynamic compression strength against n
wet-dry cycles; σ d0 is the initial dynamic compression
strength free from wet-dry treatment; and λ(_ε) is the decay
constant in consideration of the loading rate.
For a more straightforward understanding on the deterioration induced by wet-dry, the half-life (n1/2 ), revealing
that the number of wet-dry is needed to reduce the dynamic
compression strength to its half, is also adopted in this paper,
as follows:
ln 2
(3)
n1/2 �
.
λ(_ε)
Based on the above test data, the relationship between
wet-dry cycles and normalized value of dynamic compression strength (i.e., σ dn /σ d0 ) is illustrated in Figure 7.

20

250 s–1
300 s–1

Figure 7: Normalized UCS against number of wet-dry cycles at
diﬀerent loading rates.

With the aid of the regression analysis method, the value of
σ dn /σ d0 is the exponential ﬁtted, and the decay constant (λ)
and half-life value (n1/2 ) are obtained, as listed in Table 4. As
the decay constant and half-life value are associated with the
loading rate, the relationship between two parameters and
loading rate is illustrated in Figures 8 and 9, and the scatters
are also exponential ﬁtted, as expressed in equations (4) and
(5). As can be seen from Figures 8 and 9, with the increase of
the loading rate, λ decreases gradually whereas n1/2 increases
accordingly:
λ(_ε) � 0.00533 + 0.00511e−0.00358_ε ,
R2 � 0.997,
N1/2 � 172.76 − 106.96e−0.0011_ε ,
R2 � 0.998.

(4)

(5)

As illustrated above, the decay function model of redsandstone against diﬀerent wet-dry cycles with the loading
rate is achieved by substituting equation (4) into equation
(2):
σ dn � σ d0 e−(0.00533+0.00511e

−0.00358_ε

)n .

(6)

4. Conclusions
In this paper, a series of static and dynamic compression
tests after 0, 5, 10, 15, 20, and 25 wet-dry cycles were carried
out, and the deterioration mechanism was explained
through SEM. Besides, a decay function model taking the
loading rate into account was developed for the long-term
prediction of dynamic compression strength. The conclusions are as follows:
(1) Cyclic wet-dry treatment signiﬁcantly aﬀects the
mechanical and physical properties of red-sandstone.
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Table 4: Decay constant and half-life of dynamic UCS of redsandstone after cyclic W-D cycles.
Loading rate (s−1)
Decay constant, λ (×10−3)
Half-life, N1/2

100
8.91
77.8

150
8.31
83.4

200
7.83
88.5

250
7.43
93.3

300
7.07
98.0

Decay constant (×10–3)

9.0

8.5

8.0
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mainly contributes to the weaken connection between grains or cements, and the deterioration
degree is also strengthened with the increase of wetdry cycles.
(4) Considering the loading rate, a decay function model
is proposed for the long-term prediction on dynamic
compression strength of red-sandstone subjected to
cyclic wet-dry. Two parameters, namely, the decay
constant (λ(_ε)) and half-life value (n1/2 ), are
expressed against the loading rate. It is concluded
that the higher the loading rate, the smaller the value
of λ, and the more cycles needed to reduce the
strength to its half.
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Figure 9: Variation of half-life value against loading rate.

With the increase of wet-dry cycles, the P-wave velocity, dried density, and static compression all decrease to varying degrees.
(2) Dynamic compression strength of red-sandstone is
inﬂuenced by loading rate and number of wet-dry
cycles. When the loading rate remains at a similar
value, the dynamic compression strength decreases
with the increase of wet-dry cycles. For specimens
subjected to the same wet-dry cycles, the dynamic
compression strength increases with the increasing
loading rate.
(3) The SEM technique is adopted to study the
microdeterioration mechanism due to cyclic wetdry. The results indicate that the deterioration
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Crack initiation is related to the behavior of the preexisting microcracks within a rock specimen, which suggests the specimen
starts to fail. The determination of crack initiation stress is important for identifying the elastic stage and related mechanical
parameters. Uniaxial compression tests with acoustic emission monitoring were performed to study crack initiation for tight
sandstone, loose sandstone, and granite. The evolution of the cracking mode, i.e., the statistics of the cracking mode under
compression, was obtained through modiﬁed acoustic emission parameter analysis. Based on the logarithm of the acoustic
emission parameter (LAEP), a cracking mode analysis (CMA) method is proposed and used to determine the crack initiation
stress. Results from the tests indicate that the crack initiation stress between the same rock specimens obtained by CMA is very
close. The mean ratio of crack initiation stress to compression strength is 0.45, 0.34, and 0.35 for tight sandstone, loose sandstone,
and granite, respectively. According to the results of CMA, crack volumetric strain (CVS) method, and lateral strain response
(LSR) method, there is no big diﬀerence among those methods in tight sandstone and loose sandstone. In granite, the results
obtained by CMA are close to those obtained by CVS, but smaller than those obtained by LSR. The CMA interprets the initiation of
cracks from the fracture behavior of microcracks and is an objective method to determine the initiation stress.

1. Introduction
Unlike metals, rocks usually contain many microcracks. As
early as the 1920s, Griﬃth proposed that such microcracks
were capable of inﬂuencing the mechanical properties of
rocks subjected to applied loads [1]. Under compression
conditions, the failure process of the ultimate strength is
currently divided into four stages: (1) crack closure stage, (2)
elastic deformation stage, (3) crack stable growth stage, and
(4) crack unstable growth stage [2, 3]. Many researchers have
oﬀered descriptions of the cracking modes during the process
of rock failure [4, 5]. For rocks, the crack initiation stress is the
ﬁrst stress threshold for the stage division of the failure
process and also plays a critical role in the determination of
the mechanical parameters. Some studies have found that
crack initiation in rock is closely related to spalling problems
that occur during underground construction [6–8].
Since Brace ﬁrst presented an approach to determine the
crack initiation from volumetric strain in 1966, various crack
initiation determination methods have been proposed [9]. For

example, Lajtai and Stacey suggested diﬀerent crack initiation
point determination methods based on the radial strain
[10, 11]; another crack initiation point determination method
was proposed by Diederichs based on the variation in
Poisson’s ratio [12]. Martin identiﬁed the volumetric strain of
cracks according to diﬀerences between volumetric strain and
elastic strain and then determined the crack initiation through
the changes in the volumetric strain of the cracks (CVS) [13].
However, these methods rely on the determination of both
elasticity modulus and Poisson’s ratio, and the parameters are
aﬀected by some subjective factors that induce errors [14]. At
present, the lateral strain response (LSR) method proposed by
Nicksiar and Martin can determine such point in a simple and
eﬀective manner [15]. The cumulative acoustic emission hit
(CAEH) method has been developed for the determination of
the crack initiation stress [16]. Additionally, the inﬂuences of
subjective factors can be excluded by using those two approaches to objectively identify the crack initiation point [17].
Many researchers believe that rock failure is closely
related to the mechanical behavior of microcracks, but there

2
has been a lack of eﬀective observation methods. In the
earliest studies of rock failure, the researchers used optical
microscopes to observe microcrack morphology and
structure [18]. With advancements of the technologies,
computed tomography (CT) and scanning electron microscopy have been introduced to study the internal damage
processes of rock specimens under stress [19, 20]. Nevertheless, applications of these techniques have some limitations. Continuous monitoring cannot be easily realized, and
a considerable amount of time is required to conduct
postprocessing and obtain the ﬁnal test results. In contrast,
acoustic emission (AE) testing provides advantages without
aﬀecting the loading process [21]. Acoustic emission is the
transient elastic waves within a material, caused by the rapid
release of localized stress energy [22]. Many researches
have used AE techniques under uniaxial/triaxial conditions
to study the failure of brittleness materials [23–25]. AE
testing has also been applied to interpret the cracking modes
of microcracks in laboratory tests [26–28]. A cracking mode
study based on a signal-based analysis needs multiple
sensors and takes much time for postprocessing [29].
Moreover, the analysis is often limited by the size of the rock
specimens. A parametric AE analysis can be more convenient than signal-based analysis to identify cracking modes.
Hence, a cracking mode analysis based on AE can be chosen
to identify the crack initiation.
Although many methods for measuring crack initiation
stress have been proposed and some models have been
developed to interpret the crack initiation from volume
change of microcracks, there is no accurate description of
the fracture behavior of the microcracks. In this paper, the
evolution of the cracking mode in the uniaxial compression
test is studied by using AE parameters, and the crack initiation is interpreted from the fracture behavior of microcracks. An objective cracking determination method based
on cracking mode analysis (CMA) is proposed, and its effectiveness is veriﬁed by comparing with the other method.
This proves that it is reasonable to analyze the failure process
of rock from the microcracks fracturing process. And it also
provides a new angle for the determination of the other
characteristic points of rock damage under compression.

2. Test Methods
2.1. Uniaxial Compression Tests. The test evaluated the
specimens from three rock types: tight sandstone, loose
sandstone, and granite. The basic properties of the rock
specimens are presented in Table 1. While the tight sandstone specimens were acquired from coring at 3000 m underground, the loose sandstone and granite specimens were
obtained from outcrops. Following the recommended
standard of the International Society for Rock Mechanics
(ISRM), the specimens were processed into cylindrical
shapes with diameters of 25 mm and lengths twice the diameter, as presented in Table 1. The deviations between
parallel top and bottom surfaces of any specimen were not
allowed to exceed 2.5%.
During the uniaxial compression test, an AE acquisition
instrument and two 7.8 mm diameter sensors were used to
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collect the AE waveform signals; the resonant frequency of
the sensors is 150 kHz. The signal preampliﬁer of the AE
monitoring system was 40 dB, and the corresponding signal
sampling frequency was 5 MHz. After an ambient noise test,
the measurement threshold value was set to 35 dB. The
results of the three-point bending test show that, in the size
range of the tested samples, the eﬀect of the distortion on the
AE parameters is not signiﬁcant to the result of the cracking
mode analysis (see Supplementary Test S1 in Supplementary
File S1 online).
As shown in Figure 1, the radial and axial directions of the
test were measured by linear variable diﬀerential transformers
(LVDTs). A copper sleeve was bonded to a specimen surface
that had been polished, and ultrasound couplant was then
applied onto the surface of the AE sensor so that it could be
mounted inside the copper sleeve. To diminish the disturbances from the friction generated between the specimen ends
and compression plates on the test results, both ends of the
specimen were lubricated with petrolatum. The uniaxial
compression test was performed by a triaxial servo compression test system. The designed conﬁning pressure was
200 MPa. The maximum axial load was 10000 kN, and the test
ranges of the axial and radial deformations were from −2 mm
to 2 mm. The signals such as the conﬁning pressure, axial load,
displacement, and strain were collected and controlled by the
DOLI automatic data acquisition and control system. During
the entire test process, displacement was employed to
maintain the loading speed of 0.02 mm/s.
2.2. Cracking Mode Classiﬁcation Based on Modiﬁed Parametric AE Analysis. During the process of rock failure,
numerous microcracks are activated, consequently generating many AE signals due to the release of strain energy. The
parameters of the AE signals vary with the cracking modes.
Both average frequency (AF) and rise time over the maximum amplitude (RA) can be used as indexes to study the
cracking mode through the diﬀerences between longitudinal
and transverse wave velocities and the inﬂuence of diﬀerent
cracking modes on the frequency [30]. By referring to the
recommended testing standard of concrete materials stipulated in the International Union of Laboratories and Experts in Construction Materials, Systems and Structures
(RILEM), RA and AF can be deﬁned as follows: RA is the rise
time over the maximum amplitude and AF is the ratio of AE
ringdown-counts over the duration of the signal [31]. The
rise time (RT) is the duration from the onset time of the
signals until the moment that the amplitude peaks. After the
AE parameters have been treated with a moving average of
per 0.1 second, they are distributed within an AF-RA coordinate plane. Subsequently, the cracking modes of the
microcrack events can be determined according to the
relative positions of the cracking mode classiﬁcation lines
(CMCLs) and AE parameters [32].
To study how the evolution of the cracking mode
changes during rock loading, it is necessary to consider the
variations in the AE parameters in the time domain. The AFRA-time three-dimensional coordinate system based on the
parametric AE analysis is too complex to be analyzed.
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Table 1: Basic properties of the rock specimens.

Serial no. of specimen
A
B
C
D
E
F
G
H
I
J

Rock type

Porosity (%)

Grain size

Density (g/cm3)

Tight sandstone

7

Fine

2.57

Loose sandstone

12.3

Fine

2.18

Granite

1.2

Fine to medium

2.78

LVDT

AE sensors

Figure 1: Uniaxial compression test setup.

Moreover, the existing method can only divide the cracking
mode into two types, tensile-mixed and shear, and results for
the same cracking mode are not easily compared. To solve
this problem, we propose a parameter called the logarithm of
the AE parameter (LAEP) (Equation (1)). For various
microcracks with dissimilar cracking modes, the ratio of AF
to RA may vary considerably. To better describe the trend of
the diﬀerences in this ratio, the AF/RA ratio is processed
logarithmically:
AF
(1)
LAEP � log10  .
RA
During uniaxial compression testing, crack initiation
occurred and was followed by propagation and interconnection as the load increased. In addition, many AE
signals were generated during this process. The characteristics of these AE signals changed due to the diﬀerences in
the focal mechanisms. Although the CMCL value for each
specimen is not easy to determine, a decrease in the LAEP
suggests that the cracking mode has a shear failure trend,
while an increase in the LAEP suggests that the cracking
mode has a tensile or mixed mode trend. In addition, it can
be inferred that not only the CMCL values may vary, but the
upper and lower limits of the corresponding LAEP values

Image

may also change due to the diﬀerences in the compositions
and microstructures of the rock types.
Combine with Ohno’s research [33], the distribution
of the LAEP values is divided into two parts that correspond to
diﬀerent fracture behaviors, as shown in Figure 2. When stress
is applied normally to the microcrack, the microcrack cannot
be activated, and there is no AE signal. With a change in the
stress, compression-shear failure occurs along the microcracks, and the LAEP increases gradually from a minimum
value. When the LAEP is above the CMCL, the tensile-shear
failure will occur. In addition, the maximum value of the
LAEP is obtained when pure mode I fracturing occurs.
The cracking mode analysis based on LAEP can be used
to not only distinguish fracture behaviors but also perform
an analytical investigation on the mechanical responses of
rocks during the whole loading process.

3. Proposed Cracking Mode Analysis (CMA)
Method and Verification
3.1. Cracking Mode of Microcracks under Compression.
Due to the inﬂuences of various diagenetic conditions, there
exist many pores and microcracks in rocks. Considering that
the tensile strength of a rock material is generally far less
than its compressive strength, tensile failure will preferentially occur in the pore structure under compression.
Compared with this pore structure failure, microcracks are
considerably more complicated. Hence, the mechanical
behavior of a single crack under triaxial compression needs
to be studied.
The microcracks will be closed ﬁrst when rock is under
compression. As shown in Figure 3, the stress state along a
closed fracture plane will be discussed below by taking a twoprincipal-stress state microelement in the sample.
Under the action of stresses perpendicular to the fracture
plane, the stress of the friction generated on this plane can be
denoted as
0,
⎪
⎧
⎪
⎨
τn � ⎪
⎪
⎩ fσ � 1 σf[(1 + k) −(1 − k) cos 2β],
n
2

k ≤ −tan2 β,
k ≤ −tan2 β.
(2)

The eﬀective shear stress of this plane is τ ef � τ xy − τ n .
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Figure 3: Internal stress state of the rocks near the microcrack.

1
⎪
⎧
⎪
σ(1 − k) sin 2β,
k ≤ −tan2 β,
⎪
⎪
2
⎪
⎪
⎪
⎪
⎨
τ ef � ⎪ 1
σ(1 − k) sin 2β
⎪
⎪
2
⎪
⎪
⎪
⎪
⎪
⎩
− f[(1 + k) −(1 − k) cos 2β], k ≤ −tan2 β.
(3)
For a closed fracture plane under compression, only
mode II fracturing is assumed, and the stress
√���intensity
factor at the crack tips is expressed as KII � τ ef πa. When
KII � KIIC , the crack begins to propagate; the following
equation can be established for the critical condition:
2KIIC
1
� ·
σ c � √��
.
πa (1 − k) sin 2β − f[(1 + k) −(1 − k) cos 2β]
(4)
The function �����
must� satisfy the condition of
0 < k < 2f2 + 1 − 2f f2 + 1.
σ c is the critical shear stress of the crack, and f is the
coeﬃcient of friction. KIIC is the mode II fracture toughness
and is usually a material constant.
At the microscopic scale, the diﬀerences in the microcrack lengths are small enough and can be approximated as a
constant value. Here, the stress of the friction on the crack
surface is assumed to be uniform; then, f is only associated
with the material and is also a constant. So through equation
(4), we can get the curves between critical shear stress and
crack dip at diﬀerent stress ratios as shown in Figure 4, and

σ c is normalized. Figure 4 reveals that as k increases from
negative to positive, the minimum value of σ c , which is the
critical shear stress of the microcrack, also increases. When
k is negative and the microelement is under a lateral tensile
stress, the stress-fracture dip curves are asymmetrical;
however, if k is positive, which indicates that the microelement is under a lateral compressed stress, these curves
are symmetric. With a continued increase in stress,
shearing occurs along the microcracks at successive angles.
The curves in Figure 4 clearly show two limit values of the
microcrack fracture dip, βmin and βmax , signifying that,
theoretically, no mode II fracturing occurs along microcracks with dips outside of this range, no matter the stress
magnitude. During the loading of a uniaxial compression
test, the initiation of many microcracks with dip angles
between βmin and βmax occurs as the stress σ increases.
When shear failure occurs along nearly all the microcracks
within the range [βmin , βmax ] and σ reaches a certain value,
crack initiation begins.
Additionally, Figure 4 indicates that when k > 0, the
critical stress is inﬁnite and the dip angle approaches βmin . In
this case, mode II fractures are less likely to be activated.
However, the cracks usually show strong instability, and
tensile fractures may also form because of the decrease in the
fracture dip β. The probable causes of such a phenomenon
are described as follows. When β is suﬃciently low, the
microcracks cannot be considered closed. And there is no
friction between the fracture planes; in this case, microcrack
opening often increases with additional tensile stress, which
can cause mode I fracturing.
The critical stress will reach a minimum when the
microcracks are at a certain angle. At this moment, zσ/zβ �
0 and z2 σ/z2 β > 0. Therefore, an expression for the initial
crack angle can be acquired:
1
1
βσ−min � · arctan .
(5)
2
f
As shown in Figure 5, the initial angle βσ−min monotonically changes with f, which is the friction coeﬃcient of
the fracture plane and is independent of the stress ratio k.
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Figure 5: Relationship between friction coeﬃcient and initial angle
of crack formation.

Therefore, variations in f aﬀect βσ−min without changing the
functional relationship between σ and initial angle. The dip
range [βmin , βmax ] of cracks in specimens from the same rock
should be the same, and the crack initiation stress should be
well determined, provided that the crack initiation stress is
related to only the material.
3.2. Crack Initiation Determination by CMA Method. As
mentioned above, shear failure of microcrack under compressive stress occurs sequentially with a certain range of
microcrack dip angles. Such a process is not completed until
all those microcracks have been activated. In this case, the
microcracks inside the rock can be considered fully initiated,
corresponding to crack initiation. Therefore, it may be
feasible to distinguish diﬀerent rock failure stages by analyzing the cracking modes of microcracks during compressing. The cracking mode analysis is based on the analysis
of LAEP. As the uniaxial compression increases, shearing
successively occurs along the closed microcracks within a
range of dip angles because of diﬀerences in the stress states
of the fracture planes; the corresponding LAEP thus gradually decreases. After the LAEP and the corresponding
cracking mode were analyzed, the variations in the LAEP
during loading were utilized to study the internal microcrack
responses of the rocks and the impacts of these responses on
the mechanical behaviors of the specimens.
Figure 6 shows the time-varying LAEP distribution and
variations in stress for the three rock types. The ﬁgure
provides three representative test results, while the results of
all ten rock specimens can be found in Supplementary
Figures S2 to S4 in Supplementary File S1. Figure 6(a) shows
that the LAEP values of the tight sandstone vary from 0 to 4.
During the early stage of loading, the LAEP distribution is
relatively concentrated; it fell slightly within a short time
period, which was followed by an upward trend. This indicates that, in this stage, the microcracks are gradually
closed, and the cracking mode changes from tensile to shear.
With the increase in loading, the distribution of LAEP is
more disperse, and the lower envelope of LAEP appears to
decrease ﬁrst and then increase. Generally, the macrocracks
of the rock are assumed to form when the ultimate strength
is reached; then, the friction between fracture planes begins

to play a dominant role. Hence, the AE signals are mainly
generated by shear slip after the stress has reached the ultimate strength. That is the main reason the distribution of
the LAEP value is more concentrated and obviously decreases after the ultimate strength when the stress is close to
the ultimate strength. In Figure 6(b), the distribution of the
LAEP for the loose sandstone is more disperse and greater
than that of the tight sandstone, ranging from 0 to 6. Due to
the existence of a large number of pores in the loose
sandstone, tensile failure caused by pore failure occurs
during loading. Despite the strength limit, LAEP still has a
higher value. Although the load is close to the ultimate
strength, there still exists a large value of LAEP. Similar to
those tight sandstones, the lower envelope of LAEP also
appears to decrease ﬁrst and then increase. Figure 6(c) shows
that the distribution of LAEP in granite samples is more
concentrated, ranging from 1.5 to 3.5. Overall, the variation
characteristics are similar to those of loose sandstone, but the
minimum of the lower envelope appears earlier.
Whatever the rock type is, a comparison of the diagrams
in Figures 6(a)–6(c) shows that the variations in the LAEP
envelope tend to ﬁrst decrease and then increase. Additionally, the minimum envelope value is sometimes recorded
during the early stage of loading. Considering that such cases
always happen when the rock is in an unstable loading stage,
these minima may be caused by friction at the sample faces.
Without regarding the minimum envelope values at the
beginning, the lowest point of the envelope during the
loading process also signiﬁes that microcracks shearing has
nearly ﬁnished in the rock. The stress that corresponds to the
lowest point of the LAEP envelope is the crack initiation
stress. After crack initiation, the tensile cracks parallel to the
direction of the maximum stress form at or near both ends of
the microcracks. The propagation of these tensile cracks
corresponds to a stable propagation stage.
According to the above analysis, the changes in the LAEP
are consistent with the mode of the microcrack failure within
the rock. The LAEP is correlated with the stress state of the
microcracks because the lowest point of the LAEP envelope
corresponds to the suﬃcient occurrence of microcrack shear
failure within the rock. The eﬀective shear stress on a
microcrack
plane
during mode II fracturing is deﬁned as
√��
�
τ c � KIIC / πa, where KIIC refers to the roughness constant
of the mode II fracture. Furthermore, assuming that the
crack length is ﬁnite, τ c is also a speciﬁed value at the time of
crack shearing. Therefore, no matter how σ changes, the
shear strength of the crack τ c remains unchanged and, thus,
does not impact the changes in the LAEP during the test.
As previously described, as σ increases, the microcracks
under compression successively shear according to the dip
angles. For microcracks of an identical length, mode II
fracturing occurs when τ ef reaches τ c on the fracture plane.
The eﬀective stress along the fracture plane can be expressed
as τ ef � τ xy − τ n . Although the shear strengths of the cracks
are identical when mode II fracturing occurs, equations (2)
and (3) indicate that τ xy and τ n will vary with the crack dip
angles and applied stress. Furthermore, considering
τ n � τ xy − τ c � fσ n , the LAEP is inferred to be associated
with τ n : LAEP ∝ 1/τ n . In other words, the LAEP may be
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Figure 6: Time-varying LAEP, lower envelope, and stress distribution of the specimens under compression. (a) Tight sandstone. (b) Loose
sandstone. (c) Granite.

aﬀected by the force of friction along the cracks and the
stress applied normal to the fracture plane. To determine the
speciﬁc functional relationships, these parameters need to be
further theoretically and experimentally studied.
3.3. Comparison and Veriﬁcation. The mechanical parameters and crack initiation stress measured under uniaxial
compression for the three rock types are listed in Table 2.
“CMA” in the table represents that the crack initiation
stresses are calculated using the CMA method described
above. The crack initiation stresses, determined by the CVS
method proposed by Martin [13] in 1993 and the LSR [15]
method, are also presented in Table 2. Figure 7 shows those
diﬀerent methods for determining crack initiation stress of
rocks under uniaxial compression. The “Stress ratio” in the
table denotes the ratio of the crack initiation stress to the
compression strength. The mean value of the stress ratio is
the ratio of the mean crack initiation stress to the mean
compression strength.
In Table 2, due to the diﬀerence in the coring depth, the
mechanical parameters of tight sandstones vary in both
elastic modulus and ultimate strength. However, signiﬁcant
diﬀerences in the elastic modulus among the three types of

rock can be observed. The loose sandstone has the highest
degree of porosity, and its mean elastic modulus is the
lowest, 5.4 GPa. The granite has the highest mean elastic
modulus, 40.4 GPa. The compressive strength is consistent
with the elastic modulus. The highest is granite, 116.4 MPa,
followed by tight sandstone, 85.6 MPa. The lowest is loose
sandstone, 32.5 MPa. In addition, the strength of the loose
sandstone specimens shows some diﬀerence between
specimens D and E and specimens F and G. Such diﬀerences
may be caused by variations in the coring direction. Specimens D and E were cored perpendicular to the sedimentation direction, while specimens F and G were cored
parallel to the sedimentation direction.
As shown in Figure 8, comparing the initiation stress of
diﬀerent rock types calculated by using the CMA method, it
has great diﬀerence, but the minor diﬀerences between stress
ratios of diﬀerent rock types. Those ratios are 0.34, 0.45, and
0.35 for tight sandstone, loose sandstone, and granite, respectively. And then, we compare the results obtained by
diﬀerent methods. For tight sandstones, there is little difference in the mean value of the crack initiation stress
calculated by diﬀerent methods, which is maintained at
approximately 40% of the ultimate strength. For loose
sandstone, the mean value of the crack initiation stress
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Table 2: Comparisons of the results used for determining the crack initiation stress.
No.

Rock type

A
B
C
Mean
D
E
F
G
Mean
H
I
J
Mean

Tight
sandstone

Loose
sandstone

Granite
Granite

E (GPa)

μ

Strength
(MPa)

18.3
23.4
14.3
18.7
5.2
4.9
5.5
5.9
5.4
41.9
41.4
38.0
40.4

0.17
0.16
0.13
0.16
0.40
0.28
0.35
0.42
0.36
0.21
0.19
0.17
0.19

80.6
103.8
72.2
85.6
27.3
29.5
36.8
36.4
32.5
123.0
124.1
102.0
116.4

CMA
Stress (MPa) Stress ratio
43.3
0.54
32.6
0.31
36.2
0.50
37.4
0.45
9.3
0.34
6.4
0.22
15.2
0.41
14.0
0.39
11.3
0.34
40.13
0.33
31.21
0.32
40.52
0.40
37.29
0.35

0.05

Crack initiation

0
–0.05
–0.1
–0.15

LSR
Stress (MPa) Stress ratio
31.1
0.39
37.1
0.36
33.2
0.46
33.8
0.40
9.2
0.34
9.9
0.34
8.6
0.23
12.3
0.34
10.0
0.31
58.5
0.48
62.9
0.51
66.4
0.65
62.6
0.54

0.02
Lateral strain difference (%)

Crack volumetric strain (%)

0.1

CVS
Stress (MPa) Stress ratio
30.8
0.38
37.7
0.36
29.8
0.41
32.8
0.39
10.9
0.40
10.5
0.35
14.0
0.38
13.6
0.37
13.1
0.40
49.4
0.40
40.3
0.32
41.1
0.40
43.6
0.38

0

0.05

0.1

0.15
0.2
0.25
Axial strain (%)

0.3

0.35

0.4

0.015

Crack initiation

0.01
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0

0

10

(a)
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Figure 7: Crack initiation stress determination from uniaxial testing conducted with diﬀerent methods. (a) CVS method [13]. (b) LSR
method [15].
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Figure 8: Comparison of crack initiation stresses obtained from
diﬀerent rock specimens and methods.

calculated by the CVS method is slightly higher, but it is not
more than 40% of the ultimate strength. For granite, the
result of the LSR method is obviously higher than that of the

other two methods, reaching approximately 50% of the
strength limit.
A more intuitive comparison among the results obtained
from these three methods is shown in Figure 8. The results of
all three methods are similar for the crack initiation stresses
of the tight and loose sandstones. As mentioned before, for
granite, the results of the LSR method are clearly diﬀerent
from the results achieved by using the CMA method and
CVS method. Such a diﬀerence may exist because the
mineral constituents and internal structures of the rock
types are distinct, which requires further study and determination. The abovementioned results verify not only the
validity of the microcrack model but also the feasibility of
using the LAEP to determine the crack initiation points.

4. Conclusions
Failure of rocks under compression is of great importance
for building and underground construction. However, the
initiation and subsequent propagation of the cracks are
important to the damage and failure of a material. In this
paper, the cracking mode of microcracks initiation within
rocks under uniaxial compression is studied theoretically
and experimentally.
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Theoretical analyzes show that not all the closed microcracks will be activated by shear during the compressing
process of rock specimens. Shear slip of the microcracks
occurs in sequence when the microcracks dip varies in a
certain range. If these microcracks are completely activated by
shear, the crack initiation begins. At this point, the critical
stress of shear failure reaches the maximum. After that, the
microcracks begin a stable tensile propagation stage.
A modiﬁed parametric AE analysis method was proposed in this paper to analyze the cracking mode evolution
of microcracks during the uniaxial compression tests. The
key of this method is to propose a new parameter LAEP that
is sensitive to the fracture mode. The test results reveal that
successive crack shearing is accompanied by a gradual decrease of LAEP, which ultimately reaches a minimum. In
conjunction with the theoretical analysis, the minimum
value in the envelope of LAEP in fact corresponds to the
crack initiation point.
Although the compressive strength and crack initiation
stress of three rock types are quite diﬀerent, the ratio of crack
initiation stress to compressive strength is very close. Those
ratios are 0.34, 0.45, and 0.35 for tight sandstone, loose
sandstone, and granite, respectively. By comparing the results of the CMA method with CVS and LSR methods, the
validity of this method is veriﬁed. This study demonstrates
the feasibility of interpreting crack initiation from a
microperspective, and a new CMA method has been developed for objective determination of the crack initiation
stress.

Data Availability
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included in the electronic supplementary material.
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In order to explore the disaster caused by uncontrollable instability of coal and rock mass, a multiparameter fusion system is
constructed to predict and predict disasters more accurately by identifying the mechanical and acoustic precursors of coal and
rock fracture. In order to explore the precursor information of yellow sandstone rupture, the damage evolution process of yellow
sandstone is analyzed from the four aspects of rock mechanics, acoustic emission time domain, frequency domain, and
characteristic parameters, and the body strain, dissipated energy and acoustic emission counting, acoustic emission energy,
average frequency, peak frequency, b value, and entropy value precursor information identiﬁcation points are obtained, and 8
parameters are analyzed by time series fusion. The speciﬁc conclusions are as follows: body strain in the violent stage of damage
evolution, the slope is zero, the zero end point is the precursor information identiﬁcation point, the dissipative energy curve
overall shows the “s” type, the early growth rate is faster—the medium-term stability—the later period is slowed down, and the
upper slope boundary point of the “s” type curve is used as the precursor information identiﬁcation point. In the violent stage of
damage evolution, the layered features of the acoustic emission count are obvious, the speciﬁc gravity shift is more obvious, and
the high count appears as the precursor information identiﬁcation point; the acoustic emission energy accumulates the highenergy signal and is accompanied by the steady and rapid growth of energy as the precursor information identiﬁcation point. The
eﬀects of shearing main cracks, shear microcracks, tensile cracks, and composite cracks on the acoustic emission count and energy
in the damage evolution process are analyzed. The increase of medium- and high-frequency signals and the reduction of highfrequency signals predict the rupture. The average frequency signal change law is continuous high frequency-blank-continuous
high frequency, with the blank period end point as the damage precursor identiﬁcation point; the b value damage evolution stage
shows a continuously steady increase to a rapid increase, with the continuous stable growth starting point as the crack identiﬁcation point. In the process of damage evolution, the sample entropy presents an orderly, chaotic, disordered, and orderly
process. The end of chaos and the beginning of disorder are used as the prejudging demarcation points. Based on the time
sequence, an eight-parameter comprehensive early warning system is constructed. The indicators are classiﬁed into ﬁve levels for
early warning in the stage of severe damage evolution. The identiﬁcation of multiparameter precursory information of yellow
sandstone provides a new research idea and analysis angle and method for the failure of other coal and rock masses.

1. Introduction
With the development of underground engineering construction in China, there are more and more rock mechanics
problems encountered. The focuses of attention are the
stability and evaluation method of rock mass. The underground space is mixed with too many unknown conditions. It is diﬃcult to accurately answer whether the rock is
stable by theoretical analysis. Therefore, the characteristics of

the process from stability to instability should be studied
by monitoring methods, and the characteristic information of the prerupture period should be proposed to evaluate
the stability of the rock mass. If there is a tendency to instability, we will take timely measures to ensure safety.
Acoustic emission can accurately capture the elastic wave
released by the crack development of coal and rock and
can accurately evaluate the “healthy state” of rock mass. The
acoustic emission waveform carried information about crack
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development, and by its time domain and frequency domain
analysis, we can grasp the stress state of the rock mass. When
the rock mass is about to break, the crack development is
disorderly, and the acoustic emission signal presents complexity and nonlinearity. The scholars propose the complexity of diﬀerent time series based on the sample entropy.
The entropy research is widely used in medical health
assessment and mechanical fault diagnosis. There are few
applications for rock mass fracture prediction. Based on the
abnormal commonality, the sample entropy is introduced to
study the precursor characteristics of rock mass instability
failure. In the process of rock damage evolution, diﬀerent
stages show diﬀerent characteristics. We should reasonably
capture the characteristics of diﬀerent stages and fuse features under the time order, in order to construct a complete
early warning system.
In the process of instability analysis of coal rock based on
acoustic emission, time domain analysis, frequency domain
analysis, and characteristic parameter analysis are often
used. The information that can be characterized and feed
back by each method is diﬀerent, and it has guiding signiﬁcance for the prediction of instability failure. The time
domain analysis mainly studies the variation of the parameters of acoustic emission waveform with loading time
and stress growth and predicts the rupture by the abnormal
changes (increasing, decreasing, and calming) in the early
stage of the catastrophe. Scholars often use acoustic emission, counting, energy, energy rate, event, amplitude, duration, and average frequency to analyze it. Frequency
domain analysis is mainly to study the dynamic characteristics and steady-state error of the acoustic emission
waveform, and the peak frequency, average frequency, and
main frequency change in the spectrum predict the instability; the characteristic parameters are the acoustic
emission parameters mainly extracted by the mathematical
theory and calculation method, the fractal dimension, b
value, clustering, neural network which are more common.
Through the prepeak variation of the characteristic parameters, we can study the early warning law.
In terms of time domain analysis of acoustic emission,
Cao et al. [1] conducted uniaxial compression granite
acoustic emission experiments and obtained the characteristics of acoustic emission energy and counting in the
early stage of rupture. Yao et al. [2] conducted acoustic
emission monitoring experiments on granite, marble, coal,
and siltstone, and evaluated the instability of rock by energy
contribution rate and event rate. Xu [3] has analyzed the
number of acoustic emission ringing in the early stage of
rupture of granulites, granites, and limestone. Shen [4] has
carried out a uniaxial experiment on dry and watercontaining coal samples and obtained the variation law of
acoustic emission energy and counting of coal sample
damage. Liu et al. [5, 6] carried out research on the acoustic
emission law of combined coal rock rupture and the
quantitative evaluation of granite damage.
In acoustic emission frequency domain analysis, Xu [3]
analyzed the change law of EMD energy entropy of acoustic
emission in the prophase of rupture of granulite, granite,
and limestone. Zhang et al. [7–9] the application of high
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frequency and low frequency, the most sensitive frequency
rate and the coeﬃcient of variation of frequency and energy,
frequency and frequency analysis of granite precursory
information, and dry and saturated coal gangue rupture
variation process of frequency. Zeng et al. [10] studied the
correlation dimension and main frequency of AE amplitude
in the early stage of gritstone rupture. Liu et al. [11] carried
out the horizontal unloading test of the granite circular
tunnel model and obtained the variation law of the frequency band during the process of rock damage evolution
and rupture. Cong et al. [12] analyzed the acoustic emission
count and fractal characteristics of marble under diﬀerent
stress paths. Zhang [13] studied the impact rate, duration,
energy, amplitude, average frequency, RA value, and dominant frequency of acoustic emission in the early stage of rock
failure. Ji et al. [14] studied the variation of peak frequency,
high-frequency and low-frequency count and energy during
granite fracture. Yang et al. [15] study on the red sandstone
under the condition of unloading conﬁning pressure strength,
deformation, and fracture behavior of red sandstone failure
process of acoustic emission spatial evolution.
The following are some of the studies conducted for
acoustic emission characteristic parameter analysis. Xu [3]
analyzed the variation of acoustic emission ringing count,
peak frequency, and EMD energy entropy in the early stage
of granulite, granite, and limestone rupture. Zhang [13]
Study on the early failure of rock acoustic emission RA value.
Zhang et al. [16, 17] proposed time density by signal clustering analysis, optimized the signal source by neural network, and measured the risk of rockburst with time density
and applied the highest frequency, lowest frequency, sensitive frequency, and frequency coeﬃcient of variation, and
the energy, main frequency, and main frequency amplitude
and b value are used to analyze the precursor information of
granite rupture; the main frequency and information entropy change law of dry and saturated coal gangue rupture
process. Liu et al. [18] conducted acoustic emission tests on
the unloading damage of coal samples under diﬀerent initial
conﬁning pressures and obtained the timing of acoustic
emission, spatial distribution, and amplitude variation. Wei
et al. [19, 20] studied the variation of energy parameters,
event parameters, b value, and entropy of biaxial loading of
rock with pores. Yukai [21] studied on AE amplitude and ring
of coal and rock failure. Zhao [22] studied acoustic emission b
value during slip of prefabricated defective granite layered
structure.
The following are some of the studies conducted for
precursor evolution of rock mechanics: Lu [21] studied on
the evolution law of AE energy of coal and rock instability
and failure. Zhao et al. [22] studied the evolution of events
during rock rupture. Liu et al. [11] carried out the horizontal
unloading test of the granite circular tunnel model and
obtained the variation law of the frequency band during the
process of rock damage evolution and rupture. Hu et al. [24]
studied by TBM in the process of excavation of tunnel
surrounding rock acoustic emission characteristics, using
acoustic emission parameters of surrounding rock damage
law for evolution analysis. Xiao et al. [25–28] studied the
energy conversion mechanism and acoustic characteristics
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of coal and rock mass during loading. Lei [23] studied the
evolution of events during the slip process of prefabricated
defective granite layered structure. Yang [29] studied the
mechanical properties and damage evolution of sandstone
under cyclic loading and analyzed the tensile fracture and
shear failure by CT technology. These research results have
guiding signiﬁcance for the analysis of rock failure and
precursor damage, but nobody studies the rock instability
precursors with the damage rupture, time domain, frequency domain, and characteristic parameters combined.
The rock failure process will cause a variety of anomalies,
and multiple analysis angles will help to dig deeper into the
precursory information of the fracture.
The randomness of cracks is diﬃcult to express and
judge. The sample entropy is of great signiﬁcance for the
study of stochastic systems and random sequences.
According to this, the paper refers to the method to predict
the instability of characteristic parameters. As the crack
penetrates, the rupture scale becomes larger and larger, and
the b value is introduced according to the principle of
seismology to analyze the precursor characteristics of rock
failure. Through the statistical analysis of the scholars’ research results, the acoustic emission count and energy
analysis are used to analyze the evolution process of rock
mass rupture in the time domain; the acoustic emission peak
frequency and average frequency are extracted in the frequency domain to analyze the evolution process of rock
mass rupture. Precursor information on rock damage
evolution is obtained through deformation and energy.
Based on this, a precursory information recognition system
with four angles and eight parameters is constructed, and
stability evaluation and early warning are carried out
through parameter anomalies and timing.

2. Experimental Methods
2.1. Experimental Sample Preparation. In order to ensure
the reference of the experimental results, the yellow
sandstone is processed according to the method for determining the deformation parameters of coal and rock
(GB/T 23561.8-2009), the standard size is φ50 × 100 mm,
and the density of the block is determined by the wax
sealing method to be 2.16 g/cm3. The uniaxial compression
deformation test measured the strength of 74.8 MPa,
the elastic modulus was 12.8 GPa, and Poisson’s ratio was
0.28. The internal structure was detected by industrial CT,
and the yellow sandstone was homogeneous and compact.
Using rock sample ultrasonic to test the test piece, the
average value of P wave velocity is 3907 m/s, and the
average value of S wave velocity is 2674 m/s, which can
ensure the reliable exploration of the test pieces. The basic
information of the rock sample is shown in Table 1. Since
there are many rock samples, only the typical analysis is
selected to give speciﬁc information. The fracture morphology of the triaxial experimental rock sample is shown
in Figure 1. Due to space limitations, representative rock
samples are selected for analysis. The basic information of
the rock sample is shown in Table 1.
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2.2. Experimental Equipment. The experiment uses the
ROCK600-50 multiﬁeld coupling mechanics test system
produced by TOP INDUSTRIE, France. The SH-II acoustic
emission system is used to monitor the rock rupture process
during the experiment. The composition and arrangement of
the device are shown in Figure 2. In order to correct the rock
breaking moment and information, the acoustic emission
sensor 1 is arranged on the base of the press, and the whole
process data of the loading and unloading is collected, and
the acoustic emission sensor 2 is arranged on the side wall of
the conﬁning pressure chamber, because the signal is obviously attenuated in the hydraulic oil, only. An acoustic
emission signal can be acquired when it is broken. The
sensor is ﬁxed in the corresponding position by a highmagnetic magnet. The Vaseline coupling sensor and the
contact surface are used to ensure the time synchronization
of the press and the acoustic emission. The clock calibration
is performed before the experiment.
2.3. Experimental Plan. In the triaxial test process, the test
piece is axially loaded by a servo pump, and after the
deviatoric stress of 3 MPa is reached, the unloading is
performed quickly to ensure that the axial indenter of the
sample is in contact with the rock sample. The rock sample is
loaded to a hydrostatic pressure of 5 MPa at a rate of 1 MPa/
min. In order to ensure a stable transition of the rock sample
system and to identify the acoustic emission eﬀect, the
hydrostatic pressure is maintained for a certain period of
time, and then the deviatoric stress is increased at a rate of
1 MPa/min until the rock sample is destroyed. The acoustic
emission is turned on during the deviatoric stress loading. In
order to ensure the selection of the eﬀective signal, the
acoustic emission preampliﬁer is set to 40 dB, the indoor
noise signal is less, the acoustic emission threshold is set to
35 dB, and the acoustic emission meter sampling frequency
is set to 1 MHz. The sampling frequency is 1 MSPS, and the
sampling length is 2K (1K � 1024). The acoustic emission
sensor is Nano30 type with resonant high sensitivity, and the
sensor operating frequency is 150∼750 KHz. The experimental path is shown in Figure 3.

3. Extraction and Analysis of Precursor
Information of Rock Fracture
There are obvious anomalies in the early stage of rock
rupture, and the eﬀects of analyzing the forecasts from
diﬀerent angles are inconsistent. The following is the extraction of precursor information from the perspective of
rock sample mechanics, acoustic emission time domain,
frequency domain, and characteristic parameters and gives
the theory and basis and analyzes the precursor information
to provide a theoretical basis for the early warning system
construction.
3.1. Analysis of the Indicators of Deformation and Energy Angle
Damage Precursors. Force is the direct cause of rock failure.
Under the action of pressure, the deformation of rock
sample is constantly changing, especially the plastic phase in
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Table 1: Basic information of yellow sandstone.

Number
sz-17
sz-18
sz-20
sz-21
sz-22

Diameter ×
Quality
height
m (g)
(mm)
50.30 × 100.10 434.7
50.02 × 100.02 436.2
50.19 × 101.61 436.4
50.20 × 101.30 436.6
49.22 × 100.09 438.2

Density
(g/cm3)

Conﬁning
pressure
σ3 (MPa)

2.13
2.19
2.12
2.20
2.16

5

Elastic
modulus
(Pa)
12.7
12.9
12.6
13
12.8

Uniaxial
compressive
strength (MPa)
74.5
75.1
74.2
75.4
74.8

Poisson's
ratio

0.28

S wave
velocity
(m/s)
2670
2678
2673
2675
2674

P wave
Loading and
velocity unloading speed
(m/s)
(MPa/min)
3895
3927
3908
1
3896
3910

Figure 1: Fracture photos of rock samples.
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Figure 2: Synchronous unloading mechanical experiment device and acoustic acquisition device.

the early stage. At this time, the crack presents rapid initiation and local development. Grasping the deformation
law at this stage has obvious warning function. Through the
analysis of Figure 4, it is found that the axial strain and the
radial strain have a synchronous plastic tendency, and the
volumetric strain is in a constant state at a later stage, the
prediction eﬀect is later than the axial deformation and
radial deformation, and the warning precursor information
warning should be given in a small period of time before the
rupture occurs. Therefore, it is too early to use the plastic
starting point as a warning. It is of little signiﬁcance. Take
sample sz-20 as an example, the volumetric strain volume at
constant time is 1085 s, the time of rock sample failure is
1186 s, and the precursor alert time is 138 s, total percentage
11.3% ahead of schedule and the plastic deformation time is
953 s and the advance warning is 233 s, advancing 19.6% of
the total time. Through comparison, it is found that the
starting point of plastic deformation is signiﬁcantly earlier

than the point of volume invariant of volume strain.
The volumetric strain should be selected closer to the moment of failure, and the volumetric strain is a comprehensive
feedback on axial deformation and radial deformation. The
comprehensiveness of the deformation reaction is better.
Accordingly, volumetric strain should be used in the selection of deformation precursor information.
The damage of rock damage is done under the action of
stress and deformation. The press continuously supplies
energy to the rock sample, and the rock sample continuously
stores energy, and after the ultimate energy storage capacity
is reached, the release of energy occurs. During the energy
conversion process, part of energy is stored in the sample in
the form of elastic energy, and part of it is consumed in the
form of crack propagation. Figure 5 shows the energy
conversion characteristics of the SZ-20 sample. By comparing the total energy accumulated before the peak and
the energy released after the peak, it can be found that the
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Figure 5: SZ-20 characteristics of energy conversion.

this part of the energy is constantly changing, especially in
the later stage, which shows a signiﬁcant narrowing trend. In
summary, the dissipative energy is selected as the parameter
of the energy angle precursor information identiﬁcation.

t (s)

Figure 3: The experimental path.
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Figure 4: SZ-20 typical stress-strain damage evolution curve.

surplus energy appears and promotes the rock cracking
process. The energy that can be discussed for the prepeak
warning has total energy, elastic energy, and dissipated
energy. Since the elastic energy presents a triangle, as the
stress increases, the elastic energy increases continuously, it
is diﬃcult to grasp the change point, and it is not meaningful
for extracting the precursor information. For the total energy accumulated before the peak, the warning eﬀect cannot
be judged by the intuitive angle. In the small image on the
upper right corner of Figure 5, the abscissa is the strain, the
ordinate is the total energy, and the stage auxiliary line is
added. According to the green auxiliary line trend, the total
energy in the middle and late period is nearly linear, and the
precursor information is not signiﬁcant enough, which
brings diﬃculty to the warning, so the research on this
parameter is abandoned. The energy dissipated by the crack
energy itself is characterized by the expansion of the crack,
and it can be clearly seen from the red region of Figure 5 that

3.2. Body Strain and Dissipative Energy Damage Precursor
Research. Based on comprehensive considerations, body
strain and dissipative energy were identiﬁed as objects for indepth study. Figure 6 shows the curves of the strain-stress
and damage evolution of ﬁve typical specimens with time.
Observing the variation of the available strain curves is
consistent. Both the early rise and the steady change of the
body strain curve are derived from the initial hydrostatic
pressure. Through the corresponding relationship between
the pressure value and Figure 4, the damage evolution law of
Figure 6 is calibrated. For the body strain, it is nearly linear
in the local damage evolution stage (I and II); in the severe
damage evolution stage (III), the body strain slope gradually
decreases from a positive value to zero, and a negative value
occurs after a certain period of time. The negative slope
shows a certain acceleration growth trend until the rock
sample is destroyed. How to ﬁnd and determine the precursor information in the process of change has become the
focus of the thesis. The analysis of the rock damage precursor
must start from the third stage (the intense stage of damage
evolution), and the process of the third stage is rock sample
volume from reduction to constant to expansion. The
purpose of the warning is to predict the disaster that will
occur, and the early and late warnings cannot achieve the
eﬀect we want, so the volume reduction process is not
considered. The volume expansion phase is short and rapid,
and it is diﬃcult to determine appropriate and reasonable
warning points. In summary, the invariant end point of the
volume should be deﬁned as the precursor information
identiﬁcation point.
Taking the rock sample sz-18 as an example to illustrate
the eﬀect of body strain precursor recognition, the moment
of rock sample failure is 1316 s, the corresponding pressure
value is 113 MPa, the volume strain corresponding to the
volume end point is 1.04%, the corresponding time is 1177 s,
and the warning occurs 119 s ahead of the disaster for early
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Figure 6: The relation curve of body strain stress and damage
evolution process.

warning, and the relative loading to the damage process the
warning time is 10.6%. The speciﬁc information is shown in
Table 2, and the average value reached 11.4%.
The dissipative energy calculation takes the diﬀerence
between the total energy and the elastic energy before the
peak, and the two diﬀerential units are integrated to
obtain the diﬀerence. Figure 7 shows the relationship between the sz-20 stress-strain curve and the evolution of the
dissipative energy damage of the rock sample. The red
region is the dissipative energy surrounded by the stressstrain curve. By adding a linear auxiliary line to the dissipative energy integral curve, the initial energy dissipation
shows a gradual increase trend and reaches a certain position and then grows steadily. It appears in the ﬁrst stage;
after the dissipation energy reaches a certain value, the
growth rate is steadily reduced, and the rupture moment
reaches the extreme value. The dissipative energy curve
generally exhibits the “s” type, and the growth rate in the
early stage is fast-intermediately stable-later-slowing. The
demarcation point of the slope of the “s”-shaped curve has
a certain basis as the precursor information research area.
Take the sz-20 curve as an example to illustrate the eﬀect of
dissipative energy precursor recognition. When the rock
sample breaks down at 1223 s, the corresponding pressure
value is 105 MPa, the energy consumed by the dissipative
energy demarcation point is 8.79 KJ/m3, the corresponding
time is 1037 s, and the rupture occurs 186 s ahead of time
for early warning. The warning time of relative loading to
the damage process is 15.2%. Figure 8 shows the relationship between the dissipated energy and the strain. The
variation of the dissipative energy curve has similarity. The
magnitude of the dissipative energy release is proportional
to the strain corresponding to the peak. Table 3 gives the
prewarning warning information for dissipative energy,
with an average of 7.8%.

3.3. Acoustic Emission Counting and Precursor Analysis of
Energy Damage. Acoustic emission can eﬀectively characterize the process, scale, and spatial location of crack
propagation in coal and rock mass. A plurality of parameters is deﬁned from diﬀerent angles by receiving
elastic waves of crack propagation. The basic principle is
shown in Figure 9. The acoustic emission count is the
number of oscillations after the waveform exceeds the
threshold value. The energy is the area enclosed by the
waveform envelope. Both can evaluate the scale of crack
propagation, which has certain signiﬁcance for the early
warning of damage.
All characteristic parameters of acoustic emission are
deﬁned based on waveforms, and only the process of rock
crack propagation is reﬂected from diﬀerent angles. By
comparing the acoustic emission parameters (absolute energy, energy, count, amplitude, eﬀective voltage, average
voltage, duration, and rise time) and reference data discovery, acoustic emission count and energy are the most
sensitive indicators for rock damage. Figures 10 and 11 show
the variation of acoustic emission count and energy during
the loading process of samples 22 and 21. In the initial stage
of damage evolution, the acoustic emission count is less than
200, the acoustic emission energy is low, and two concentrated jumps occur. In the middle stage of damage evolution,
several high-energy signals appeared in a certain interval,
and the sound emission count of sample 22 showed an
increasing trend. The sound emission count of sample 21
showed a decreasing trend, and the proportion of highcounting signal gradually increased. The less the damage
occurs, the layered features of the acoustic emission count
become more and more obvious, and the speciﬁc gravity
shift is more obvious, especially between 1000 and 2000.
Therefore, at this stage, the interval is divided by a high
count, which is the warning time. Energy also has obvious
characteristics in the middle and late stages of this stage. The
accumulation of high-energy signals is accompanied by
sustained, steady, and rapid growth of energy. A large
number of high-energy signals appeared at the moment of
rock sample rupture. The biggest diﬀerence between sz-22
and sz-21 is the width of the sound emission band and the
frequency of energy release. The sz-22 acoustic emission
count shows a narrow band to the wide band, and the sz-21
acoustic emission count shows a wide band to the narrow
strip development. The sz-22 acoustic emission energy is
released in a concentrated manner, presenting a few highenergy events, and the sz-21 acoustic emission energy is
continuously released, presenting multiple high-energy
events. The rupture pattern of the rock sample in Figure 12 also shows that sz-22 forms a through-shear main
crack and a local shear microcrack, and sz-21 forms a lower
shear main crack and an upper pull crack, which is the
combined shear-pull crack. The alternating occurrence of
the composite crack leads to the continuity of the highenergy signal and the total amount of the count is gradually
reduced, and the partial shear crack gradually expands to
cause the discontinuity of the high-energy signal, and the
total amount of the count gradually increases. Accordingly,
the type of the ﬁnal rupture crack can be determined by the
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Table 2: Early warning table of body strain precursory information.

Numbering
Peak
Peak Volume minimum Volume minimum
Precursory
Percentage of total Average
of rock samples stress (MPa) time (s)
strain (%)
strain time (s)
warning time (s) time in advance (%) value (%)
sz-17
103
1219
0.93
1080
139
11.4
sz-18
113
1316
1.04
1177
139
10.6
sz-20
105
1223
0.85
1085
138
11.3
11.4
sz-21
107
1270
0.85
1106
164
12.9
sz-22
106
1245
0.78
1103
142
11.4
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overall increase in the acoustic emission count and the
continuity of the acoustic emission energy release.
The sz-22 and sz-21 curves are taken as examples to
illustrate the acoustic emission count and energy precursor
recognition eﬀects. The sz-22 rock sample has a failure time
of 1241 s, the corresponding pressure value is 106 MPa, and
the sound emission high count boundary point is set to 1000
(yellow appearance area), the corresponding time is 1002 s,

and the rupture occurs 243 s ahead of time for early warning.
The warning time for loading to the destruction process is
19.5%. When the high-energy demarcation point of the
acoustic emission is set to high-energy continuous occurrence and accelerated growth, the corresponding time is
1115 s, and the early warning is 130 s ahead of the damage
for early warning, and the relative loading time to the destruction process is 10.5%. The sz-21 rock sample has a
failure time of 1270 s, and the corresponding pressure value
is 107 MPa. The time corresponding to the sound emission
high-counting boundary point is 927 s, and the warning
occurs 240 s ahead of the disaster, and the relative loading
time to the damage process is 18.9%. The time corresponding to the high energy of acoustic emission is 1013 s,
and the early warning is 154 s ahead of the damage, and the
warning time is 12.1%. Other rock samples have similarities
and will not be described here.
3.4. Acoustic Emission Average-Frequency and PeakFrequency Damage Precursor Analysis. The acoustic emission signal is a wave signal. Fourier transform is an eﬀective
way to process the wave signal. Converting the signal from
the time domain to the frequency domain and exploring the
characteristics of the waveform from another angle help us
to ﬁnd the precursor information of the rock damage
process. Taking the acoustic emission waveform near the
peak of the sz-22 rock sample as an example, the original
waveform is transformed into the frequency domain by fast
Fourier transform. The original waveform is subjected to
wavelet denoising processing. As shown in Figure 13(a), the
origin-analysis-signal-FFT is input, and the amplitude and
phase change with frequency are obtained, as shown in
Figure 13(b).
In this paper, the Fourier transform is performed on all
the acoustic emission waveforms collected, and the variation
law of the peak-frequency rock sample damage evolution
process is analyzed. According to Figure 9, the relationship
between the average frequency and the count and duration is
obtained. The average frequency variation law during
loading to failure is determined by waveform analysis, and
the rock damage precursor information is studied by the
average frequency and the peak frequency.
Figure 14 shows the variation of the average frequency
and peak frequency of the rock sample sz-22 during the
loading process. It is found that the peak frequency is obviously partitioned, and its range and accumulation are
divided into low-frequency zone, medium frequency zone,
and high-frequency zone. The distribution of low-frequency
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Table 3: Dissipative energy table of body strain precursory information.

Numbering of
rock samples
sz-17
sz-18
sz-20
sz-21
sz-22

Corresponding
moments (s)
1124
1215
1132
1170
1144

Dissipation energy
inﬂection point (kJ/m3)
7.82
9.52
9.57
9.93
8.68

Precursory
warning time (s)
95
101
91
100
142

Percentage of total
time in advance
7.8
7.7
7.4
7.9
8.1

Average
value (%)

7.8

Average frequency = count/duration
AE duration
Rise time

RA = rise time/amplitude
Acoustic
Emission
threshold

Amplitude of
acoustic emission

Impact
moment

Acoustic
Emission
signal

Acoustic
Emission
counting

Figure 9: The principle of acoustic emission parameters calculation based on wave velocity.
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Figure 10: Partial stress-strain acoustic emission counting: acoustic emission energy damage evolution process by sz-22.

signals is in the whole process of damage evolution. There
are few low-frequency signals in the early stage of damage
evolution and intense stage of damage evolution, and the
distribution of the middle stage of damage evolution is the
intermediate frequency signal, which is accompanied by
the whole process of damage evolution, and the whole is

persistent and stable, and a large number of middle frequency signals only appear in the early stage of damage;
high-frequency signals only appear in the middle and severe
stages of damage evolution. The high-frequency signals in
the early stage of damage evolution are sparse. The highfrequency signals in the middle and late stages of damage
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Figure 12: Fracture morphology by sz-22 and sz-21.
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evolution are more stable and stable. The signal is more and
stable, and the high-frequency signal shows a signiﬁcant
decreasing trend in the late stage of the violent evolution. It is
concentrated in the middle. Through the above analysis, the
rupture can be predicted by the increase of the high-frequency
signal and the decrease of the high-frequency signal.
In Figure 14, the red and the green circle size represent
the average frequency value. The curve trend is the stressstrain trend. As the degree of damage evolution increases,
the average frequency exhibits high numerical accumulation
at only a few points, which is consistent with the expansion
of microcracks in the previous section. In the violent stage of
damage evolution, there are obvious hierarchical features. In
the ﬁrst stage, a high-average frequency signal appeared, and
it was stable and continuous. There was a clear blank period
in the middle. At this time, the average frequency was extremely low, and then the high-average frequency signal
continued to appear until the sample was destroyed.
Therefore, the continuous appearance of the signal with a
high-average frequency blank continues to appear as a
precursor to destruction. Figure 15 is similar to the overall
law of Figure 14. The average frequency of sz-22 presents an
intermittent high value, and the average frequency of sz-21
shows a continuous high value, and the crack type analysis
shows consistency.
In summary, sz-22 is taken as an example to illustrate the
precursor characteristics of average-frequency and peakfrequency destruction. The average frequency warning has
the law of continuous high value-no-sustained high value. In
order to accurately ﬁnd and judge the early warning point,
the blank period or the end of the quiet period is used as the
early warning point; that is, when the high-average frequency signal continues to appear again, the corresponding
strain at this time and the time of the moment are 1.08% and
1058s, which is 102 s ahead of the disaster, and the warning
time from the relative loading to the damage process is 8.2%.
The peak frequency is sparse in the high-frequency signal in
the early stage of the destruction. The medium- and high-
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Figure 15: Damage evolution of peak frequency and average
frequency by sz-21.

frequency signals suddenly increase, which can judge the
coming of the destruction. At this time, the strain and time
are 1.16% and 1122 s, the damage is 45 s ahead of the damage,
and the relative loading time to the damage process is 3.6%.
3.5. Acoustic Emission b Value and Sample Entropy Precursor
Analysis. The waveform signal carries information about
the interior and propagation path of the rock. Deep and
reasonable excavation will better understand and grasp the
state of the rock sample, and infer or evaluate the stability of
the rock mass. The value of b can better characterize the scale
of rock crack propagation. Scholars have found that the
occurrence of large-scale rupture will lead to the decrease of
b value, so as to study the crack propagation and extension
and penetration process. Sample entropy can evaluate the
degree of chaos in the chaotic state of the system and is a key
indicator for system stability evaluation. The crack propagation of rock has disorder, the acoustic emission signal is
consistent with crack propagation, and the change of entropy is related to the degree of disorder. The smaller the
entropy is, the lower the degree of chaos is. The increase of
entropy indicates the crack of rock sample. The increased
disorder increases, and the crack is active, indicating that the
distance damage is getting closer. The evolution process of
rock damage is the evolution of a regular, orderly state
toward an irregular and disordered state.
3.5.1. Analysis of b Value. By analyzing the variation law of b
value, the precursor characteristics of coal rock damage are
revealed. In this paper, the least square method is used to
calculate the acoustic emission b value, and the magnitude is
selected as 2 dB. To avoid the acoustic emission data, the
error of the b value is calculated. The window length is 200,
and the sliding distance is 100.
Figure 16 shows the variation of the b value during the
loading of the sample 22 to the failure process. In the ﬁgure,
the sphere is a three-dimensional coordinate system, which
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Figure 16: Stress time b value correlation change rule sz-22.

represents time, b value, and correlation. The diameter of the
sphere is correlation. Since the correlation is between 0.8 and
0.9, the diameters of the sphere are not much diﬀerent,
which also indicates the correlation of the data is better. The
b value is more obvious during the whole process of change.
The initial b value of the damage evolution stage and the
initial stage of the damage evolution ﬂuctuate within the
range of 0.05∼0.06, indicating that the scale of crack
propagation is stable at this time. This conclusion is similar
to the variation of dissipative energy. From then on to the
prerupture period, the b value showed a signiﬁcant growth
trend and reached the peak value and then instantaneously
dropped to the minimum value. During the ascent, the b
value is like stepwise, the middle showed a short-term
platform, and then rapidly increased to the maximum
value, and the maximum b value was 0.079. This stage is the
process of microcrack accumulation and is the basis of crack
penetration. The b value appears to decrease rapidly and
continuously, indicating that the microcracks penetrate to
form cracks, and the cracks penetrate to form the main
control crack. What follows is the occurrence of rupture. The
consistency of the whole process is better. It is risky to use
the decrease of b value as the rupture of precursor information. It is proposed to use the rise of b value as the
early warning point. The variation rule of Figure 17 is
consistent with Figure 16 and only diﬀers in speciﬁc parameters. The b value of the initial stage and the midterm of
the damage evolution ﬂuctuated between 0.045 and 0.06,
which was larger than the ﬂuctuation range and volatility of
the sample 22. It indicates that the composite crack has a
certain inﬂuence on the b-value change. The b-value rise
period continues to be stable, and the whole process from
stable to rapid indicates that the microcracks show a
growing trend, and the b-value decreases rapidly at the time
of rupture.
In summary, sz-22 and sz-21 are taken as examples to
illustrate the precursor characteristics of crack rupture
scale. The b-value warning has the law of steady-rapid
growth-sudden drop. In order to accurately ﬁnd and
judge the early warning point, the growth starting point is
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the early warning point. The b-value and time corresponding to sz-22 are 0.056 and 929 s, and the damage is
231 s ahead of time. The warning time for loading to the
destruction process is 18.6%. The b value and time corresponding to sz-21 are 0.049 and 878 s, the damage is 289 s
ahead of the damage, and the relative loading time to the
damage process is 22.8%.
3.5.2. Calculation Method and Analysis of Sample Entropy.
The process of rock damage evolution is a simple-tocomplex process. The sample entropy can measure the
complexity of time series, especially for nonlinear dynamics.
The sample entropy can obtain more accurate values without
higher data length and consistency. The methods are as
follows:
Suppose the original data is a time series from 1 to N,
expressed as {u(i) : 1 ≤ i ≤ N}.
(1) First construct the m-dimensional vector group as
follows:
X(1), X(2), . . . , X(N − m + 1),

(1)

where X(i) � {u(i), u(i + 1), . . . , u(i + m)}
(2) Find the distance between the vector groupX(i)
and X(j), where is the vector maximum diﬀerence
group, i.e.,
d[X(i), X(j)] � max ∣ u(i + k) − u(j + k)
k�0∼m−1

(2)

(3) When analyzing each {i : 1 ≤ i ≤ N − m + 1}, assume
that the deviation is r, the number of statistical vector
groups is less than r, which is counted as Nm(i).
Analyzing the ratio of the quantity less than r to the
total number is Cm
i (r) � Nm (i)/(N − m), where the
average value of i can be expressed as ϕm (r), which
m
is ϕm (r) � (1/N − m)N−m
i�1 Ci (r)
As the dimension changes, repeat steps (1)–(3) above to
get Cm+1
(r), ϕm+1 (r):
i

Advances in Civil Engineering
Nm+1 (i)
,
(N − m + 1)

1
ϕm+1 (r) �
N −(m + 1)



Cm+1
(r).
i

i�1

Based on the above theory, the sample entropy expression relationship is related to N, m and r parameters,
SampEn(N, m, r):
ϕm+1 (r)
(4)
SampEn(m, r) � lim −ln m
.
N⟶
ϕ (r)
The amount of data cannot be inﬁnite, and N takes a ﬁnite
number based on the experimental results and estimates:
ϕm+1 (r)
(5)
SampEn(N, m, r) � −ln m
.
ϕ (r)
The data amount N, the dimension m and the tolerance r
are combined to obtain the sample entropy, so if the above
parameters are diﬀerent, the obtained sample entropy is also
diﬀerent. After long-term research by scholars, it is found
that when r takes 0.1∼0.25 times of the standard deviation
of the original data, the value of SampEn(N, m, r) has the
best dependence on the length N of the sequence when
m � 1, and the calculated sample entropy has reasonable
statistical characteristic.
Based on the above mechanism, the MATLAB program
was developed to analyze the entropy of the waveforms in the
early, middle, and severe stages of the damage evolution. The
time-based ﬁtting found that with the increase of stress, the
sample entropy is ordered, chaotic and disordered, and ordered.
Speciﬁcally, the analysis is carried out with sz-22 and sz-20.
Figure 18 shows the variation of sample entropy during
the damage evolution of rock sample 22. In the early and
middle stages of damage evolution, the rock sample is always
in an orderly state (entropy ﬂuctuates in a small range), and
the rock sample is in a stable state. Crack initiation is also less
and regular. The upper limit of the orderly stage is reached in
the early stage of the violent evolution of the damage, indicating that it is developing to the chaotic period. The
sample entropy in the middle stage of the violent evolution
has a strong ﬂuctuation, and it changes between order and
disorder, indicating that the crack has begun to extend, and
its number begun to increase. In the early stage of rupture,
the sample entropy suddenly increased and then suddenly
decreased. The maximum value of the rise reached 5.23, and
the minimum value reached 2.53, indicating that the internal
crack of the rock sample was adjusted to the ordered state
immediately after the chaos, and the cracks were disorderly
arranged to the ordered self-organized arrangement, indicating the formation of the master crack. After the peak,
the sample entropy is adjusted to an ordered state. To sum up
the above process, the beginning of chaos and the beginning
of disorder should be used as the demarcation point of the
prejudgment. By analyzing the sz-21 sample entropy along
with the damage evolution process, the two have similarities
and are not speciﬁcally analyzed.
In summary, sz-22 and sz-20 are taken as examples to
illustrate the precursor characteristics of sample entropy.
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Figure 18: The variation law of sz-22 stress time entropy value.

The rock sample 22 entropy of Figure 19 early warning has
order-chaos-disorder-ordered law. In order to accurately
ﬁnd and judge the early warning point, the sample entropy
early warning has order-chaos-disorder-ordered law. In
order to accurately ﬁnd and judge the early warning point,
the chaotic end point and the disordered starting point are
used as the early warning points. The corresponding sample
entropy value and time of sz-22 at this time are 2.4 and 1124
s. It was 41 s ahead of the damage, and the relative loading
time to the damage process was 3.3%. At this time, the
corresponding sample entropy and time of sz-20 are 2.5 and
1119 s. It is 36 s ahead of the damage, and the relative loading
time to the damage process is 2.9%.
Through the analysis of the above index selection process, each index has representativeness and certain meaning,
but the selection of a single index as a rupture forecast is onesided and misunderstood. In the process of rock damage
evolution, the information fed back in diﬀerent stages is not
consistent. Multiple indicators should be selected for simultaneous forecasting. The precursor information of each
stage or the precursor information of diﬀerent angles in the
same stage should be grasped. From the perspective of time
order, the rock instability of destruction can be accurately
predicted by comprehensive evaluation. This paper analyzes
eight indicators from four angles, which is comprehensive.
The body strain and dissipated energy are selected from the
perspective of rock mechanics. The counting and energy are
selected from the acoustic emission timing parameters, and
from the acoustic emission frequency domain. The average
frequency and peak frequency are selected. The b value and
sample entropy are selected from the acoustic emission
characteristic parameters. The purpose and signiﬁcance of
the selection of each parameter is discussed. Take sz-22 as an
example to illustrate the precursor characteristics of each
parameter in the process of damage evolution.
By analyzing the body strain, dissipated energy, acoustic
emission count, acoustic emission energy, average frequency
and peak frequency and b value, and sample entropy prediction time percentage of Figure 20, it can be found that
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Each parameter satisﬁes the law proposed in Figure 20,
indicating the accuracy of the method. The parameters of the
gradient at the same time can be mutually veriﬁed, and the
indicators of diﬀerent gradients can characterize the degree
of warning. According to the position of the indicator, it is
divided into ﬁve levels: 1 ≥ x is safe; 1 < x ≤ 2 is more dangerous; 2 < x ≤ 3 is dangerous; 3 < x ≤ 4 is urgent danger;
4 < x is emergency alarm.

Parameter

Figure 20: Parameter timing characteristics by sz-22.

there is a recessive correlation between parameters. The
forecast time is divided into groups, and the similar time is
divided into a group, which is divided into 4 groups. The ﬁrst
stage of feedback is the acoustic emission count and b value,
the warning time is about 19%; the second stage is the
feedback of the body strain and acoustic emission energy, the
warning time is about 11%; the third stage makes feedback
for the dissipated energy and average frequency, the warning
time is about 8%; the fourth stage is the peak frequency and
sample entropy, and the warning time is about 3%. By
segmenting the damage evolution process, it is found that
the early warning indicators have entered the stage of severe
damage evolution (III), indicating the rightness of the selection of indicators. Table 4 gives the warning percentages
of other groups of data acoustic emission count, b value,
body strain, acoustic emission energy, dissipated energy,
average frequency, peak frequency, and sample entropy.

The triaxial acoustic emission experiment of yellow sandstone was carried out by using TOP INDUSTRIE rock
triaxial rheometer and SH-II acoustic emission system.
Based on the rock damage evolution process, from the
rock mechanics, acoustic emission time domain, frequency
domain, and characteristic parameters, the rock damage
precursors were analyzed, and a time series-based index
fusion system was established.
(1) For the body strain, it is nearly linear in the local
damage evolution stage (I and II); in the severe
damage evolution stage (III), the body strain slope is
from positive to negative, and the negative slope
shows that a certain acceleration growth trend until
the maximum is reached, and then the rock sample
was destroyed. Considering the selectivity and desirability of the precursor information, the slope’s
zero-point end point is deﬁned as the precursor
information identiﬁcation point.
(2) The dissipative energy curve shows the “s” type as a
whole, and the growth rate in the early stage is fastintermediately stable—the later period is slowed
down. The boundary point of the upper slope of the
“s” type curve is used as the precursor information.
(3) In the early stage of damage evolution,the AE count
is small, and the local centralized jump occurs; in
the middle of damage evolution, the proportion of
high-counting signals gradually increases, and the
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Table 4: Comprehensive index warning table.

Numbering
of rock samples
sz-17
sz-18
sz-20
sz-21

Acoustic
emission
counting (N)
19.3
18.7
19.4
18.9

b
value
20.1
19.6
21.3
22.8

Body
strain
(%)
11.4
10.6
11.3
12.9

number of low-counting signals becomes less
and less in the stage of severe damage evolution.
The layered features of the acoustic emission
count are more and more obvious, and the
speciﬁc gravity shift is more obvious. A high
count appears as a precursor information
identiﬁcation point.
(4) In the violent stage of damage evolution, highenergy signals appear in the energy accumulation
and accompany the continuous and steady growth
of energy, which serves as a precursor information
identiﬁcation point.
(5) The eﬀects of shearing main crack, shear microcrack, tensile crack, and composite crack on the
acoustic emission count and energy in the damage
evolution stage are analyzed.
(6) Mid-low-frequency signal distribution: In the
whole process of damage evolution, a large number
of medium- and high-frequency signals appear
in the early stage of damage; in the late stage of
severe damage evolution, the high-frequency signal shows a signiﬁcant decreasing trend and is
concentrated in the middle. It is possible to predict
the onset of rupture by an increase in the mediumand high-frequency signals and a decrease in the
high-frequency signal.
(7) In the severe stage of damage evolution is the continuous occurrence of high-rate-blank-continuous
high-frequency, and the end point of blank period
as the precursor of destruction.
(8) The b value of acoustic emission ﬂuctuates within
a small range in the early and middle stages of
damage evolution, and the period of severe
damage evolution continues to increase steadily to
rapid growth, with the starting point of sustained
and stable growth as the damage identiﬁcation
point.
(9) In the process of damage evolution, the sample
entropy presents an orderly, chaotic, disordered,
and orderly process. The end of chaos and the
beginning of disorder are used as the demarcation
point of the prejudgment.
(10) Based on the time series, an eight-parameter
comprehensive early warning system is constructed. The early warning indicators are in the
stage of severe damage evolution and are classiﬁed
into ﬁve levels for early warning.

Acoustic
emission
energy
10.1
9.8
11.4
12.1

Dissipative
energy
(kJm∗−3)
7.8
7.7
7.4
7.9

Average
frequency
(kHz)
8.6
9.1
8.4
8.1

Peak
frequency
(kHz)
3.4
3.1
3.8
3.2

Sample
entropy
2.5
2.7
2.9
3.0
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There are series of problems faced by most of the coal mines in China, ranging from low-coal recovery rate and strained replacement of working faces to gas accumulation in the upper corner of coalfaces. Based on the gob-side entry retaining at the No.
18205 working face in a coal mine in Shanxi Province, theoretical analysis, numerical simulation, and engineering practice were
comprehensively used to study the mechanical characteristics of the inﬂuence of the width of the ﬁlling body beside the roadway
and the stability of surrounding rock in a high-gas-risk mine. The rational width of the ﬁlling body beside the roadway was
determined, and a concrete roadway-side support with a headed reinforcement-integrated strengthening technique was proposed,
which have been applied in engineering practice. The stability of the ﬁlling body beside the roadway is mainly inﬂuenced by the
movement of the overlying rock strata, and the stability of the surrounding rock can be improved eﬀectively by rationally
determining the width of the ﬁlling body beside the roadway. When the width of the roadway-side ﬁlling body is 2.5 m, the
surrounding rock convergence of the gob-side entry retaining is relatively small at only 5% of the convergence ratio. It has been
shown that the ﬁgure for roof separation is relatively low, and strata behaviors are relatively alleviated and gas density do not
exceed the limit, which are the best results of gob-side entry retaining. The results of this research can provide theoretical guidance
for excavation of coal mines with similar geological conditions and have some referential signiﬁcance to safety and eﬃcient
production in coal mines.

1. Introduction
Most of the coal mines in China are identiﬁed as high-gasrisk mines. The traditional U-type ventilation can easily
cause a problem of gas accumulation in the upper corner of
coalfaces. As the depth of coal mining increases, in situ rock
stress increases dramatically and the coal pillar width becomes increasingly large. However, the relatively wide coal
pillar size cannot ensure good maintenance eﬀects of
roadways, which may result in frequent occurrence of gas
accumulation and gas overrun. In recent years, with the
advancement of bolt supporting technology and mechanization level, the technology of gob-side entry retaining has
been widely applied in thin- and medium-thick seams with
better conditions [1–3]. The gob-side entry retaining support

technology, as a kind of advanced roadway for replacing the
pillar method, needs to preserve the mining roadways at the
existing working face along the edge of the gob, which can
achieve Y-type ventilation. This technology can contribute to
reducing air leakage in the gob areas and gas emission
quantity. It can also help to avoid ﬂoating pollution of coal
dust at the working face and eﬀectively improve working
conditions. In addition, there is no need to establish stage
coal pillar at the working face of gob-side entry retaining,
which can raise coal recovery rate and prolong the service
life of the mine. The diﬀerence between traditional mining
method and mining method of gob-side entry retaining is
shown in Figure 1.
The gob-side entry retaining would undergo mining
inﬂuence twice, especially inﬂuence caused by both in situ
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Figure 1: The traditional mining method and mining method of gob-side entry retaining.

rock stress and strong mining stress after the coal extraction
of the working face, which can lead to strong deformation of
roadways and diﬃcult problems of roadway maintenance
[4, 5]. Extensive research has been conducted on the law of
mining pressure of gob-side entry retaining technology and
on surrounding rock deformation of roadways [6–10]. Xie
carried out research on the displacement characteristics of
surrounding rock and evolution characteristics of stress in
the coal sidewalls and the ﬁlling body and used numerical
simulation software to study the role of the ﬁlling body
beside the roadway in gob-side entry retaining, proposing
that a rational selection of the ﬁlling body parameters is key
to the successful implementation of gob-side entry retaining
technology [11, 12]; Bai et al. studied the fracture behaviour
of overlying strata above the roadway and analyzed the stress
conditions in the ﬁlling body beside the roadway from the
perspective of the surrounding rock structure [13–15];
Zhang used numerical simulation and similarity simulation
methods to analyze the movement of the roof under the
condition of the ﬁlling body with diﬀerent widths and determined the width of the ﬁlling body beside the roadway
[16, 17]. On the basis of key strata control theory, Ma et al.
[18, 19] studied the ﬁlling technology of roadway along the
goaf, established the mechanical model of the surrounding
rock structure of the roadway of in situ ﬁlling, and made an
in-depth analysis of the interaction mechanism between the
surrounding rocks and the backﬁll materials in the roadway.
Zhang et al. [20] analyzed the deformation characteristics of
surrounding rocks along the roadway and the mechanism of
lateral support and deduced the formula for calculating the
width of the lateral support according to the movement rule
of overburden for mining with solid compacted ﬁlling. Chen
et al. [21] analyzed the relation between support and surrounding rock deformation and stress distribution by numerical simulation and revealed the supporting mechanism

of the roadway. Tan et al. [22] analyzed the dynamic
characteristics of hard strata and derived the adaptability
principle of lateral support in the roadway along the goaf,
which includes load adaptability and deformation adaptability. Whether the gob-side entry retaining technology was
successful or not mainly depended on whether or not the
parameters of the ﬁlling body and entry-in support were
reasonable. When the selection of parameters was more
reasonable, the stability of the roadway was better. Most
previous studies aimed at small cross-sectional coal roadways and mainly focused on roadway-side supporting resistance and supporting materials, while limited research
was undertook on the rock structure of gob-side entry
retaining for large cross-sectional coal roadways and on the
deformation characteristics of such roadways. In particular,
so far, there have been no uniform methods used to determine the ﬁlling body width which is considered as a key
issue for the gob-side entry retaining. Therefore, it is necessary to further research the inﬂuence of the ﬁlling body
beside the roadway on mechanical characteristics and stability of surrounding rock under the condition of large crosssectional coal roadways.
In this work, taking a gob-side entry retaining at the No.
18205 working face in a coal mine in Shanxi Province as the
engineering background, a mechanical model of this gobside entry retaining system was established and the inﬂuence
of the ﬁlling body beside the roadway on the stability of
surrounding rock was studied by using a method that
combines theoretical analysis and numerical simulation. A
rational width of the roadway-side ﬁlling body was further
determined, and an “anchor with steel mesh” combined
support technology was proposed. Finally, the eﬀect of gobside entry retaining technology was veriﬁed by the deformation of the ﬁlling body and the displacement of surrounding rock in the roadways.
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2. Stability Analysis of Surrounding Rock in
Gob-Side Entry Retaining
With the continuous advancement of working face in the
process of applying the gob-side entry retaining technology,
fracture and crevice are formed in the main roof strata when
the main roof reaches its ultimate strength under the
combined inﬂuence of its gravity and the gravity of the
overlying strata [23, 24]. The fracture at the four edges of the
plate continues to extend and run through the whole plate
until it is shown in an O shape, and the bending moment in
the central plate reaches the maximum under the action of
force. When the stress exceeds the ultimate strength of the
plate own, there will be a fracture formed in the central plate,
which will eventually be connected with the fracture at the
four edges of the plate and form X-type destruction, as is
shown in Figure 2. As the working face advances continuously, the periodic fracture and caving are formed in the
main roof strata above the stope. The fractured main roof
touches the falling gangue in the gob and gradually begins to
stabilize under the load-bearing eﬀect of these gangue, while
high stress caused by the main roof beside the gob will act on
the immediate roof, top coal, substance coal, ﬁlling body,
and ﬂoor, which may cause the stress of surrounding rock in
the roadway to increase dramatically and cause the plastic
zone and surrounding rock deformation to increase as well
[25–28].
The structure of a skew span beam caused by the destruction of the main roof is deﬁned as a large structure of
surrounding rock in gob-side entry retaining at the top coal
caving face, while in a small region of surrounding rock in
the roadway, the anchorage body formed collectively by the
roadway roof supported by an anchor bolt (anchor cable),
integrated coal beside the roadway and ﬁlling body, is deﬁned as a small structure of surrounding rock in gob-side
entry retaining at the top coal caving face[22]. The existence
of the low stress zone of the gob-side entry retaining under
the structure of the skew span beam makes it possible to
implement the gob-side entry retaining technology. However, whether the gob-side entry retaining practice is successful or not depends on whether the small structure of
surrounding rock is able to maintain good stability, while the
stability of the small structure mainly depends on whether
the parameters of the ﬁlling body and entry-in support are
reasonable or not. As a result, by determining the rational
width and strength of the ﬁlling body beside the roadway, the
main roof strata can be cut oﬀ to form a stable structure in a
relatively short time, which can result in the decrease in the
deformation amount and deformation duration of surrounding rock of entry retaining and good stability of
surrounding rock of gob-side entry retaining.

3
Main roof
second caving line Filling body

First
working
face

Figure 2: Diagram of destruction of the main roof in gob-side
entry retaining.

2.1. Engineering Background. The No. 18205 working face is
a gob-side entry retaining face with a relative gas emission
rate of 8.28 m3/min and a gas pressure of 1.9 MPa, which is
classiﬁed as high-gas mine. The length of the working face is
1592 m, and the width of it is 211 m. The average thickness of
the coal seam is 3.29 m, and the dip angle of the coal seam is
5°. The Polodyakonov coeﬃcient of the coal seam is between
2 and 2.5, which is classiﬁed as a stable seam. The immediate
roof and the main roof are limestone and siltstone, respectively, with an average thickness of 2.4 m and 4.21 m,
while the seam ﬂoor is the sandstone layer with an average
thickness of 2.08 m.
The layout of Y-type ventilation is applied in the working
face; that is, the No. 18205 belt tunnel and the No. 18205
track tunnel are used to intake air, while the No. 18207 track
tunnel is used to return air. The No. 18205 track tunnel is
gob-side retaining entry, and it adopts the rectangular
section with a width of 5.5 m and a height of 3.5 m. The
detailed layout of the coalface and tunnels is shown in
Figure 3.
2.2. Theoretical Analysis of the Rational Width of Filling Body
beside the Roadway. With the continuous advancement of
the working face, the region of roof control constantly
enlarges, which will result in the loss of stability and the
occurrence of fracture of the main roof below. The roofcutting resistance caused by the ﬁlling body beside the
roadway enables the main roof along the outside of the ﬁlling
body to reach its ultimate bending moment, thus cutting oﬀ
the main roof. The mechanical computing model of roofcutting resistance of gob-side entry retaining is shown in
Figure 4.
The roof-cutting resistance can be solved by the following equation:

2

Pq �

Main roof
second caving line Roadway

x

ML + q · l + NC  x0 + c + d − M0 +(1/2) q + q0  x0 + c + d − TC (h/2) − ΔSB  − 0 0 σ y x0 − x dx
,
x0 + c +(d/2)

(1)
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Figure 3: Layout diagram of the No. 18205 coalfaces and tunnels.
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Figure 4: Computing model of roof-cutting resistance of gob-side
entry retaining.

where Pq is the roof-cutting resistance of the ﬁlling body
beside the roadway, mN/m; σ y and x0 are abutment pressure
of coal seams beside the retaining entry, MPa, and the width
of the stress limit equilibrium zone (m), respectively, which
can be obtained by equations (2) and (3); c is the roadway
width, m; d is the empirical value of the ﬁlling body width, m;
M0 is the residual bending moment of the A-end main roof,
MN·m; ML is the ultimate bending moment of the main roof
strata, MN·m; q0 is the self-weight of the immediate roof per
unit length, MN/m; q is the self-weight of the main roof and
the weight of the soft rock strata above the main roof per unit
length, MN/m; NC is the shearing force caused by the main
roof beside the gob, MN; ΔSC is the deﬂection of C-end when
AC rock being cut oﬀ, m; ΔSB is the deﬂection of B-end
before the main roof caving, m; h is the thickness of the main
roof strata, m; and l is the length of BC rock, m, which can be
obtained by equation (4):
σy � 

x0 �

C0
P
C0
+ x e(2 tan φ0 /MA)x −
,
tan φ0 A
tan φ0

MA
kcH + C0 /tan φ0 
· ln
,
C0 /tan φ0  + Px /A
2 tan φ0

���������������
2b b
L 2
100 + 102 ·  m  − x0 − c − d,
l� ·
b
17 Lm

(2)

(3)

(4)

where C0 and φ0 are cohesion and internal friction angle of
interface between coal seam and rock strata of the roof and
ﬂoor, respectively, MPa (°); PX is the supporting resistance
exerted by support on coal beside the roadway, MPa; M is the
mining height, m; c is the average unit density of overlying
strata, N/m3; H is the mining depth, m; A is the side pressure
coeﬃcient; k is the stress concentration coeﬃcient; b is the
weighting interval of the main roof, m; and Lm is the length
of the working face, m.
The thrust along with the direction of strata can be
calculated by the following equation:
TC �

x0 + c + d + l  · q
.
2 h − ΔSC 

(5)

The width of the ﬁlling body beside the roadway, d, is
mainly determined by roof-cutting support resistance and
roadway-side support strength [23], which can be calculated
by the equation:
d�

K 1 Pq
,
σ

(6)

where d is the roadway-side support width, m; K1 is the
safety coeﬃcient, generally elected between 1.1 and 1.2; and
σ is the strength of the ﬁlling body beside the roadway, MPa.

2.3. Compressive Tests on Roadway-Side Filling Body with
Diﬀerent Ratios. In order to ensure the establishment of the
mining roadway at the working face and the safety of mining
operations in the adjacent stope, the ﬁlling body used in gobside entry retaining should have suﬃcient strength to meet
the requirement of mechanical stability of surrounding rock
in the retaining entry. The main supporting body of the
ﬁlling body was the concrete pumped into a ﬂexible
framework. Consequently, the rational ratio and curing time
of concrete materials played a crucial role in ensuring the
quality of the ﬁlling body [29, 30].
The main concrete materials were cement, gravel, and
sand. In order for the ﬁlling slurry made of concrete to
meet the requirement of liquidity and strength, it was
necessary to make a suitable adjustment to the ratio of
cement, gravel, and sand because the diﬀerent ratios of
ﬁlling materials had a great inﬂuence on the mechanical
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property of the ﬁlling body. In order to identify the inﬂuence of material ratio and curing time on the mechanical
property of the ﬁlling body, the uniaxial compressive
strength of the ﬁlling body cured for 8 h, 24 h, and 3 d can
be used as indicators.
2.3.1. The Preparation of Test Samples. After preparing, the
concrete needed to be immediately poured into cubic plastic
molds with 50 ∗ 50 ∗ 50 mm and properly tamped down
with the stirring rod to remove air bubbles introduced in the
process of stirring, as is shown in Figure 5. After that, the test
samples were sealed with waterproof insulating belts and put
into the environmental chamber for curing. Before ﬁlling
with test samples, the plastic mold was drilled in a hole at the
bottom, after which the hole was sealed with glue and inner
wall of the plastic mold was uniformly daubed with lubes.
When sampling, the glue used to seal the hole was ﬁrstly
taken out, and then the test samples were blown out from the
plastic mold with the help of the air pump, which could, to
the greatest extent, avoid damaging the test samples in the
process of sampling and ensure the integrity of the samples
taken from the plastic molds.

2.3.3. Uniaxial Compressive Strength of Concrete. In the
process of the test, two factors including material ratio and
curing time were selected and analyzed and 27 experiments
were conducted, as is shown in Figure 6. Given the ﬁlling
cost and the liquidity of the concrete, it was determined
ultimately that the ratios of concrete materials (cement:
gravel: sand) were 1 : 1:2, 1 : 2:1, and 1 : 2:2, respectively.
During the process of curing, the samples were taken every
8 hours and the total number of sampling was 9. Assuming
that the peak value of the stress-strain curve was uniaxial
compressive strength, the experimental results of samples
are shown in Figure 7.
As is shown in Figure 7, the compressive strength of
concrete samples was directly proportional to cement
content, sand content, and curing time, and it was inversely
proportional to gravel content. In particular, the inﬂuence of
cement content on the strength of the ﬁlling body was the
most dramatic, followed by that of sand content and curing
time, while the inﬂuence of gravel content was the least
signiﬁcant. The cement was hydrated with water and bonded
with aggregates together to form solids with certain strength

Figure 6: The test of compressive strength.
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2.3.2. The Tests on Uniaxial Compressive Strength.
Twenty-four hours ahead of the test, the samples to be tested
were demoulded. Before the test, the top of the samples was
rubbed down with tools and the face of the samples was
made parallel and perpendicular to the axes of samples. After
demoulding, the samples were sealed with freshness protection package and continually put into the environmental
chamber for curing until being ready for the test. In order to
ensure the repeatability and reliability of the experimental
results, each experiment was repeated at least three times.
During the process of the test, the loading rate of the press
machine was set at 0.5 mm/min.

Figure 5: The preparation of test samples.
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Figure 7: Compressive strength of the concrete under diﬀerent
schemes.

which were the main bearing structure of the concrete. As
the curing time increased gradually, on the one hand, the
hydration of the cement consumed the water existing inside
the concrete, but on the other hand, the products generated
from the hydration could play a role in ﬁlling the pores,
which could cause the pore structure to become more solid.

6
As a result, the compressive strength of the concrete increased gradually, but, as the curing time increased continuously, the hydration weakened and the growth rate
slowed down as well. With regard to the sample 1, when the
curing time was 32 h, combining the data from ground
pressure monitor, the strength of the concrete could meet
performance requirements of gob-side entry retaining for
the ﬁlling body. Therefore, based on the abovementioned
factors, it was ﬁnally determined that the ratio of concrete
materials (cement : gravel : sand) was 1 : 1 : 2 and the curing
time was 32 h.
2.4. Theoretical Calculations and Analysis. Coal industry
belongs to high-risk production industry in China. The
situation of coal mine safety production is still serious due to
the complicated environment, special conditions, and uncertain risk factors; thus, when the relevant mine design
parameters is determined, the most dangerous situation
must be considered; when the required roof-cutting of the
gob-side entry retaining is determined, the roof has to be cut
oﬀ in any case, even in the most dangerous situation, in
order to be able to eﬀectively avoid the security risk
problems in the process of coal mining. So the basic parameters of the No. 18205 working face are shown in Table 1.
Then, the parameters mentioned above were substituted in
the equation, thus determining that the required roofcutting resistance of gob-side entry retaining at the working face was 18.40 MN·m.

3. Numerical Simulation Scheme of the
Stability of Gob-Side Entry Retaining
3.1. The Establishment of Numerical Models and Scheme
Design. A three-dimensional FLAC3D numerical simulation
model was built based on the geological conditions of the
No. 18205 working face (Figure 8). The entire model size
(length × width × height) simulated a measured volume of
520 m × 150 m × 50 m, with 154,650 cells and 174,127 nodes.
The horizontal ﬂank and vertical bottom surface movement
in the model were limited. The equivalent uniform load
(9.45 MPa) caused by the weight of overlying strata and
topsoil layers was imposed on the upper boundary of the
model. The Mohr–Coulomb was applied in this model, and
the lateral pressure coeﬃcient is set to 0.8. The detailed
mechanical parameters of rock strata are shown in Table 2.
According to the ﬁnal material proportion and curing
time determined in Section 2.3, the average strength of
concrete materials is 9.0 MPa. By substituting equation (6) of
Section 2.2, it can be obtained that the supporting width of
the roadway side backﬁll body is 2.45 m. Considering other
supports in the roadway, the width of the backﬁll is determined by theoretical calculation to be 2.5 m. Based on
ﬁeld research and experience of the gob-side entry retaining
of the other coal mines, considering the stability and safety of
the roadway, it is ﬁnally determined to simulate the ﬁlling
width with the spacing 0.5 m, so on combining the mechanical calculations with the ﬁeld engineering practice,
three simulation schemes were proposed. The widths of the
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Table 1: The basic parameters of the No. 18205 working face.
Basic parameters
ML
M0
q0
q
C0
φ0
PX
h
M

Value (unit) Basic parameters Value (unit)
8 MN·m
c
2.5 × 104 N/m3
0 MN·m
H
340 m
5 × 105 N/m
A
0.8
k
2
1 × 106 N/m
2.05 MPa
Lm
210 m
28°
b
23 m
0.0375 MPa
c
5.5 m
4m
d
2.5 m
3.0 m

ﬁlling body beside the roadway in the gob-side track entry
retaining at the No. 18205 working face were 2.0 m, 2.5 m,
and 3.0 m, respectively. In addition, the ﬁlling body width in
the roadway of the working face was set to 1 m, and the
mining interval and ﬁlling interval of the working face both
were set to 2 m, as is shown in Figure 9. In addition, the
measuring points were set in the model to monitor the stress
change and displacement change in the vertical direction.
3.2. Numerical Simulation Results and Analysis
3.2.1. Relations between Vertical Stress Distribution of the
Filling Body and the Distance to Panel Coal Wall. In terms of
the diﬀerent widths of the ﬁlling body beside the roadway
used in gob-side entry retaining, the vertical stress distribution in the middle of the ﬁlling body is shown in Figure 10.
As is shown in Figure 10, the changing trends of vertical
stress caused by the ﬁlling body with diﬀerent widths were
basically consistent. To be speciﬁc, when the distance of the
ﬁlling body beside the working face was about between 0 m
and 30 m, the change of the added resistance accelerated and
the support resistance increased after the ﬁlling body was
built, which could eﬀectively support the roof in the roadway
and cut oﬀ the roof beside the gob. With the damage of the
main roof, support resistance of the ﬁlling body, to a certain
extent, decreased when the distance was between 40 m and
60 m. When the distance was beyond 60 m, support resistance of the ﬁlling body did not change any more. At that
time, the ﬁlling body could maintain the balance of the roof
that had been broken above the roadway. The ﬁlling body
width was wider, the vertical stress was larger, and the
bearing capacity was stronger. The vertical stress of the ﬁlling
body increased with the increase of width and bearing capacity of the ﬁlling body. When the ﬁlling body width increased from 2.0 m to 2.5 m, the vertical stress increased
from 8.1 MPa to 9.5 MPa, increasing by 17.2%; when the
ﬁlling body width increased from 2.5 m to 3.0 m, the vertical
stress rose from 9.5 MPa to 10.7 MPa, rising by 12.6%, which
meant that the latter increment obviously decreased compared with the former one.
3.2.2. Relations between Vertical Stress Distribution and
Filling Body Width. Considering that vertical stress of the
ﬁlling body placed at a distance of 60 m behind the working
face remained about the same, this place was selected for
monitoring stress of the ﬁlling body. Taking the ﬁlling body
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Table 2: Material parameters.

Feature of rocks
Medium sandstone
Siltstone
Limestone
Coal
Mudstone
Medium sandstone
Siltstone

Bulk modulus
(GPa)
6.9
8.8
3.6
2.5
3.7
6.9
8.8

Shear modulus
(GPa)
3.3
4.8
2.1
1.6
2.1
3.3
4.8

Cohesion
(MPa)
3.2
3.3
2.0
1.5
2.1
3.2
3.3

Poisson ratio

Density (kg·m−3)

Tensile strength, st (MPa)

0.27
0.23
0.22
0.35
0.22
0.27
0.23

2690
2750
2250
1350
2360
2690
2750

2.2
2.5
1.5
1.1
1.5
2.2
2.5

12

Vertical stress (MPa)
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Limestone
Medium sandstone 1
Medium sandstone 2
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6

4

Mudstone
Roadway
Siltstone 1
Siltstone 2
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2

0

Figure 8: Diagram of the three-dimensional numerical simulation
model.
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Figure 10: Relations between vertical stress of the ﬁlling body and
distance to the panel coal wall.
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Figure 9: The layout diagram of the No. 18205 working face and
entry.

beside the roadway as an origin, the vertical stress distribution of the ﬁlling body is shown in Figure 11 under the
condition of diﬀerent widths of the ﬁlling body beside the
roadway in the gob-side entry retaining.
As is shown in Figure 11, the ﬁlling body had higher
long-term strength, which could eﬀectively prevent the
ﬁlling body in the gob-side entry retaining from showing the
rheological characteristics and prevent the ﬁlling body from

Vertical stress (MPa)

1m Xm
5.5 m

8
6
4
2
0
0.0

0.5

1.0
1.5
2.0
Filling body width (m)

2.5

3.0

2.0 m
2.5 m
3.0 m

Figure 11: Relations between vertical stress and width of the ﬁlling
body.

8

3.2.3. Relations between Filling Body Deformation and Width.
Under the condition of diﬀerent widths of the ﬁlling body
beside the roadway in the gob-side entry retaining, the top
surface displacement distribution of the ﬁlling body is shown
in Figure 12.
As is shown in Figure 12, the changing trends of surface
displacement of the ﬁlling body with diﬀerent widths were
basically consistent, which demonstrated that the existence
of the ﬁlling body beside the roadway could not change basic
movement laws of overlying strata. At the same time, with
the advancement of the working face, the key block was
subject to rotary deformation, so the subsidence of the ﬁlling
body beside the roadway was obviously lower than that
beside the gob. The ﬁlling body with certain yieldable capacity allowed the main roof to be subjected to certain
deformation, which would enable the load to transfer to the
gangue in the gob, thus decreasing the load imposed on the
ﬁlling body. The top subsidence of the ﬁlling body decreased
obviously with the continuous increase in the ﬁlling body
width, yet the decrement was decreasing. Speciﬁcally, when
the ﬁlling body width increased from 2.0 m to 2.5 m, the top
subsidence of the ﬁlling body relatively decreased by 23 m.
When the width increased from 2.5 m to 3.0 m, the top
subsidence relatively dropped by 11 mm.
3.2.4. Relations between Surface Displacement of Surrounding
Rock in the Roadway and Filling Body Width. Under the
condition of diﬀerent widths of the ﬁlling body beside the
roadway in the gob-side entry retaining, the surrounding
rock in the roadway placed at a distance of 30 m behind the
working face was selected to monitor the surface displacement, by which the surface displacement distribution of
surrounding rock that is shown in Figure 13 could be
obtained.
As is shown in Figure 13, with the increase in the ﬁlling
body width, the eﬀects of entry retaining were better. The
deformation of surrounding rock in the roadway continuously decreased, but decrement constantly dropped, and
the deformation tended to be stable at a place where the
distance to panel coal wall was 60 m. When the ﬁlling body
width was 2.0 m, the roadway deformation was larger.
When the width increased from 2.0 m to 2.5 m, subsidence
of roof relatively decreased by 14 mm. When the width rose
from 2.5 m to 3.0 m, subsidence of the ﬁlling body dropped
by 65 mm.

Top subsidence of filling body (mm)

–120
–130
–140
–150
–160
–170
–180
0.0

0.5

1.0
1.5
2.0
Filling body width (m)

2.5

3.0

2.0m
2.5m
3.0m

Figure 12: Relations between top subsidence and width of the
ﬁlling body.

200

Subsidence of roof (mm)

being damaged by the advancing abutment pressure caused
by extracting the working face. The ﬁlling body width had a
larger inﬂuence on horizontal stress distribution of the ﬁlling
body, and the horizontal stress reached the maximum in the
middle of the ﬁlling body beside the roadway. However, the
vertical stress distribution was approximately in a triangular
shape. As the width of the ﬁlling body beside the roadway is
continuously increasing, the range of the approximate triangle’s top angle gradually expanded and distribution pattern of the vertical stress changed from an approximate
triangle to approximate ladder shape with the increase of the
ﬁlling body width.
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Figure 13: Relations between surface displacement of surrounding
rock in the roadway and ﬁlling body width.

To conclude, as the width of the ﬁlling body beside the
roadway increases, the bearing capacity of the ﬁlling body
could be improved. When the width of the ﬁlling body
beside the roadway was 2.5 m, the subsidence of the ﬁlling
body decreased and ﬁlling body was in a relatively stable
condition, resulting in relatively lower support cost.
Therefore, taking all kinds of factors into consideration, it
was determined that the rational width of the ﬁlling body
beside the roadway was 2.5 m.

4. Engineering Practice
4.1. Design of the Field Support Scheme. The support width of
the gob-side entry retaining system in the No. 18205 working
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face track tunnel was 2.5 m, and the widths of the ﬁlling body
in the gob and in the working face tunnel were 1.5 m and
1 m, respectively. The ﬁlling interval of the roadway-side
ﬁlling body that was integrally cast with cement paste
materials was 2.4 m. The template of the ﬁlling support
underground mine is shown in Figure 14, and the eﬀect of
ﬁeld application of the ﬁlling body in the gob-side entry
retaining is shown in Figure 15.
4.1.1. The Reinforcement outside the Filling Body.
Combined with the #8 metal mesh (the place where the wall
was uneven was supported by the rhombic metal mesh)
which was used as joint support, the ﬁlling body was
reinforced by the Class IV ultrahigh-strength and special
pretension steel bolts (20 mm diameter, 1600 mm
length).The array space between bolts (interval × row) was
900 × 800 mm, and bisteel joists with 6 holes were used to
connect bolts. The support parameters of the ﬁlling body are
shown in Figure 16.

Figure 14: Template of ﬁlling support.

4.1.2. The Reinforcement inside the Filling Body. In order to
increase the overall stability and support strength of the
ﬁlling body beside the roadway, the ﬁlling body was reinforced by wire-mesh reinforcement combined with thread
steel. Each steel mesh was 2250 mm long and 3000 mm high
with a grid size of 150 mm × 150 mm and a diameter of
8 mm. Five steel meshes were set in ﬁlling mold. Speciﬁcally,
three were set perpendicular to the roadway roof and ﬂoor
and both sidewalls of the roadway with an interval of
1000 mm. They were connected by thread steel (the diameter
was 16 mm and the length was 2100 mm) in the middle of
steel meshes and in a place with a distance of 300 mm from
the roof and the ﬂoor. The other two were set parallel to both
sidewalls of the roadway, and they were integrated with the
former three ones by wires.
4.1.3. The Seal of Filling Body. On the basis of joint reinforcement with bolt belts and steel meshes, in order to
prevent the surrounding rock from weathering, the concrete
with a thickness of 50 mm was sprayed to seal the surface of
support body, and the ratio of concrete (cement: gravel:
sand) was 1 : 2 : 2. With the advancement of the working face,
the local areas of the ﬁlling body may crack under the inﬂuence of many factors such as the roof pressure and the
support body may be in the poor condition of roof contacting, which could result in gas leakage in the gob.
Considering that kind of situation, the new quick-setting
curing agent was used as a kind of sealing material for
grouting reinforcement to deal with cracks existing in the
walls and lapping zones. The parameters of sealing materials
were as follows: the slurry concentration was between 60%
and 70%, the compressive strength was more than 5 MPa,
and the initial setting time was between 30 min and 40 min.
4.2. Eﬀects of Field Application and Analysis. In order to
verify the eﬀect of the gob-side entry retaining in the No.
18205 working face track tunnel, the stress and deformation

Figure 15: Eﬀect of ﬁeld application.

of the ﬁlling body, the displacement of surrounding rock in
the roadway, and the roof separation were observed on-site
and were analyzed together with the eﬀect of the gas control.
4.2.1. Deformation Characteristic of Filling Body beside the
Roadway. The deformation of the ﬁlling body beside the
roadway was a reﬂection of the interaction between the
ﬁlling body beside the roadway and surrounding rock with
regard to the ﬁlling body. The deformation curve of the
ﬁlling body which was closed to the roadway side is shown in
Figure 17. The deformation of the ﬁlling body could be
divided into three stages:
(1) The distance of the working face from 0 m to 10 m
was termed “Stage 1,” at which the ﬁlling body did
not yet bear larger load. The support body had larger
early support resistance with lower longitudinal
deformation, and the transverse deformation was
almost zero.

10
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Figure 16: The support parameters of the ﬁlling body: (a) cubic view; (b) cross-sectional view; (c) lateral view.

120

longitudinal compression ratio was 4.1%, which did
not exceed the maximum compressive strength with
a compression ratio of 5%. This situation was beneﬁcial for the stability of surrounding rock in the
gob-side entry retaining.
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Figure 17: Relations between the deformation of the ﬁlling body
beside the roadway and the distance from the working face.

(2) The distance of the working face from 10 m to 40 m
was termed “Stage 2.” In the process of the main roof
forming structure, the overlying strata movement
intensiﬁed with the rapid increase in the load imposed on the ﬁlling body beside the roadway and the
deformation of the ﬁlling body. During this stage, the
longitudinal and transverse central convergence
velocities reached the maximum. When the longitudinal compressive deformation was larger, the
transverse deformation synchronized with the longitudinal deformation, during which time the longitudinal deformation was greater than the
transverse one.
(3) The distance from the working face exceeding 40 m
was termed “Stage 3,” at which the longitudinal and
transverse deformation of the ﬁlling body tended to
be stable as the development of surrounding rock
movement reached a stable state. During the monitoring period, the maximum longitudinal deformation of the ﬁlling body was 123 mm, and the

4.2.2. Deformation Characteristics of the Surrounding Rock in
the Roadway. The displacement curve of surrounding rock
in the gob-side entry retaining is shown in Figure 18. After
the deformation of surrounding rock is kept stable, the
maximum convergence between the roof and the ﬂoor was
189 mm, and that at the both sidewalls was approximately
162 mm. The average roof separation was about 27 mm with
a maximum of 41 mm. After the gob-side retaining entry
reached the stable state, the displacements of the ﬁlling body
and surrounding rock both were below 0.2 mm/d, which
demonstrated that the surrounding rock in the gob-side
retaining entry was relatively stable under the inﬂuence of
mining and that strata behaviour appeared to be relative
relieved, creating good conditions for the secondary
recovery.
At the same time, the gas accumulation in the upper
corner of coalfaces was between 0.45% and 0.75%, which did
not exceed the limit. After the gob-side retaining entry
entered into the stable stage, the deformation of the ﬁlling
body and the surrounding rock was lower. In summary, the
rational width of the support body was able to play a better
role in supporting the roof and maintaining the stability of
the roadway.

5. Conclusion
Based on the gob-side entry retaining at the No. 18205
working face in a coal mine in Shanxi Province, in order to
increase the recovery rate of the coal resources and to solve
the problem of gas exceeding the limit, the theoretical
analysis and numerical simulation were used to study the
mechanical characteristics of surrounding rock in the gobside entry retaining in a high-gas-risk mine. The main
conclusions obtained from the research were as follows:
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Figure 18: Displacement curve of the roadway.

(1) The stability of the ﬁlling body beside the roadway
was mainly inﬂuenced by the movement of overlying
key strata, while the rational width and strength of
the ﬁlling body beside the roadway could eﬀectively
improve the stability of surrounding rock.
(2) With the increase of the width of the ﬁlling body
beside the roadway, the bearing capacity of the ﬁlling
body improved. Taking the cost of ﬁlling into consideration, it was eventually determined that the
width of the support body beside the roadway at the
No. 18205 working face was 2.5 m.
(3) On the basis of the joint reinforcement by bolts and
steel meshes, the engineering practice demonstrated
that the cement paste materials were used to seal the
roadway side, resulting in the lower roof separation
and surrounding rock convergence, which could
meet the requirement of safety production in a mine.
In addition, this technology would not contribute to
the gas exceeding the limit, which could guarantee
the better application eﬀect.

The self-weight of the main roof and the weight of the
soft rock strata above the main roof per unit length,
MN/m
NC: The shearing force caused by the main roof beside the
gob, MN
ΔSC: The deﬂection of C-end when AC rock being cut oﬀ, m
ΔSB: The deﬂection of B-end before the main roof caving, m
h:
The thickness of the main roof strata, m
l:
The length of BC rock, m
C0: Cohesion of interface between coal seam and rock
strata of roof and ﬂoor, MPa
φ0: Internal friction angle of interface between coal seam
and rock strata of roof and ﬂoor, °
PX: The supporting resistance exerted by support on coal
beside the roadway, MPa
M: The mining height, m
c:
The average unit density of overlying strata, N/m3
H: The mining depth, m
A:
The side pressure coeﬃcient
k:
The stress concentration coeﬃcient
b:
The weighting interval of the main roof, m
Lm: The length of the working face, m
K1: The safety coeﬃcient, generally elected between 1.1
and 1.2
σ:
The strength of the ﬁlling body beside the roadway,
MPa.
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In longwall mining, the risk of water inrushes from the ﬂoors of deeply buried coal seams is closely related to the degree and depth
of the destruction for the mining ﬂoor. To analyze the main factors aﬀecting ﬂoor failure and the evolution of such failures, this
study considered the LW2703 working face of the Chengjiao Coal Mine in China, which is characterized by a large buried depth,
complex fault structure, and high pressure from a conﬁned aquifer. The characteristics aﬀecting ﬂoor crack development depth
were analyzed by considering friction angle, cohesion force, ﬂoor pressure, stress increase coeﬃcient, and peak position. A
FLAC3D simulation was performed to compare the degrees of ﬂoor damage that occurred for caving and backﬁlling methods
during the mining process. High-density electrical detection was performed on-site and used to (1) determine the maximum depth
range of the ﬂoor damage, (2) reveal the laws governing the evolution of damage in a mining ﬂoor, and (3) provide a reasonable
basis for evaluating and preventing ﬂoor water inrush accidents.

1. Introduction
As Chinese coal mines gradually become deeper, their
hydrogeological conditions become increasingly complex.
The combination of ground and water pressure has made
water damage more prominent and increased the frequency
of ﬂoor water inrush accidents. Heavy casualties and economic losses, combined with high-frequency growth, have
become a critical risk to the safe and eﬃcient operation of
coal mines [1, 2]. Figure 1 shows that while water hazard
accidents and deaths in coal mines have generally decreased
in recent years in China, heavy casualties and economic
losses still occur. Therefore, further investigation is needed
into the detection and prevention of water hazards in mines.
Floor water inrushing occurs when certain basic conditions are satisﬁed for a water source and channel. For the
north China coalﬁeld, the water source is generally the
water-ﬁlled aquifer of the Carboniferous and Ordovician

systems. This indicates that the safety of a mining face
depends mainly on channel formation, which is controlled
by many factors. Hidden structure activation leads to water
inrushing [3], which indicates that water damage is closely
related to the degree and depth of structural damage.
Therefore, studying the evolution of mining ﬂoor failures is
of great theoretical and practical signiﬁcance.
Many researchers in China and abroad have investigated
mining ﬂoor failure laws and water inrush controls. Yao
et al. [4] presented a suite of fully coupled governing
equations to determine fracture erosion and changes in rock
permeability. To determine the hydraulic conductivity of a
rock formation between a deeply buried coal seam and an
aquifer, Huang et al. [5] conducted four water injection tests
at the Baodian Coal Mine. Zhai et al. [6] simulated and
analyzed the failure characteristics at diﬀerent depths under
ﬂuid-solid coupling conditions to develop a water inrush
law. Li et al. [7] used a double scalar D-P elastoplastic
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Figure 1: Coal mine water disasters in China between 2000 and
2017.

damage constitutive model to study the evolution of a
complete base plate from an aquifer to an aqueduct. Wang
[8] analyzed key methods for preventing ﬂoor water damage
in the Fengfeng mining area and proposed comprehensive
prevention and control techniques, such as geophysical
exploration and ground grouting reinforcement. Wu et al.
[9] systematically classiﬁed mine water hazards and provided a basis for their classiﬁcation and prevention. Chen
and Cao [10] analyzed the hydrogeological conditions and
karst development rules for karst water in the Pingdingshan
Coal Mine, as well as the water-ﬁlling conditions of the mine
and its karst ﬁssure distribution. Wang et al. [11, 12] performed a Hopkinson pressure bar experiment to study the
dynamic failure characteristics of coal and indicated that its
dynamic compressive strength was positively correlated with
its elastic modulus. Guo et al. [13] divided ﬂooding patterns
into three types: complete ﬂoor crack extension, primary
channel conduction, and concealed structure sliding shear.
They studied diﬀerent modes for the spatiotemporal evolution of water inrush channels.
The LW2703 working face in the Chengjiao Coal Mine
is very deep, with a complex fault structure and high water
pressure. Because of these characteristics, the face has a
high water inrush risk, which threatens safe mining and
production. We investigated the LW2703 working face and
analyzed how ﬂoor crack development depth was aﬀected
by friction angle, cohesion force, ﬂoor pressure, stress
increase coeﬃcients, and peak position. We used a
FLAC3D simulation to compare and analyze how caving
and backﬁlling methods aﬀected the degree of ﬂoor damage
during mining. High-density electrical detection was
performed in the ﬁeld and used to (1) determine the
maximum depth of ﬂoor damage, (2) reveal the laws
governing the evolution of damage in a mining ﬂoor, and
(3) provide a reasonable basis for evaluating and preventing
ﬂoor water inrush accidents.

2. Engineering Background
The LW2703 working face of the Chengjiao Coal Mine is
located in the seventh mining area of the east wing. The

working face has a length of 1043 m along the upper
roadway, 926 m along the lower roadway, and 993 m along
the middle roadway. The inclined length of the working face
is 342.2 m. Figure 2 shows the layout of the working face. The
actual exposure during roadway excavation showed that the
No. 2 coal seams are stable, with an average coal thickness of
2.8 m, buried depth of over 800 m, and inclination angle of
5°. Figure 3 shows the roof and ﬂoor. The ﬂoor consists of
sandstone and mudstone. The limestone layers below the
ﬂoor (L8, L9, L10, and L11) are rich in aquifers and have low
water conductivity, and the cracks in the ﬂoor are undeveloped. Instead, the direct water source for the mine is
the sandstone in the roof and ﬂoor. The indirect water supply
source is the limestone in L11 and L10. The main water source
that threatens the working face is the upper limestone of the
Taiyuan Formation. The L11 and L10 limestone layers are
located 74.0 and 63.5 m below the No. 2 coal seam, respectively. The water pressure is 4.2–4.5 MPa. The limestone
and No. 2 coal seam have relatively stable mudstone and
sandy mudstone phase barriers, and water inrushing is
unlikely to occur under normal conditions. However,
Mining activities can cause ﬂoor damage and crack the ﬂoor
strata. At the same time, the natural ﬁssures in the lower part
of the aquifer develop upwards, which further reduces the
thickness of the water-resisting layer and can cause water
inrush accidents at the working face.

3. Main Factors Affecting the Degree of
Floor Damage
3.1. Factors Aﬀecting Floor Crack Development Depth. The
rock strength index has a certain eﬀect on the development
of ﬂoor cracks. In this work, we analyzed the eﬀects of the
ﬂoor crack development depth on the internal friction angle,
cohesion force, ﬂoor pressure, stress increasing coeﬃcient,
and peak position were analyzed. The shear stress near the
coal wall was high, a condition that can easily cause ﬁssures.
The crack depth reached a maximum value within 150 m
from the cutting eye and 30 m from the coal wall. Therefore,
this zone was selected for the tests and analysis.
3.1.1. Relationship between Internal Friction Angle, Cohesion,
and Floor Crack Development Depth. Figure 4 shows ﬁtting
curves for the internal friction angle and cohesion, based on
tests.
Figure 4(a) shows a positive correlation, which indicates
that a larger internal friction angle corresponds to a larger
ﬂoor crack development depth and vice versa. The two
parameters have a power exponential relationship, which
can be expressed as follows:
h � 3.0926e0.2608a ,
R2 � 0.9819,

(1)

where α is the internal friction angle in the rock body and R2
is the reliability.
Figure 4(b) shows a linear relationship between crack
development depth and cohesion. Crack development depth
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increases with cohesion, and this linear relationship can be
represented as follows:
h � 0.2681C2 − 0.1742C,
R2 � 0.09963,

(2)

where C is the cohesion in the rock body (MPa).
3.1.2. Relationship between the Floor Water Pressure and
Depth of Floor Crack Development. Changes in the pressure
of the conﬁned water inﬂuence ﬂoor cracks. This can be
expressed by the curves shown in Figure 5.
The development depth of the ﬂoor cracks increases
slowly between conﬁned water pressures of 0 to 2 MPa and
then increases rapidly for higher pressures. The ﬂoor crack
development depths were 10.8 and 17 m at 2 and 3 MPa,
respectively, which represents an increase of 57.4%. The depth
at 4 MPa was 24 m. The relationship is expressed as follows:
h � 0.9571p2 − 1.2829p + 6.54,
R2 � 0.9976,

(3)

where P is the water pressure and R2 is the reliability.
3.1.3. Relationship between Abutment Pressure Concentration Coeﬃcient and Depth of Cracks in the Floor. The ﬂoor
crack development depth changes with the bearing pressure
concentration coeﬃcient, as shown by the curve in Figure 6.
The ﬁssure development depth ﬁrst decreases and then
increases with the concentration coeﬃcient. The concentration coeﬃcient reaches a minimum between 2.5 and 3.5 and is
approximately 3, which indicates that the ﬂoor crack development depth is shallow. In addition, intersection points 2
and 4 for the actual and ﬁtted curves indicate that the two
parameters have an equal eﬀect when the lumping factors are
2 and 4. The linear relationship is expressed as follows:
h � 1.525k2 − 7.563k + 17.85,
R2 � 0.8688,

(4)

where K is the concentration pressure coeﬃcient.
3.1.4. Relationship between the Peak Position of the Support
Pressure and Crack Depth. The continuous advancement of
the coal mining face means that the distance between the
working surface and peak position of the support pressure is
constantly changing. This results in a corresponding change
in the crack depth. Figure 7 shows the curve for this
relationship.
As the mining face continues to advance, the distance
between the location of the peak bearing pressure and the
mining face increases, and the ﬂoor crack development
depth slowly increases before reaching a plateau. At this
point, increasing the distance no longer increases the
damage and depth. The relationship is expressed as follows:
h � 1.1199 ln L + 6.7277,
R2 � 0.9648,

(5)

where L is the distance between the mining face and the
location of the peak abutment pressure.
3.1.5. Floor Damage Depth Induced by Longwall Mining.
As shown in Figure 8, the maximum ﬂoor damage depth ha
induced by longwall mining can be calculated with fracture
mechanics theory.
The working face is assumed to be a crack in the internal
part of an inﬁnite rock. For the working face, the mining
thickness is much smaller than the mining width. Consequently, the maximum damage depth ha in the ﬂoor can be
calculated as follows [14]:
ha �

1.57c2 H2 a(1 − sin φ)2
,
16c2 cos2 φ

(6)

where c is the average weight of the overlying coal seam layer
(25 kN/m3), H is the buried depth of the coal seam (846 m), c
and φ are the average cohesion (15.8 MPa) and internal
friction angle (30°), respectively, for the ﬂoor rock, and a is
the width of the working face (342.2 m). As a result, the ﬂoor
damage depth was calculated to be 20.1 m.
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3.2. Simulation Analysis of the Floor Damage Degree.
FLAC3D was used to develop the numerical models for
caving and backﬁlling mining.
3.2.1. Stress Distribution of the Mining Floor. Figure 9 shows
the vertical stress contours 2 m below the ﬂoor when the
working face was advanced by 80, 120, and 160 m. When the
roof was controlled with a caving method, the stress in the
front and on both sides of the working face increased, and
stress in the goaf area decreased. The area of increased stress
advanced with the work surface. The maximum stress in
front of the working face was 8.5 MPa, which was 1.5 times
that of the original rock, and the bearing pressure aﬀected
the rock within a range of 35–40 m. Both sides of the

working face appear on the change of stress as shown in
Figure 10. The vertical stress on the rock formations decreased. The stress in the goaf is gradually recovering as the
working face advanced.
When the backﬁlling method was used, stress concentrations also occurred. The maximum stress was 7.2 MPa,
which was 1.2 times the stress of the normal rock. The
supporting pressure had a range of 25–30 m, which subsequently decreased as the working face advanced. Rock
formations were noted in the goaf area. The reduction in
vertical stress was lower than the corresponding reduction
for the caving method. This indicates that the backﬁll
transferred part of the stress in the goaf, which gradually
changed the surrounding rock stress.
The overall stress distribution characteristics were
similar for the caving and backﬁlling methods; however, the
caving method produced a higher degree of stress concentration, while the backﬁlling method produced a gentler
curve for the change in stress.
3.2.2. Distribution of the Plastic Zone in the Mining Floor.
Figure 11 shows the distribution of the ﬂoor’s plastic zone
under the midsection of the working face along the strike. As
the plastic zone continued to advance, the ﬂoor ﬁrst entered
shear plastic yielding and then experienced tensile yield
failure. Based on the mine pressure, the depth of the eﬀects
can be divided into three zones: direct damage, impact, and
minor change.
For the caving method, when the working face advanced
80 m, shear plastic yielding developed to 24 m below the
ﬂoor, and tensile yielding developed to 6 m. When the
working face advanced 80 m, shear yielding still developed to
24 m, but the range increased; the tensile yielding developed
to 7 m below the ﬂoor, and its range also expanded. When
the working face advanced 120 m, the shear yielding did not
change, and the range was wider; the tensile yielding developed to 12 m below the ﬂoor and no longer developed
downward. The range also continued to expand.
For the backﬁlling method, damage to the ﬂoor was
greatly reduced, and tensile yielding only occurred around
2 m near the roof and ﬂoor. When the working face advanced 80 m, shear yielding developed to 8 m below the
ﬂoor. When the working face advanced 160 m, shear yielding
developed to 11 m. A comparison of the caving and backﬁlling methods shows that the backﬁlling method can effectively control failure because the shear yielding depth for
backﬁlling was approximately one-third that for caving.
In summary, diﬀerent mining techniques caused the
stress ﬁeld and plastic zone to have diﬀerent development
ranges. The caving method causes a greater crack development depth than the ﬁlling method and more intense
damage to the ﬂoor.

4. Exploring the Evolution of Mining-Induced
Floor Failures
Compared with traditional drilling methods, high-density
resistivity imaging technology is advantageous because it can
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be used eﬃciently at construction sites; it has a large detection range and can be used to perform continuous and
dynamic observations. It is used to obtain the electrical

occurrence state of coal seams before and after mining and
to intuitively analyze and judge the extent of damage depth
of mining. The continuous detection capabilities of highdensity resistivity imaging were used to dynamically monitor the LW2703 working face to study the damage rules and
failure depth of the working face ﬂoor.
We adopted a system using the WDJD-3 high-density
electric method. This system has a large storage capacity,
performs accurate and fast measurements, is convenient to
operate, and is easy to use with domestic high-density
electrical processing software, which makes interpretation
more convenient and intuitive.
4.1. Drilling Arrangement. Borehole #1 was drilled at 713 m
along the LW2703 middle roadway, with a drilling orientation of 67°, a drilling inclination of −35°, and a drilling
length of 120 m. Borehole #2 was drilled at 640 m along the
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Figure 12: Continued.
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Figure 12: Resistivity results for borehole #1 at diﬀerent locations on the working face: (a) 814 m, (b) 807 m, (c) 802 m, (d) 796 m, (e) 793 m,
(f ) 783 m, (g) 762 m, (h) 682 m, and (i) 557 m.

middle roadway of LW2703, with the same drilling parameters used for borehole #1. The layout is shown in
Figure 2.
4.2. Results Analysis of the Borehole #1 Resistivity.
Figure 12 shows the resistivity detection results for borehole
#1 at diﬀerent locations. Changes in the apparent resistivity
are indicated by colors; red indicates high apparent resistivity and blue indicates low apparent resistivity. The
thick blue dotted line shows the diﬀerence relative to the
previous detection. A total of 29 electrodes were used to
perform measurements; the electrodes were spaced 4 m
apart. A-MN-B (α) and MN-B devices were used for detections. Comparative tests showed that the α device had a
large detection area, good stability, and high sensitivity to
subtle electrical changes. The detection results for the α
device are explained in the remainder of this section. Table 1
presents the parameters for borehole #1 at diﬀerent stopping
locations.
Multiple explorations of the two boreholes, combined
with the exploration map and the geological conditions of
the working face, revealed the following:

(1) Multiple comparisons showed obvious electrical
changes, and the rules governing these changes were
in good agreement with the theoretical characteristics. In particular, the results for borehole #1 were
relatively stable, and the data were accurate and
reliable.
(2) In the early stages of drilling, when the water or
slurry in the hole was not solidiﬁed, a low-resistance
screening eﬀect was clearly detected. As the slurry
gradually solidiﬁed, electrode grounding gradually
improved. The detection data gradually approached
the electrical characteristics of the formation.
(3) In the early stages of the rock formation destruction
at the working face, the rock layer was broken, the
size of cracks increased, resistivity increased sharply,
there was high disorder, and the destruction depth
was shallow. As the working face continued to advance, the failure depth of the ﬂoor rock layer
gradually increased. The gradual ﬁlling of sandstone
pores and ﬁssures with water caused resistivity to
decrease sharply. The apparent resistivity fell below
100 Ω·m.
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Table 1: List of detection parameters.

No.
1

Mining position (m)
814

2

807

3

802

4

796

5

793

6

783

7

762

8

682

9

557

Detection results
The electrical characteristics are chaotic, and low resistance characteristics appear near the borehole.
Two obvious electrical changes: (1) a 20–45 m hole depth and a 0–10 m vertical distance to the borehole;
(2) a 40–60 m hole depth, a 20–30 m vertical distance to borehole, and a 0–5 m
vertical distance to coal seam ﬂoor.
One obvious electrical change: a 45–65 m hole depth, an approximately 15–30 m vertical distance to the
borehole, and an approximately 0–14.3 m vertical distance to the coal seam ﬂoor.
Two obvious electrical changes: (1) 5–30 m hole depth, 0–10 m vertical distance to drill hole, and 0–14 m
vertical distance to ﬂoor; (2) 50–70 m hole depth, 15–35 m vertical distance to drill hole,
and about 0–17 m vertical distance to coal ﬂoor.
One obvious electrical change: a 45–65 m hole depth, a 20–40 m vertical distance to the drill hole, and a
0–5.2 m vertical distance to the ﬂoor.
Two obvious electrical changes: (1) at a hole depth of 45–55 m, the location of the work
water and the greater grounding of the metal body led to a signiﬁcant reduction; (2) at a 60–75 m hole
depth, resistivity was signiﬁcantly higher than that previously measured. The resistance value suddenly
changes from 100 Ω·m to 1000 Ω·m. Based on the mining conditions, it is judged that the ﬂoor is broken
due to the mining eﬀect. There was no water in the initial stage or slight water cutting. The characteristics
of the rock formation clearly were highly electrical.
One obvious electrical change: a 45–80 m hole depth, a 12–40 m vertical distance to the
drill hole, and a 0–24.6 m oﬀset distance from the coal ﬂoor. The site was judged to be the
ﬂoor rock layer destroyed by mining.
One obvious electrical change: a 25–80 m hole depth. The site was judged to be the
ﬂoor destroyed by mining.
Within the same range as the previous change, the rock formation in the initial stage was severely
broken by mining. It gradually became compact and stable. The resistance was generally low. There was a
certain degree of water absorption, and the distribution was more uniform.

(4) The ﬂoor of the detection location was severely
broken after mining; it gradually became compact
and stable, with low resistance. There was some
degree of water absorption, but the distribution
rules were relatively uniform, and the shallow part
gradually moved from very high to medium resistance with increasing depth to form a wide range
of layers of low resistance.
(5) The destruction depth of this exploration mainly
focused on borehole #1. The deepest change position
occurred at a hole depth of 65 m, with a vertical
distance of 6 m from the drill hole and 27.3 m from
the coal seam.

5. Conclusions
(1) The LW2703 working face has a relatively complex
geology. The limestone in the upper part of the
Taiyuan Formation is the main source of water
threatening the safety of the working face. This
limestone has a water pressure of 4.2–4.5 MPa.
(2) The ﬂoor damage depth is related to the ﬂoor rock
formation lithology in terms of the development
degree. The ﬂoor rock mass strength index was used
to analyze how the friction angle, cohesion force,
ﬂoor pressure, stress increase coeﬃcient, and peak
position aﬀected ﬂoor crack development depth.
(3) FLAC3D was used to simulate the stress ﬁeld and
plastic zone development associated with caving and
backﬁlling methods. The caving method produces

deeper cracks and more intense ﬂoor damage than
the ﬁlling method.
(4) High-density electrical surveys indicated that the
ﬂoor damages and the fractured rock formations
occur induced by mining eﬀect. In the initial period,
there was no or little water present. The electrical
characteristics of the rock formations were signiﬁcantly stronger, and the maximum depth of the ﬂoor
damage proved the mining ﬂoor failure evolution
rule.
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When two adjacent surface mines are simultaneously mined in the same direction with a certain relationship of the time and
space, the mining arrangement of the former mine will greatly aﬀect the mining plan and economic beneﬁt of subsequent surface
mine. In this paper, the optimized mathematical model is established with the mining conditions and economic beneﬁts taken into
account. The minimum cost of objective function is analyzed in the condition of considering the diﬀerent transportation distance
with diﬀerent dumping amount and secondary stripping amount. At the end of this paper a conclusion is drawn that the
reasonable dumping level is determined as 1130 based on the annual planning project location and stripping amount, which will
reduce the cost of production and smooth the coal mining. Moreover, it is veriﬁed by an example to be correct that the
mathematical model can be used to solve similar problems of tracing mining or adjacent districts mined in surface mines.

1. Introduction
Surface mining emerged in the mid-sixteenth century [1]
and is practiced throughout the world for its enormous
advantages, such as lower mining cost, higher resource
recovery, safety and so on.
It will bring good economic beneﬁts for surface mines
only with scientiﬁc planning and design. At present, much
theoretical analysis and practice application on surface
dumping design and parameters have been studied in academia and industry, with the technology improved and
economic beneﬁts achieved. Because of the incomparable
advantages and distinctive mining conditions, surface coal
mining has made great progress in China, and so has the
related research.
About inpit dumping of surface mines researchers have
done so much and gained many achievements, especially
on the dumping design [2], the safety distance between
inner dump slope bottom and working slope [3], slope
stability evaluation [4–7], etc., In most surface coal mines
with near horizontally burial strata, inpit dumping will
cover the end-wall slope of the previous mining district,

causing increased secondary stripping amount when the
next mining district is mined [8–12]. With dragline method
the problem can be solved when the deposit’s characteristics match the draglines’ physical capabilities [13]. For
better economic beneﬁts and lower cost, inpit dumping
with end-wall slope partially covered has been proven to be
eﬀective [14], with the disadvantage of extra costs when
materials transferred from the uncovered zone [15, 16]. The
overburden management [17], dumping scheduling [18–
20], mining depth, bottom width and inpit dumping cover
height [21, 22] will be the main research focus for a long
time. Also, biological reclamation was brought out to keep
the long term stability of overburden dump slope, with the
numerical modeling analyzed to be feasible [23, 24].
Whether to keep the inner dump slope covered or not is
the core issue, which will bring tremendous economic and
research value. According to the research analysis above, the
two adjacent mining districts will aﬀect each other on
mining plan, inpit dumping, and mining safety. However,
few studies are carried on about the impact of the previous
mined district on the subsequent adjacent district, especially
when they advance in the same direction.
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2. Engineering Background
Heidaigou surface coal mine and Haerwusu surface coal
mine belong to the same coalﬁeld. Also the district transition
direction of the former is the same to the current advancing
direction of the later, with the former advancing position
behind of the latter. In order to save the stripping cost of
Heidaigou surface coal mine in the subsequent mining, the
dumping amount and dumping height of Haerwusu surface
coal mine need to be redesigned seriously.
At present, Heidaigou surface coal mine is in the stage of
district transition, while northern end-slope and the inner
dump of Haerwusu surface coal mine encountering the ﬁrst
mining district of Heidaigou surface coal mine. After the
transition is ﬁnished, the mining districts of the two mines
will be adjacent with the same development direction and
mining speed. And the cross region will exist for a long time,
as shown in Figure 1.
The inpit dumping height near the northern end-slope of
Haerwusu surface coal mine will inﬂuence the coordination
mining of the two adjacent mines, which can be shown as the
following aspects.
The ﬁrst inﬂuence is on the northern overburden
haulage distance of the Haerwusu surface coal mine. The
ﬁrst mining district of Haerwusu surface coal mine is divided into northern part and southern part by a gully, so the
overburden has to be transported to the inner dump
through the northern or southern end-slope. Then the
overburden above the inpit dumping elevation should be
moved down to the same elevation through temporary
ramp of working slope, which extends the transportation
distance.
The second aﬀect is on the secondary stripping amount
of Heidaigou surface coal mine. The ﬁrst mining district of
Haerwusu surface coal mine is ahead 1400 meters of the
second mining district of Heidaigou surface coal mine.
And the second mining district of Heidaigou surface
coal mine will rehandle the overburden of inner dump
which comes from the Haerwusu surface coal mine. Every
dumping bench elevation increases, the stripping elevation
will increase correspondingly. The relationship between
the inpit dumping height and the secondary stripping
amount is shown in Figure 2.
The third is the impact on the arrangements of the
benches, ramps and power supply in the crossing area of the
two mines.
The production practice of the two mines is considered
in this paper, and the mathematical model is established to
analyze the economic impact with diﬀerent dumping height,
then the reasonable dumping height will be obtained.
Combined with the 2014 to 2017 annual planning project
locations and total amount of works, the transportation cost
will be computed to verify its reliability in case of diﬀerent
dumping height and the secondary stripping amount.

3. Mathematical Model Analysis
The ultimate research objectives of mathematical model are
the increased minimum transportation cost of the
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Figure 1: Schematic diagram of the crossing region between two
surface mine.
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Figure 2: Relationship between the inpit dumping height and the
secondary stripping amount.

overburden above inpit dumping height in Haerwusu surface coal mine and the secondary stripping cost below inpit
dumping height in Heidaigou surface coal mine. Since the
secondary stripping occurs very closely, so time value is not
considered in the model. The established optimization objective function is as follows:
Ymin � Yy + YB � ΔS · Qy · Cy + QB · CB ,

(1)

where Ymin is the total cost, Yy is the increased transportation cost above inpit dumping height in Haerwusu
surface coal mine, YB is the increased secondary stripping
cost in Heidaigou surface coal mine, ΔS is the increased
transportation distance above inpit dumping height in
Haerwusu surface coal mine, Qy is the overburden
amount above inpit dumping height in Haerwusu surface
coal mine, Cy is the transport unit price, QB is the secondary stripping amount, CB is the secondary stripping
unit price.
The model structure is shown in Figure 3, and the model
basic parameters are in Table 1.
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Figure 3: Inner dump schematic diagram of half dumping.
Table 1: Basic parameters of the inpit dumping height model.
Serial number
1
2
3
4
5
6
7
8
9
10
11
12

Mining parameters
Mining depth
Bottom working bench length
Northern end-slope angle
Stability slope angle of inner dump
Working slope angle
Working slope angle of inner dump
Distance between the working bench and the bottom
dumping bench
Transportation road gradient
Annual advancement in haerwusu surface coal mine
Annual advancement in haidaigou surface coal mine
Transportation cost of inpit dumping
Secondary stripping cost

3.1. The Transportation Distance of the Northern Overburden
in Haerwusu Surface Coal Mine with Half Dumping. The
transportation distance of the northern overburden consists
of three parts, which are the stope transportation distance Sc ,
the end-slope transportation distance Sd , and the inner
dump transportation distance Sp . Among them, Sc and Sp all
consist of horizontal section and climbing section.

Symbol
H
L
α
β
c
φ

Unit
m
m

°

Parameter values
180
2000
32
20
10
17

Lz

m

60

i
v
v′
Cy
CB

%
m
m
Yuan/m4
Yuan/m3

8
400
350
0.0025
12

°
°

Climbing area

Downgrade
Northern stripping
gravity center

Inner dump

S � Sc + Sd + Sp .

°

Open pit

(2)

The situation of overburden haulage in northern endslope in Haerwusu surface coal mine with half dumping is
shown as Figure 4.
3.1.1. Stope Transportation Distance Sc1 . The overburden of
the northern stope above the inpit dumping elevation in
Haerwusu surface coal mine should be transported to the
dumping elevation through working slope road and the endslope road in the same elevation. Therefore, the stope transportation consists of drop distance and horizontal distance.
(1) Stope Drop Transportation Distance. It is the transportation distance from the overburden gravity center to the
dumping elevation. The transporting system will directly
aﬀect the drop distance in stope. The overburden gravity
center is considered in this model which is half height of the
overburden height over dumping elevation. also the overburden round trip transportation is considered comprehensively, which is double length of the bench. Then it can be
expressed as follows.
1 H − ΔH
H − ΔH
(3)
Sc1 � 2 ×  ×
,
�
2
i
i
where Sc1 is stope drop transportation distance, H is the
height from surface to bottom coal seam of north stope in

Wasting gravity
center

Figure 4: Overburden haulage situation of northern end-slope in
Haerwusu surface coal mine with half dumping.

Haerwusu surface coal mine, ΔH is the height from the
dumping elevation to coal ﬂoor, i is the maximum ramp
gradient.
The model parameters are input to the formula, then the
output will be shown as follows.
Sc1 � 2250 − 12.5ΔH.

(4)

(2) Stope Horizontal Transportation Distance. It is the
distance from the overburden gravity center of dumping
elevation in the northern stope of Haerwusu surface coal
mine to the transportation road of northern end-slope.
According to the stope lineament, the position of the
overburden gravity center can be calculated as 1/4 of the
working bench in dumping elevation. So Sc2 can be
expressed as follows.
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1
Sc2 � (L + 2 · ΔH cot α),
4

(5)

where Sc2 is the stope horizontal transportation distance, L is
the working bench length of the bottom coal seam, α is the
working slope angle of end-slope.
The model parameters are input to the formula, then the
output will be shown as follows.
Sc2 � 500 + 0.8002ΔH.

Sc � Sc1 + Sc2
H − ΔH L ΔH cot α
+ +
i
4
2

(7)

3.1.2. Transportation Distance in End-Slope Sd . It is the
transportation distance in the northern end-slope on the
dumping elevation when the overburden of the northern
stope above the dumping elevation is transported.

(9)

3.1.3. Transportation Distance in Inner Dump Sp . The
overburden of all levels above the dumping elevation of
northern stope in Haerwusu surface coal mine should be
shifted to inner dump through northern end-slope road,
then be dumped on each bench of inner dump. So the inner
dump transportation distance consists of climbing distance
and horizontal distance.
(1) Climbing Distance in the Inner Dump. It is the transportation distance from the dumping elevation to the vertical gravity center of inner dump. The overburden gravity
center and the overburden round trip transportation are
considered comprehensively, then it can be expressed as
follows.
1 H′ − ΔH H′ − ΔH
Sp1 � 2 × ×
�
,
2
i
i

2

H′ − H(L + H cot α − H cot β) − H′ − H cot β
1
� H2 − ΔH2 (cot α + cot β).
2

(12)

Therefore, the climbing distance in the inner dump can
be concluded as follows.
��������������������
Sp1 � 6329.9 − 2.3 23.9 ×(ΔH + 102239.2) − 12.5ΔH
√�������������
� 6329.9 − 11.1 ΔH2 + 102239.2 − 12.5ΔH.

(8)

where Lz is the tracing distance between the working bench
and the dumping working bench of Haerwusu surface coal
mine, c is the working slope angle, φ is the dumping working
slope angle.
Sd � 60 + 8.5ΔH.

It can be arranged as follows.

After the model parameters are input to the formula, the
relation between H′ and ΔH is as follows.
√��������������������
(13)
H′ � 506.4 − 0.2 23.9 × ΔH2 + 2442617.8.

� 2750 − 11.7ΔH.

Sd � Lz + ΔH cot c + ΔH cot ϕ,

(11)

(6)

In summary, the stope transportation distance is shown
as follows.

�

half dumping is similar to the full dumping, then the relationship between H′ and ΔH is shown as follows.
1
H′ − H · 2(L + 2H cot α − H cot α − H cot β)
2
1
− 2 H′ − Hcot β � (H − DH) · H cot α + H cot β
2
+ ΔH cot α − ΔH cot β.

(10)

where Sp1 is the climbing distance in the inner dump, and H′

is the height from the top of the inner dump to the coal seam
bottom.
If the overburden is dumped in the same elevation, the
inpit dumping space where transportation distance is kept
reduces and the dumping gravity center rises and moves
south because of half dumping. The inpit dumping space of

(14)
(2) Horizontal Transportation Distance of Inner Dump. It
is the horizontal distance from the transportation road
of northern end-slope to the dumping gravity center of
dumping elevation.
1
Sp2 � [(L + 2ΔH) −(ΔH cot α + ΔH cot β)]
2
+(ΔH cot α + ΔH cot β)

(15)

1
� [L + ΔH(3 cot α + cot β)],
2
where Sp2 is the horizontal transportation distance of inner
dump.
If the model parameters are input the formula, the
output will be reached as follows.
Sp2 � 1000 + 3.7742ΔH.

(16)

In summary, the transportation distance can be
expressed as follows.
Sp � Sp1 + Sp2
H′ − DH L ΔH(3 cot α + cot β)
+ +
i
2
2
√�������������
� 7329.9 − 11.12 ΔH2 + 102239.2 − 8.7ΔH.
�

(17)

According to the stope transportation distance, the endslope transportation distance and the dumping transportation
distance calculated as above, the overburden transportation
distance of Haerwusu surface coal mine can be obtained.
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S � Sc + Sd + Sp

√�������������
� 10139.9 − 11.12 ΔH2 + 102239.2 − 11.5ΔH.
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(18)

3.2. Overburden Transportation Distance of Northern Stope in
Haerwusu Surface Coal Mine with Full Dumping. The
overburden transportation distance of northern stope in
Haerwusu surface coal mine with full dumping can be
described as Figure 5.
The overburden above the dumping elevation in the
north of Haerwusu surface coal mine can be shifted from
every working bench to diﬀerent dumping bench of the
inner dump.
S′ � Sc′ + Sd′ + Sp′
1
H + ΔH
� 2 × L + 2 ×
× cot α
4
2
+ Lz +

(19)

H + ΔH
(cot c + cot ϕ),
2

where S′ is the overburden transportation distance above
corresponding height (ΔH) with full dumping, Sc′ is the
overburden transportation distance in the stope, Sd′ is the
overburden transportation distance in the inner dump, Sp′ is
the overburden transportation distance in the end-slope.
If the model parameters are input the formula, the
output will be obtained.
S′ � 2008.8 + 5.3ΔH.
(20)
3.3. Overburden Transportation Increment of Northern Stope
in Haerwusu Surface Coal Mine. It is the overburden
transportation diﬀerence between half dumping and full
dumping above the dumping elevation.
ΔS � S − S′
√�������������
(21)
� 8131 − 11.1 ΔH2 + 102239.2 − 16.8ΔH.
3.4. Overburden Amount above the Dumping Elevation of
Northern Haerwusu Surface Coal Mine. With the complex
terrain and the eﬀect from gully throughout the ﬁrst mining
district considered, the inﬂuence coeﬃcient of gully should
be considered. Then the overburden above the dumping
elevation can be expressed as follows:
1 1
Qy �  (L + 2H cot α + L + 2ΔH cot α) · (H − ΔH) · v · KG
2 2
1
� (L + H cot α + ΔH cot α) · (H − ΔH) · v · KG ,
2

(22)
Where v is the annual advancing distance of Haerwusu
surface coal mine, KG is the inﬂuence coeﬃcient of gully to
stope overburden.
If the model parameters are input the formula, the
output will be got.
Qy � 49422100.6 − 24000ΔH − 192ΔH2

(23)

Northern wasting
gravity center
Dump

Northern stripping
gravity center
Open pit

Figure 5: Overburden transportation distance of northern stope in
Haerwusu surface coal mine with full dumping.

3.5. Secondary Overburden of Heidaigou Surface Coal Mine.
Without the loss of coal pillar between the two mines
considered, the secondary overburden of Heidaigou surface
coal mine can be got as follows.
1
QB � ΔH(cot α + cot β) · ΔH × v′
2

(24)

1
� (cot α + cot β) · ΔH2 · v′ ,
2
Where v′ is the annual advancing distance of Heidaigou
surface coal mine. If the model parameters are input the
formula, the output will be obtained.
QB � 760.867ΔH2 .

(25)

3.6. Relationship between the Dumping Height and the Total
Cost. According to the model and optimization objective
function above, the relationship between the dumping
height and the total cost can be got. The relationship between
the dumping height and the total cost is shown in Figure 6,
and the total cost with 15 m bench height is calculated in
Table 2.
Therefore, the reasonable dumping height is 135 m in
the ﬁrst mining district of Haerwusu surface coal mine
without the time value of ﬁnance considered, which is the
lowest total cost point on the curve combined the transportation cost and secondary stripping cost. At present the
coal seam bottom elevation is 1000 m to 990 m, so the
reasonable dumping elevation is 1130, with the current
height of northern end-slope in Haerwusu coal mine
considered.

4. Method Reliability Verification
Based on the annual planning projects and locations from
2014 to 2017, the cost of secondary stripping amount in
Haidaigou surface coal mine and the overburden cost of
Haerwusu surface coal mine can be calculated according to
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Table 3: Secondary stripping amount and the cost with 1100 elevation dumped of Heidaigou surface coal mine.

Cost/hundred million yuan

7
6

Secondary stripping Stripping unit Secondary striping
tonnage (m3 × 106) price (yuan) cost (million yuan)
2015
3.78.
12
4.54
2016
30.72
12
36.87
2017
33.68
12
40.42
Total
68.19
12
81.83

Year

5
4
3
2
1
0

0

15

30

45

60 75 90 105 120 135 150 165 180
Dumping height (m)

Transportation cost
Secondary stripping cost
Total

Elevation

Figure 6: Relationship between the dumping height and the total
cost.

Table 2: Relationship between the dumping height and the total
cost.
Dumping
height (m)
0
15
30
45
60
75
90
105
120
135
150
165
180

Transportation
cost
(million yuan)
571.50
500.27
431.98
367.03
305.83
248.78
196.31
148.86
106.83
70.65
40.74
17.53
0

Table 4: Transportation cost of stripping spoil over elevation 1100
in Haerwusu coal mine with elevation 1100 covered.

Secondary
stripping cost
(million yuan)
0
2.05
8.22
18.49
32.87
51.36
73.96
100.66
131.48
166.40
205.43
248.57
301.59

Total cost
(million
yuan)
571.50
502.32
440.20
385.52
338.70
300.14
270.27
249.52
238.31
237.05
246.17
266.10
301.59

the corresponding diﬀerent dumping elevation. Then the
reasonable dumping height of end-wall slope can be compared and certiﬁcated.
4.1. The Dumping Elevation Is 1100. When the dumping
elevation is 1100, the secondary stripping amount and cost
in Heidaigou surface coal mine can be listed as Table 3.
The transportation cost of stripping spoil over elevation
1100 in Haerwusu coal mine is listed in Table 4 as follows
with elevation 1100 covered.
The total cost is 1477.65 million yuan calculated from the
two tables above when the elevation 1100 is covered, which
includes secondary striping cost in Heidaigou surface coal
mine and overburden transportation cost of northern
Haerwusu surface coal mine.
4.2. The Dumping Elevation Is 1130. When the dumping
elevation is 1130, the secondary stripping amount and cost
in Heidaigou surface coal mine can be listed as Table 5.

1205
1190
1175
1160
1145
1130
1115
1100
Total

Transportation Transportation
Engineering
Distance
unit price
cost (million
quantity
(m)
(yuan/m4)
yuan)
(m3 × 106)
0.74
6455
0.0025
11.88
2.01
6360
0.0025
32.03
3.82
6445
0.0025
61.50
8.72
6520
0.0025
142.19
16.08
6545
0.0025
263.11
22.94
5630
0.0025
322.82
24.06
4520
0.0025
271.82
29.41
3950
0.0025
290.46
1395.82

Table 5: Secondary stripping amount and the cost with 1130 elevation dumped of Heidaigou surface coal mine.
Year

Secondary stripping
tonnage (m3 × 106)

2015
2016
2017
Total

2.23
6.98
6.53
15.73

Stripping
unit price
(yuan)
12
12
12
12

Secondary striping
cost (million yuan)
26.71
83.73
78.31
188.76

The transportation cost of stripping spoil over elevation
1130 in Haerwusu coal mine is listed in Table 6 as follows
with elevation 1130 covered.
Then the total cost is 1427.88 million yuan calculated
from the two tables above when the elevation 1130 is
covered, which includes secondary striping cost in Heidaigou surface coal mine and overburden transportation
cost of northern Haerwusu surface coal mine.
4.3. The Dumping Elevation Is 1160. When the dumping
elevation is 1160, the secondary stripping amount and cost
in Heidaigou surface coal mine can be listed as Table 7.
The transportation cost of stripping spoil over elevation
1160 in Haerwusu coal mine is listed in Table 8 as follows
with elevation 1160 covered.
Then the total cost is 1616.46 million yuan calculated
from the two tables above when the elevation 1160 is
covered, which includes secondary striping cost in Heidaigou surface coal mine and overburden transportation
cost of northern Haerwusu surface coal mine.
The reasonable dumping height can be certiﬁcated as
Table 9, which is consistent with the previous analysis.
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Table 6: Transportation cost of stripping spoil over elevation 1130
in Haerwusu coal mine with elevation 1130 covered.
Elevation
1205
1190
1175
1160
1145
1130
1115
1100
Total

Engineering
Transportation Transportation
Distance
quantity
cost
unit price
(m)
(m3 × 106)
(million yuan)
(yuan/m4)
0.74
5115
0.0025
9.41
2.01
4970
0.0025
25.03
3.82
5124
0.0025
48.90
8.72
5170
0.0025
112.75
16.08
5255
0.0025
211.25
22.94
4700
0.0025
269.50
24.06
4520
0.0025
271.82
29.41
3950
0.0025
290.46
1239.12

Table 7: Secondary stripping amount and the cost with 1160 elevation dumped of Heidaigou surface coal mine.
Secondary stripping Stripping unit Secondary striping
tonnage (m3 × 106) price (yuan) cost (million yuan)
2015
8.86
12
106.31
2016
12.88
12
154.51
2017
12.13
12
145.54
Total
33.86
12
406.36
Year

(2) Inpit dumping transporting system will be aﬀected
by diﬀerent covered height in end-slope. The relationship between the transportation distance and
the total cost with diﬀerent dumping height is analyzed in the condition of economic cost considered,
with the reasonable dumping elevation determined
as 1130.
(3) With dumping height and the total cost in three
diﬀerent dumping height of end-slope compared, the
correctness of the above theory is veriﬁed by an
example, which can be used to solve the similar
problems when adjacent districts mined in surface
mines.
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Table 8: Transportation cost of stripping spoil over elevation 1160
in Haerwusu coal mine with elevation 1160 covered.
Elevation
1205
1190
1175
1160
1145
1130
1115
1100
Total

Transportation Transportation
Engineering
Distance
unit price
cost (million
quantity
(m)
(yuan/m4)
yuan)
(m3 × 106)
73.6
4401
0.0025
8.10
201.45
4280
0.0025
21.56
381.70
4310
0.0025
41.13
872.35
4415
0.0025
96.29
1608.0
5255
0.0025
211.25
2293.6
4700
0.0025
269.50
2405.5
4520
0.0025
271.82
2941.4
3950
0.0025
290.46
1210.10

Table 9: Contrast between dumping height and the total cost.
Dumping height
1100
1130
1160

Total cost (thousand yuan)
147.77
142.79
161.65

5. Conclusions
(1) Two adjacent surface mines mined simultaneously in
the same direction have a great impact on both sides,
especially the inpit dumping. The proper covered
height of end-slope will reduce mining cost and
transportation cost greatly. According to the present
situation and the engineering characteristics of the
adjacent surface mines, a mathematical model is
established, and the minimum cost of objective
function is analyzed.
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Achieving a comprehensive and accurate understanding of the anchor reinforcement mechanism and a quantitative evaluation of
the surrounding rock’s stability for an anchored underground cavern can provide an important theoretical basis for supporting
and excavating the cavern. First, the composite bearing structure composed of the anchor and surrounding rock was deﬁned as the
surrounding rock reinforcement body by using the homogenization method, and a new method for evaluating the stability of
surrounding rock by the surrounding rock reinforcement body deformation and damage degree was proposed. Second, based on
the anchor reinforcement eﬀect, the expression of the physical-mechanical parameters of the surrounding rock reinforcement
body was deduced, and the analytical solution of stress and displacement of the surrounding rock reinforcement body was
obtained. Finally, the stability coeﬃcient of surrounding rock indicating the degree of the surrounding rock reinforcement body
damage was deﬁned. The research showed that the theoretical solution agreed well with the results of the numerical simulation,
and the diﬀerence between the theoretical solution and the monitoring value was less than 10%, which veriﬁed the reliability of the
method and the results of this paper. The design of the length and spacing of the anchor followed the principle of long but sparse
and short but dense, and the pretightening force of the anchor and the stability coeﬃcient of surrounding rock varied linearly. The
analytical solution of this paper provides a theoretical reference for understanding the mechanism of anchor support and provides
a quantitative evaluation method for the stability of surrounding rock. Compared with the traditional support design, the theory of
this paper gives full play to the self-stability of the surrounding rock and the strength of the anchor, which is conducive to saving
support costs and avoiding the construction limitations in some projects.

1. Introduction
With the rapid development of infrastructure construction
in China, a large number of underground projects have been
built in various ﬁelds, such as hydropower, civil engineering,
and mining. The stability of surrounding rock in an underground cavern is the key to the construction of large-scale
underground projects, and the anchor support is an important means of ensuring the stability of the underground
cavern. The wholly grouted anchor constrains surrounding
rock deformation through its own stiﬀness, strength, and
transferring stress by anchoring interfaces, such as a mortar
or resin anchoring agent, which strengthens the rock mass,
and has been widely used in the ﬁeld of geotechnical engineering [1]. Therefore, the support mechanism, the support parameter design of the wholly grouted anchor, and

rock formation control are intense areas of research in
underground engineering.
To study the mechanical eﬀects of the wholly grouted
anchor support, several studies have been conducted
through theoretical analyses, numerical simulations, and
experimental means. Freeman proposed the neutral point
theory by observing the stress process of the anchor and the
distribution of the stress along the anchor length [2]. Based
on the neutral point theory, the force mechanisms of a
wholly grouted anchor in a tunnel were studied, and the
theoretical solutions of the axial force and shear stress
distribution along the anchor length were derived [3–6]. The
hyperbolic function model, the trifold line model, the exponential curve model, and the composite exponentialhyperbolic shear-slip model of the shear stress and shear
displacement of the anchor interface have all been proposed,
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the analytical solution of the shear stress distribution at the
anchor interface of the anchorage section has been derived,
and the entire historical characteristics of the load transfer of
the anchor at the anchorage section were simulated [7–10].
In recent years, with the development of the depth and
breadth of underground cavern excavation, the anchor
support has gradually developed towards a strong, highprestressed anchor support system with a high strength, high
rigidity, and high reliability. To give full play to the strength
of the anchor and reveal the prestressed anchoring mechanism, the relationships among the axial stress, shear stress,
and preload of the anchor were analyzed via theoretical
analyses and ﬁeld measurements, and the distribution law
of the axial stress and the shear stress of the anchor was
obtained [11–13]. A deeper understanding of the coupling
mechanical eﬀect between a wholly grouted anchor and
surrounding rock was achieved: the wholly grouted anchor
was used to constrain surrounding rock deformation
through the shear force transmitted by the interface layer,
the support force of the wholly grouted anchor to the
surrounding rock was equivalent to the additional volume
force acting on the surrounding rock of the circular cavern,
and the analytical solution of the stress and the displacement
of the surrounding rock of the circular cavern under the
support of the anchor was obtained [14–16].
Moreover, through experiments, numerical simulations,
and mechanical methods, scholars have gradually realized
that the anchor support cannot only improve the stress state
of the surrounding rock (supporting eﬀect) but can also
improve the strength index of the anchorage body (reinforcing eﬀect). Therefore, it is considered that the anchor
support improves the surrounding rock’s mechanical parameters and the surrounding rock cohesion but has little
eﬀect on the surrounding rock’s internal friction angle
[17–19]. At present, an increasing number of researchers
have begun to regard the anchor as a reinforcement measure,
rather than a separate support structure. The anchor and
surrounding rock complex were considered to be an
equivalent material with physical and mechanical parameters that were enhanced, and after obtaining the equivalent
modulus, Poisson’s ratio, cohesion force, and internal
friction angle, the analytical solution of the characteristic
curve of the surrounding rock of a circular tunnel composite rock under the reinforcement of the anchor was
derived [20, 21]. Previously, the Mohr–Coulomb criterion or
Hoek–Brown criterion, both of which neglect the intermediate principal stress, were often selected for the analysis
of the surrounding rock [22–24]. However, engineering
practice has shown that selecting a reasonable strength or
yield criterion and considering the dilatancy characteristics
of the surrounding rock can more accurately analyze the
mechanical state of the surrounding rock. Many scholars
have comprehensively considered the intermediate principal
stress eﬀect and the dilatancy characteristics of the surrounding rock to establish the elastoplastic analysis model of
the surrounding rock and have obtained the analytical solution of the stress and displacement of the anchor support
chamber considering the intermediate principal stress and
the dilatancy angle [25–28].
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The above scholars, through diﬀerent research ideas,
have analyzed the anchorage mechanism of the wholly
grouted anchor, established the elastic-plastic analysis model
of the surrounding rock of the cavern under the anchor
support, and obtained rich research results. However, there
are still some shortcomings: (1) most of the calculation
models only consider the support eﬀect of the anchor,
neglecting the reinforcement eﬀect. (2) When considering
the reinforcement eﬀect of the anchor, the mechanical parameters of the equivalent material are obtained by the
average distribution of the physical and mechanical parameters of the anchor and the surrounding rock, which
ignores the mutual coupling eﬀect between the anchor and
the surrounding rock. (3) The intermediate principal stress
eﬀect and the dilatancy characteristics of the rock mass are
less considered in the model calculation. Therefore, on the
basis of previous studies, this paper regards the anchor as a
type of reinforcement measure and regards the composite of
the anchor and the anchored rock as a bearing structure,
which is deﬁned as the surrounding rock reinforcement
body. The physical and mechanical parameters of the surrounding rock reinforcement body are obtained under the
coupling of the anchor and the anchored rock mass. Considering the intermediate principal stress eﬀect and dilatancy
characteristics of the rock mass, the analytical solutions of
the stress and the displacement of the surrounding rock
reinforcement body and deep surrounding rock are derived.
Compared with the FLAC3D numerical simulation results
and actual monitoring data, the rationality of the method
and the reliability of the calculation results are veriﬁed.

2. Surrounding Rock Reinforcement Body and
Mechanical Model
2.1. Deﬁne the Surrounding Rock Reinforcement Body. An
underground cavern excavation leads to the redistribution of
the surrounding rock stress. When the circumferential stress
of the cave wall is greater than the compressive strength of the
surrounding rock, the surrounding rock begins to plastically
yield, and the width of the plastic zone gradually extends from
the cave wall to the deep part of the surrounding rock. To
increase the integrity and strength of the surrounding rock
and to achieve the purpose of supporting surrounding rock,
tunnels, chambers, roadways, quarries, and other projects, an
anchor is often used as a support form. The traditional
surrounding rock loose circle theory states that the anchorage
section of an anchor must extend into a certain range of the
surrounding rock’s elastic zone to play the role of anchor
support and ensure the stability of the surrounding rock when
the anchor parameters are designed. In the actual project, it is
found that the stability of the underground cavern actually
depends on the stability of the surrounding rock within the
reinforcement range of the anchor.
Therefore, to determine the reasonable anchor support
parameters and quantitatively evaluate the stability of the
anchored rock mass, the homogenization method is adopted
to macroscopically consider the rock mass and anchor
complex as a continuous, homogeneous and isotropic
surrounding rock reinforcement body. As a new supporting
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structure, the surrounding rock reinforcement body constrains the deformation of the deep surrounding rock.
After cavity excavation, the plastic yield range of surrounding rock extends from the cave wall to the deep section.
When the deformation is stable, the plastic zone of surrounding rock is formed with a certain width, as shown in
Figure 1(a). When designing the anchor parameters for the
cavity, the traditional support theory requires that the loose
surrounding rock must be anchored in the stable rock formation, so the anchor length must be greater than the width of
the plastic zone, as shown in Figure 1(b). According to the
traditional support theory, the surrounding rock reinforcement body shown in Figure 1(d) will be formed. Because the designed length of the anchor is longer, the thickness
of the surrounding rock reinforcement body is larger.
However, the plastic surrounding rock still has a certain selfstabilizing ability. The anchor does not need to be anchored
into the stable rock layer, and only anchors of a certain
thickness of surrounding rock are required, as shown in
Figure 1(c). Under the new support theory, the surrounding
rock reinforcement body shown in Figure 1(e) will be formed.
Under the initial ground stress, a part of the surrounding
rock reinforcement body yields plastically. The plastic zone
of the surrounding rock reinforcement body is deﬁned as the
surrounding rock reinforcement body failure zone, and the
elastic zone of the surrounding rock reinforcement body is
deﬁned as the surrounding rock reinforcement body stability
zone. The physical properties of the surrounding rock reinforcement body are similar to those of the rock, such as the
bulk density, speciﬁc gravity, porosity, and water absorption.
Compared with the physical-mechanical parameters of
surrounding rock, the anchor support improves the deformation parameters and the strength parameters of the
surrounding rock reinforcement body.
2.2. Establishing a Mechanical Model. Once the anchorage
body is equivalent to the surrounding rock reinforcement
body, the anchor support form is transformed into the
surrounding rock reinforcement body support form, and the
surrounding rock reinforcement body is also deformed
under the surrounding rock pressure. The mechanical model
for reﬂecting the coordinated deformation between deep
surrounding rock and the surrounding rock reinforcement
body is established, as shown in Figure 2.
In Figure 2, Es and μs are the elastic modulus and
Poisson’s ratio of surrounding rock, respectively; cs and φs
are the cohesion and internal friction angle of surrounding
rock, respectively; E and μ are the elastic modulus and
Poisson’s ratio of the surrounding rock reinforcement body,
respectively; c and φ are the cohesion and internal friction
angle of the surrounding rock reinforcement body, respectively; P is the initial ground stress; R0 is the roadway
radius; L is the anchor length; Rp is the radius of the surrounding rock reinforcement body plastic zone; and R1 is the
radius of the reinforcement body’s outer edge, and R1 � R0 +
L. The thickness of the reinforcement body is equal to the
width of the anchoring zone, which is also equal to the length
of the anchor. The following assumptions are made:

3
(1) For a deep buried cavern, the initial ground stress
can be assumed to be equally isotropic (λ � 1).
(2) There are many discontinuous surfaces of diﬀerent
sizes in the rock mass (except large-scale faults and
weak interlayers), but the distribution of these discontinuous surfaces can be approximated as random, and their impact on the rock mass are not very
signiﬁcant as a whole. Therefore, to meet the basic
assumptions of the medium in elastoplastic mechanics, the surrounding rock and the surrounding
rock reinforcement body are assumed to be continuous, homogeneous, and isotropic elastomers.
(3) The time of the cavern excavation and support is
much smaller than the time of the cavern operation,
so it can be assumed that the cavern excavation and
support are completed instantaneously.
2.3. Advantages of the Surrounding Rock Reinforcement Body
Support Theory. The principle of modern support is based
on the joint bearing of surrounding rock and supporting
structure. The composite bearing structure composed of the
anchor, and anchored rock mass is analyzed, which can fully
exert the self-supporting capacity of surrounding rock. For
anchors anchored into the interior of the rock mass, the
material properties of the anchor and the rock mass are
diﬀerent so that the deformation (trend) of the two under
the same stress ﬁeld is diﬀerent. The deformation of the
surrounding rock is restrained by the anchor, and the anchor
also generates an axial force and deformation due to the
deformation of the surrounding rock. Therefore, this paper
establishes the theory of the surrounding rock reinforcement
body support, which is based on the stability of a composite
bearing structure for the anchor support design of surrounding rock. Compared with the traditional support
theory, the diﬀerence in the surrounding rock reinforcement
body support theory lies in the design basis, design method,
and support eﬀect evaluation. The details are as follows.
2.3.1. Design Basis. The traditional support theory relies on
the plastic zone of the surrounding rock and the radius of the
loose rock of the surrounding rock to design the anchor
parameters. For soft rock roadways, the radius of the plastic
zone is larger, and the required length of the anchor is
longer, which increases the construction time and support
cost. However, the surrounding rock reinforcement body
support theory is based on the stability of the composite
which consists of the anchor and the anchored rock mass to
design the anchor parameters, which are applicable to any
working condition, and can eﬀectively avoid construction
diﬃculties and save support costs.
2.3.2. Design Method. The traditional support theory ﬁrst
designs the length of the anchor and then designs the spacing
between the anchors according to engineering experience
and the construction scheme. It is not conducive to adjust
the spacing between the anchors and the length of the
anchor, and the strength of the anchor cannot be fully
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Figure 1: Surrounding rock damage evolution and anchor reinforcement: (a) plastic zone width after excavation of the cavern; (b) anchor
length is greater than the plastic zone width; (c) anchor length is less than the plastic zone width; (d, e) the surrounding rock reinforcement
body damage zone.

utilized. The surrounding rock reinforcement body support
theory can simultaneously consider the anchor length and
the spacing between the anchors to design the supporting
parameters and repeatedly adjust the anchor parameters to
obtain a reasonable supporting strength, which can meet the
construction requirements and optimize the support cost.

2.3.3. Support Eﬀect Evaluation. The traditional support
theory judges the stability of surrounding rock based on the
axial force of the anchor and the deformation of the surrounding rock. The surrounding rock reinforcement body
support theory ﬁrst determines whether the anchor is yielding
and then determines the stability of the surrounding rock
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Figure 2: Mechanical model.

according to the degree of deformation of the surrounding
rock reinforcement body. The discriminating method is
simple and can comprehensively consider the self-stability of
the surrounding rock and the anchor support strength.

3. Derivation of the Physical-Mechanical
Parameters of the Surrounding Rock
Reinforcement Body
3.1. The Deformation Parameters of the Surrounding Rock
Reinforcement Body. To obtain the deformation parameters
of the surrounding rock reinforcement body, ﬁrst, the
support force of the anchor is transformed into the additional volume force of the surrounding rock acting on the
interior of the anchored rock mass. Then, the mechanical
model of the anchored cavity is established, as shown in
Figure 3(a). Finally, an elastic analysis of the surrounding
rock is conducted to obtain the radial displacement of the
surrounding rock at the two ends of the anchor.
Under the same initial ground stress as the former, the
model of the coordinated deformation mechanics of surrounding rock and the surrounding rock reinforcement body
is established and analyzed to obtain the radial displacement
of the inner and outer edges of the reinforcement body, as
shown in Figure 3(b). The equations are established according
to the equal deformation of the surrounding rock under the
two support forms, and the deformation parameters of the
surrounding rock reinforcement body are derived.

deformation of the anchor. Therefore, the anchor interface
generates an interface shear stress directed towards the distal
end of the anchor, and the reaction force of the anchor to the
surrounding rock points towards the proximal end of the
anchor, as shown in Figure 4.
The interfacial shear stress of the anchor is generated by
the relative displacement of the anchor and surrounding
rock, and the overall displacement of the anchor can be
represented by the displacement of surrounding rock at the
neutral point. The interfacial shear stress of the wholly
grouted anchor can be expressed as
τ b (r) � KΔu � K ur2 (ρ) − ur2 (r),

where Δu is the relative displacement of the anchor and
surrounding rock, r is the distance from the center of the
cavern, ρ is the distance from the neutral point of the anchor
to the center of the cavern, ur2 (r) is the displacement of
surrounding rock at r, and ur2 (ρ) is the displacement of
surrounding rock at ρ. When the anchorage interface is
under an elastic lossless condition, K is the comprehensive
shear stiﬀness which considers the grout and rock mass. The
physical meaning of K is the shear stress generated by the
unit shear displacement on the anchorage of the unit length
[30]. This stress can be expressed as
Ks Km
K�
,
(2)
Ks + Km
where Ks is the shear stiﬀness of the rock mass, and the
appropriate values of which can be selected according to the
diﬀerent rock masses in Table 1 [31]. Km is the shear stiﬀness
of the grout. Using the results of the literature [32] and then
making the appropriate corrections, Km can be expressed as
2πGm
,
Km �
(3)
ln 1 + 2tm /db 
where Gm is the shear modulus of the grout, tm is the thickness
of the grout ring, and db is the diameter of the anchor.
The stress analysis of a single anchor is as follows:
R0 +L



R0

τ b (r)πdb dr � P1 ,

(4)

where P1 is the pretightening force of the anchor.
The axial force distribution of the anchor is
r

F(r) � P1 − πdb  τ b (r) dr.
3.1.1. Solving the Deformation of Surrounding Rock under the
Anchor Support. Studies have shown that the shear stress is 0
in a certain part of the anchor when the anchor and surrounding rock coordinate deform, where the neutral position
of the anchor is located. Near the tunnel wall, the surrounding
rock has a large deformation and a greater eﬀect on the
anchor, and the anchor interface produces an interface shear
stress directed towards the center of the tunnel, and the reaction force of the anchor to the surrounding rock points to
the distal end of the anchor. Near the distal end of the anchor,
the surrounding rock is less deformed and is also aﬀected
by the pulling force at the proximal end of the anchor, and
the deformation of the surrounding rock is less than the

(1)

(5)

R0

The support force of the anchor to surrounding rock is
converted into the additional volume force of surrounding
rock [14–16], which can be expressed as
f(r) � −

dQ
πd R τ (r)
�− b 0· b ,
dV
r
Sr Sl

(6)

where dQ is the concentrated force of the unit length of the
anchor on the surrounding rock, dV is the volume of
surrounding rock within the inﬂuence range of the unit
length of the anchor, Sr is the circumferential arrangement
spacing of the anchor, and Sl is the axial arrangement
spacing of the anchor.
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Figure 3: Elastic analysis of the surrounding rock deformation under (a) anchor support and (b) the surrounding rock reinforcement body
support.

f (r)

In Figure 3(a), after the anchor support force is converted into the additional volume force of the surrounding
rock, it can be considered that the anchorage body is in
equilibrium under the action of the body force
(fr � f(r), fθ � 0). By establishing equilibrium diﬀerential
equations, geometric equations, and physical equations in
the anchorage body, the stress and displacement expressions
of the anchorage body can be solved as follows:
A
M(r)
N(r)
σ r2 � 22 + 2C2 −
− 2 ,
r
1 − μs r2
r

τb(r)

σ θ2 � −

P1

Figure 4: Coordination deformation between the anchor and
surrounding rock [29].
Table 1: Ks for diﬀerent rocks [31].
Rock type
Hard rock
Soft rock
Weathered rock
Mudstone
Diluvium sand
Gravel
Diluvium clay
Shock layer sand

In Figure 3(a), the equilibrium diﬀerential equations,
geometric equations, and physical equations of surrounding rock are used to obtain the stress and displacement expressions of surrounding rock outside the
anchorage body:
A
σ r1 � 21 + 2C1 ,
r
σ θ1 � −
ur1 �

A1
+ 2C1 ,
r2

1 + μs
A
− 1 + 2 1 − 2μs C1 r,
Es
r

where A1 and C1 are constants.

1 + μs  A 2
M(r)
ur2 (r) �
− + 2 1 − 2μs C2 r +
Es
r
1 − μs r
+

Ks (GPa)
5.00∼10.00
1.50∼3.00
1.00∼2.00
1.20∼2.50
0.40∼0.70
0.40∼0.70
0.40∼1.00
0.05∼0.20

(7)

A2
M(r)
N(r) Q(r)
+ 2C2 +
+ 2 −
,
1 − μs r2
r
1 − μs
r2

(8)

N(r)
− rQ(r),
r

where A2 and C2 are constants, and
M(r) �  r f(r) drdr,
N(r) �  r2 f(r) dr,

(9)

Q(r) �  f(r) dr.
The boundary conditions are as follows: when r � R0 ,
σ r2 (R0 ) � 0; when r � R1 , σ r1 (R1 ) � σ r2 (R1 ) and
ur1 (R1 ) � ur2 (R1 ); and when r ⟶ ∞, σ r1 (∞) � −P.
Bringing the boundary conditions into equations (7)–
(9), the constants A1 , C1 , A2 , and C2 can be solved as follows:
A1 �

2M − R21 − R20 Q1
+ PR20 − N,
2 μs − 1 

1
C1 � − P,
2
Q R2 − 2M0
A2 � 1 0
+ PR20 + N0 ,
2 μs − 1
C2 �

2P 1 − μs  − Q1
,
4 μs − 1

(10)
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where
R1

M �  r f(r) drdr,
R0

M0 �  r f(r) drdr,
R0
R1

N �  r2 f(r) dr,

(11)

3.1.2. Solving the Deformation of Surrounding Rock under the
Reinforcement Body Support. As shown in Figure 3(b), the
elastic analysis of the surrounding rock reinforcement body
and deep surrounding rock can be used to obtain the stress
and displacement expressions, as follows:
Aj
σ rj (r) � 2 + 2Cj ,
r

R0

N0 �  r2 f(r) dr,

σ θj (r) � −

Q1 �  f(r) dr.

urj (r) �

R0

R1

Bringing the constants A1 , C1 , A2 , and C2 into equation
(8), the radial displacement expression of the anchorage
body is obtained as
ur2 (r) �

1 + μs 2M0 − Q1 R20 − 2M(r)

Es
2 μs − 1r
−

1 − 2μs  2Pμs − 2P + Q1 r
2 μs − 1

−

PR20 + N0 − N(r)
− rQ(r).
r

(12)

Bringing r � R0 and R1 into equation (12), the radial
displacement of the surrounding rock at the two ends of the
anchor can be obtained as follows:
ur2 R0  �
ur2

μs + 1 
1 2
2
R1  �
 1 − μs N − R1 − R0 Q1
R1 μs − 1Es
2

(14)

1 + μj
Aj
− + 21 − 2μj Cj r,
Ej
r

where j � 3 represents surrounding rock outside the surrounding rock reinforcement body, j � 4 represents the
surrounding rock reinforcement body, E3 � Es , μ3 � μs ,
E4 � E, and μ4 � μ.
The boundary conditions are as follows: when r � R0 ,
σ r4 � 0; when r � R2 , σ r3 � σ r4 and ur3 � ur4 ; and when
r ⟶ ∞, σ r3 � −P.
Aj and Cj can be solved by bringing the boundary
conditions into equation (14), and the surrounding rock
displacement at the two ends of the anchor can be obtained
as follows:
ur4 R0  �
ur4

R0 1 + μs 
2P μs − 1 + Q,
Es

Aj
+ 2Cj ,
r2

4PR21 R0 μ2 − 1 μs − 1
,
2μn1 − n1 − 1ER21 − n1 − 1ER20

(15)

2PR1 (μ + 1) μs − 1 2μR21 − R21 − R20 
R1  �
,
2μn1 − n1 − 1ER21 − n1 − 1ER20

where n1 � E(1 + μs )/Es (1 + μ).
(13)

+ M + −2μ2s R21 + R21 + R20 P,
R

where Q � R1 f(r) dr.
0

3.1.3. The Expression of the Surrounding Rock Reinforcement
Body Deformation Parameter. The equations ur2 (R0 ) �
ur4 (R0 ) and ur2 (R1 ) � ur4 (R1 ) can be used to derive the
expression of the surrounding rock reinforcement body
elastic modulus and Poisson’s ratio:

−1

E�

μ�

Es 1 + μs   Pμ2s − 1.5Qμs − P + 1.5Q + Q1  R21 − R20  − 2 μs − 1 QR20 − N − 2M
2

 (P − Q) μs − 1 + 0.5Q1  R21 − R20  − μs − 1 QR20 − N − M  Pμs − P + 0.5Q1  R21 − R20  + N μs − 1 − M

−1 ,

2Pμ2s −(2P + Q)μs + Q + Q1  R21 − R20  − 2 μs − 1 QR20 − N − 2M
.
2 μs − 1(P − Q) + Q1  R21 − R20  − 2 μs − 1 QR20 − N − 2M
(16)

When the anchor is not supported, M, N, Q, and Q1 are
all equal to 0, E � Es , and μ � μs can be obtained by bringing
the coeﬃcients into equation (16).
3.2. The Strength Parameters of the Surrounding Rock Reinforcement Body. The internal friction angle of the surrounding rock reinforcement body is determined by the

internal friction angle of the anchor, the internal friction
angle of the rock, and the stress state on the friction surface.
If the stress states of the anchor and the anchored rock mass
are the same, the internal friction angle of the reinforcement
body can be obtained according to the area equivalent
principle. Because the total area of the anchor in the anchorage area is small, the internal friction angle of the reinforcement body is approximately equal to the internal
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friction angle of the rock mass before being anchored
[17, 18]. The internal friction angle of the reinforcement
body can be expressed as
φ � φs .

β

(17)

The increase in the cohesion of the surrounding rock
reinforcement body is caused by two aspects. One aspect is
that the lateral action of the anchor increases the shear
strength of the fracture surface, and the other part is that
the vertical action of the anchor exerts a certain pressure
on surrounding rock, which improves the stress state of
the rock mass and increases its nondeformability. The
compressive stress applied to the surrounding rock is
decomposed into the fracture surface, as shown in
Figure 5(a). The shear resistance of the anchor is equally
divided on the surrounding rock fracture surface, as
shown in Figure 5(b).
Experiments have shown that the maximum principal
stress direction of the anchor is perpendicular to the anchor
[33], so the angle between the main fracture surface of the
anchor and the direction of the maximum principal stress
can be expressed as
π φ
β� − .
(18)
4 2
In Figure 5(b), the cohesion provided by the lateral
action of a single anchor can be expressed as
RF
cm � 0 bmax ,
(19)
rSl Sr cos β

f (r + dr)

F (r + dr)

β +

=

F (r)

β

f (r)

Figure 5: Inﬂuence of the anchor on the cohesive force of the
surrounding rock reinforcement body: (a) the wedge-shaped unit
of the anchor and surrounding rock; (b) anchor vertical action; (c)
anchor lateral action.

When the anchor is not supported, the anchor length L
and the anchor axial force F(r) are equal to 0, and c � cs can
be obtained by bringing L and F(r) into equation (22).

4. Elastoplastic Solution of the Mechanical
Model and Stability Evaluation of
Surrounding Rock
4.1. Analysis of the Plastic Zone. To consider the inﬂuence of
the intermediate principal stress σ 2 , the uniﬁed strength
theory is used in this paper. In the reinforcement body, the
uniﬁed strength theory is expressed as follows [27]:
p

σ θ − mσ pr − n � 0,

(23)

where
m�

(1 + sin φ)(1 + μb)
,
(1 − sin φ)(1 + b) −(1 + sin φ)μb

where Fb max is the maximum shear force that the anchor can
√�
withstand during pure shearing, and Fb max � σ s πd2b /4 3
can be obtained by the Von Mises criterion and σ s is the yield
strength of the anchor.
In Figure 5(a), the cohesion provided by the vertical
action of a single anchor can be expressed as
R F(r)
cn � 0
cos β tan φ.
(20)
rSl Sr

where b is the intermediate principal stress coeﬃcient.
The equilibrium diﬀerential equation of surrounding
rock in the plastic zone of the reinforcement body can be
expressed as

The cohesion of the surrounding rock reinforcement
body at r is expressed as

p
dσ r σ r − σ θ
+
�0
dr
r

c(r) � cs + cm + cn .

(21)

Some scholars have proposed a homogenization method
which means that the surrounding rock is regarded as a
homogeneous elastomer, and the physicomechanical parameters that vary from place to place are converted into
equal parameters. By the homogenization method, the cohesion of the surrounding rock reinforcement body can be
expressed as
1 R0 +L
c� 
c(r)dr
L R0
R +L

0
σ s πd2b R0 ln 1 + L/R0  R0 R0 (F(r)/r)dr
√
�
� cs +
+
.
sec β cot φLSr Sl
4 3LSr Sl cos β
(22)

(24)
2c cos φ(1 + b)
,
n�
(1 − sin φ)(1 + b) −(1 + sin φ)μb

p

p

(25)

Through the simultaneous equations (23)–(25) and the
boundary condition σ rp (R0 ) � 0, the stress distribution of
the reinforcement body plastic zone can be solved as
follows:
σ pr (r) �

−n + nrm−1 R1−m
0
,
m−1

(26)

−n + mnrm−1 R1−m
p
0
σ θ (r) �
.
m−1

4.2. Analysis of the Elastic Zones. It is known from elastic
mechanics that the stress and the displacement expressions
of surrounding rock of the elastic zones I and II can be
expressed as
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σ eri (r) � −

9

Ai
− 2Ci ,
r2

σ eθi (r) �

Ai
− 2Ci ,
r2

ueri (r) �

1 + μi A i
 − 2 1 − 2μi Ci r,
Ei
r

(27)

AI �

AII �

CI �

where i � I represents surrounding rock of the elastic zone I,
i � II represents surrounding rock of the elastic zone II, and
EI � E, μI � μ, EII � Es , and μII � μs .
The boundary conditions are as follows: when r ⟶ ∞,
σ erII (∞) � P; when r � R1 , σ erII (R1 ) � σ erI (R1 ) and
p
uerII (R1 ) � uerI (R1 ); and when r � Rp , σ erI (Rp ) � σ r (Rp ) � p.
By bringing the boundary conditions into equations (26)
and (27), AI , CI , AII , and CII can be solved as follows:

R2p R21 −2n2 pμ + 2Pμs + n2 p − 2P + p
2μn2 − n2 − 1R21 − n2 − 1R2p

,

PR41 2μn2 − n2 − 2μs + 1 − R2p R21 · 2n2 pμ + n2 P − 2n2 p + P − 2Pμs 
2μn2 − n2 − 1R21 − n2 − 1R2p
−2PR21
2

μs − 1  +

2μn2 − n2 − 1R21

pR2p

n2 − 1

− 2 n2 − 1R2p

,
(28)

,

1
CII � − P,
2
where
E (1 + μ)
,
n2 � s
E 1 + μs 
p�

1−m
−n + nRm−1
p R0

m−1

(29)
.

pp

βεθ + εpp
r � 0,

At the elastoplastic interface, the radial stress σ erI (Rp )
and the circumferential stress σ eθI (Rp ) of the surrounding
rock reinforcement body’s elastic zone satisfy the yield
condition:
σ eθI Rp  − mσ erI Rp  − n � 0.

(30)

σ erI (Rp ) and σ eθI (Rp ) can be obtained by bringing AI , CI ,
AII , and CII into equation (27), and the relationship between
Rp , surrounding rock parameters, and the anchor parameters can be derived by bringing σ erI (Rp ) and σ eθI (Rp ) into
equation (30):
1−m
− 1
Rm−1
p R0

n−1 (1 − m−1 )
·

− −2μn2 + n2 + 1R21 − n2 − 1R2p 

1−m
2
−n + nRm−1
p R0  + 4PR1 μs − 1(m − 1)

(m − 1) 2μn2 − n2 − 1R21 − n2 − 1R2p 

4.3. Solving the Displacement of the Plastic Zone. The rock
mass material has dilatancy characteristics, the volumetric strain of the plastic zone is not equal to 0, and the
plastic zone satisﬁes the following nonassociated ﬂow
rules [28]:

+ n � 0.
(31)

When b � 0 and the anchor is not supported, equation
(31) can be degenerated into an expression of the modiﬁed
Fenner formula:
1−sin ϕs )/(2−sin ϕs )
P + cs cot ϕs  1 − sin ϕs  (
Rp � R 0 
.

cs cot ϕs
(32)

(33)

where β is the dilatancy coeﬃcient, and β � ((1 + sin ψ)/
(1 − sin ψ)), where ψ is the dilatancy angle of surrounding
rock in the plastic zone. Generally, the dilatancy angle of
surrounding rock is less than or equal to the internal friction
angle of surrounding rock.
The total strain of the plastic zone can be regarded as the
superposition of the elastic strain and the plastic strain of the
plastic zone:
p

pp

pe

εθ � εθ + εθ ,
pe
εpr � εpp
r + εr .

(34)

By bringing the geometric equations εr � du/dr and εθ �
u/r into equations (33) and (34), the diﬀerential equation of
the plastic zone displacement can be derived as
dup (r)
up (r)
p
pe
(35)
+β
� βεθ + εpr � βεθ + εpe
r .
dr
r
The paper deals with the plane strain problem, so the
elastic strain in the plastic zone still satisﬁes the generalized
Hooke’s law:
1 − μ2 p
μ p
pe
εθ �
σ ,
σ θ −
E
1−μ r
(36)
1 − μ2 p
μ p
pe
εr �
σ .
σ r −
E
1−μ θ

10
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By bringing the boundary condition up (Rp ) � uer1 (Rp ) �
Z into equations (35) and (36), the displacement expression
of the plastic zone can be solved as
β −β
m
up (r) � XRβ+m
− YRβ+1
p
p + ZRp r − Xr + Yr,

(37)

where
X�

Y�

n[(β + 1)(m + 1)μ − βm − 1]
,
(μ + 1)−1 E(m − 1)(β + m)Rm−1
0

(38)

n(μ + 1)(2μ − 1)
.
E(m − 1)

4.4. Evaluation Method of the Surrounding Rock Stability.
First, it is necessary to ensure that the displacement of the
cave wall is not greater than the maximum displacement
allowed in the cave wall and that it does not aﬀect the normal
use of the cavity. Second, it must be ensured that the anchor
does not yield and that the maximum shear stress of the
anchor does not exceed the shear strength of the anchoring
agent. If the anchor yield or the maximum shear stress of the
anchor is greater than that of the shear strength of the
anchoring agent, the bearing structure of the surrounding
rock reinforcement body cannot be formed. Finally, it must
be ensured that the bearing structure of the surrounding
rock reinforcement body does not fully yield. Even if a part
of the surrounding rock reinforcement body has yielded, it
can constrain the surrounding rock deformation and controls the surrounding rock stability.
4.4.1. Displacement of the Cave Wall.
u0 � up R0  ≤ [u],

(39)

where [u] is the maximum displacement allowed in the cave
wall.
4.4.2. Maximum Axial Force Fmax and Maximum Shear
Stress of Anchor τ bmax
(1) If ρ > Rp
Rp
R0

(40)

ρ

+  K uer1 (r) − uer1 (ρ)dr.
Rp

(2) If ρ < Rp
τ bmax � K up R0  − up (ρ),
Rp

Fmax �  K up (r) − up (ρ)dr.
R0

For the above two cases, it must be guaranteed:

Fmax ≤ [F],

(42)

where [τ m ] is the maximum shear stress allowed in the
anchoring agent and [F] is the maximum tensile force
allowed in the anchor.
4.4.3. Deﬁne the Stability Coeﬃcient of Surrounding Rock.
When the initial ground stress is small or the anchor support
strength is high, the surrounding rock reinforcement body is
in an entirely elastic state, which indicates that surrounding
rock has good stability. When the initial ground stress is
large or the anchor support strength is very low, the surrounding rock reinforcement body is in an entirely plastic
state, which indicates that the surrounding rock stability is
poor, and the surrounding rock is about to become or has
become unstable. Under a certain initial ground stress,
reasonable anchor support parameters will cause the surrounding rock reinforcement body to partially yield, but it
still can constrain the deformation of surrounding rock and
better control the stability of surrounding rock. Therefore,
the surrounding rock stability coeﬃcient k is deﬁned, which
indicates the proportion of the surrounding rock reinforcement body stability zone in the entire reinforcement
body under the initial geostress P. The surrounding rock
stability coeﬃcient k can be expressed as
R p − R0
(43)
k � 1−
.
L
(1) When k � 0, it means that the surrounding rock
reinforcement body is in an entirely plastic state, and
the surrounding rock stability is very poor
(2) When 0 < k < 1, it means that a part of the surrounding rock reinforcement body is in a plastic
state, and the larger the k is, the better the surrounding rock stability is
(3) When k � 1, it means that the surrounding rock
reinforcement body is in an entirely elastic state, and
the surrounding rock stability is excellent

5. Engineering Case Analysis

τ bmax � K up R0  − uer1 (ρ),
Fmax �  K up (r) − uer1 (ρ)dr

τ b max ≤ τ m ,

The radius of a circular cavern excavation is R0 � 3 m, the
depth of the cavern is 400 m, and the bulk density of the
overburden is 20 kN/m. The initial ground stress is P0 �
8 MPa, and the surrounding rock grade is grade IV. The
mechanical properties of the rock mass are as follows: elastic
modulus Es � 1.5 GPa; Poisson’s ratio μs � 0.3; cohesion cs �
1 MPa; and internal friction angle φs � 30°. The anchor
support parameters of the cavern are shown in Table 2.

(41)
5.1. Veriﬁcation of the Theory and an Analytical Solution.
Based on the example of the appeal project, the analytical
solution is obtained by using the theory of this paper, and the
FLAC3D ﬁnite diﬀerence program is used for numerical
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Table 2: Anchor support parameters.
Parameter
Eb (GPa)
P1 (kN)
db (mm)
tm (mm)
L (m)
Sr (m)
Sl (m)
σ s (MPa)

Value
210
0
20
10
2.4
1.0
1.0
335

simulation. The analytical solution is compared with the
numerical solution, and then the above are compared with
the actual monitoring data to verify the rationality of the
deduced analytical formula.
The physical-mechanical parameters of the surrounding
rock reinforcement body are calculated by bringing the
surrounding rock parameters and anchor parameters into
equations (1)–(22), as shown in Table 3. The calculation
process is as follows.
Bringing the surrounding rock parameters and anchor
parameters into equations (1)–(12) can solve the shear stress
expression of the anchor interface and the axial force expression of the anchor:
τ b (r) � 1.507 × 104 −

6.152 × 104
,
r

r
F(r) � 3.865 × 103 × ln  − 0.947 × 103 × r + 2.840 × 103 .
3
(44)
It can be known from equation (6) that the additional
volume force of the surrounding rock can be derived from
the shear stress of the anchor interface:
f(r) �

1.160 × 104 − 0.284 × 104 × r
.
r2

(45)

M(r), N(r), and Q(r) can be calculated from f(r), and
the integral coeﬃcients M, N, Q, and Q1 can be solved as
follows:
M � −6.930 × 104 ,
N � −0.797 × 103 ,
Q � 48.617,

(46)

Q1 � −6.937 × 103 .
Bringing the integral constant obtained above into
equation (16) can solve the deformation parameters of the
surrounding rock reinforcement body:
E � 1.510 GPa,
μ � 0.297.

(47)

It can be seen from equation (17) that the friction angle
of the surrounding rock reinforcement body is
φ � 30° .

(48)

Table 3: Physical-mechanical parameters of the surrounding rock
reinforcement body.
Parameter
E (GPa)
μ
c (MPa)
φ (°)

Value
1.510
0.297
1.077
30

It is known from equations (18)–(22) that the cohesive
force of the surrounding rock reinforcement body can be
derived from the anchor parameters and the anchor’s axial
force:
c � 1.077 MPa.

(49)

It can be seen from Table 3 that, compared with the
physical-mechanical parameters of surrounding rock, the
elastic modulus and cohesion of the surrounding rock reinforcement body are increased by 0.67% and 7.70%, respectively, the Poisson’s ratio of the surrounding rock
reinforcement body is decreased by 1.00%, and the anchor
support had the greatest inﬂuence on the cohesion of the
surrounding rock reinforcement body. The following parameters can be solved by bringing the physical-mechanical
parameters of the surrounding rock reinforcement body in
Table 3 into equations (23)–(38): the radius of the surrounding rock reinforcement body failure zone is Rp �
4.88 m; the displacement of the cave wall is u0 � 47.40 mm;
the maximum axial force of the anchor is Fmax � 100.54 kN <
[F] � 200 kN; the maximum shear stress of the anchor is
τ bmax � 5.44 MPa < [τ] � 10 MPa; and the stability coeﬃcient
of surrounding rock is k � 0.216. Furthermore, the expressions of stress and the displacement of the surrounding
rock reinforcement body and deep surrounding rock can be
solved.
The inﬂuence of the cavern excavation on surrounding
rock is 3∼5 times the width or height of the cavern excavation, so the size of the model is 60 m × 60 m × 1 m. Due
to the model’s axis symmetry, only a quarter of the mesh
model is selected for calculations. The left boundary of the
model is constrained by the displacement of the X-axis
direction, the lower boundary is constrained by the displacement of the Y-axis direction, and the displacement of
the normal direction is set to 0 based on the plane assumption. When analyzing the surrounding rock, the
elastoplastic constitutive model, the uniﬁed strength theory, and the unrelated ﬂow rule are used. The supporting
materials are all linearly elastic materials, and the grout
parameters are set at the same values as the rock parameters. Since the cavity is buried deep, the initial geostress
can be considered to be equal in all directions, and the
horizontal direction and the vertical direction of the applied boundary stress are both 8 MPa. The model consists of
846 zones, which contain 1826 grid points. The numerical
calculation model is shown in Figure 6.
Figure 7 is a comparison of the results of the theoretical
solution and the numerical simulation. It can be seen that
the radius of the surrounding rock reinforcement body
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2.4 m

30m
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Anchor

3m
30 m
(a)

(b)

Figure 6: Numerical calculation model: (a) model size and boundary conditions; (b) anchor arrangement.
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Figure 7: Comparison of the theoretical solution and numerical simulation results: (a) stress comparison; (b) displacement comparison.

damage zone solved by the theory is 4.88 m, and the radius of
the surrounding rock plastic zone obtained via numerical
simulation is 4.68 m. At the cave wall, the circumferential
and lateral stresses of the surrounding rock obtained by the
theory are 3.73 MPa and 47.39 mm, respectively, and the
circumferential and lateral displacements of the surrounding
rock obtained by numerical simulation are 4.06 MPa and
44.61 mm, respectively. The greater the distance from the
center of the cave, the smaller the diﬀerence between the
theoretical solution and the numerical solution. In general,
the theoretical analytical solution agrees well with the numerical simulation results.

In the actual project, the initial design of the anchor
spacing is 1.0 × 1.0 m. After actual monitoring, it is determined that the maximum axial force of the anchor is far
from the ultimate tensile strength, and the anchor strength
is not fully exerted. Therefore, the anchor spacing is adjusted to 1.2 × 1.2 m, and a pretightening force of 100 kN is
applied to the anchor. The displacement of the tunnel wall
and the axial forces of the anchor under the new support
scheme are monitored. To further verify the rationality of
the theory, the theoretical solutions under the two support
schemes are compared with the actual monitoring data and
numerical simulation results, as shown in Table 4.
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Table 4: Comparison of results.

Anchor
spacing
(m)

2.4
2.4

1.0 × 1.0
1.2 × 1.2

The displacement of the tunnel wall (mm)
Theoretical
Numerical
Monitoring
value
solution
value
47.40
44.61
43.78
47.36
44.52
43.14

It can be seen from Table 4 that, under the support of
schemes 1 and 2, the theoretical calculations agree well with
the numerical simulation results, and the diﬀerences between
the theoretical value, the numerical solution, and the actual
monitored value are less than 10%, which veriﬁes the rationality of the surrounding rock reinforcement body theory
and illustrates the accuracy of the method. It can also be seen
that, under the new support scheme, not only is the stability of
the surrounding rock ensured but also the strength of the
anchor is also fully utilized, the amount of the anchor is saved,
and the anchor support parameters can be optimized.
5.2. Analysis of Inﬂuencing Parameters
5.2.1. Inﬂuence of the Anchor Support Parameters on the
Stability Coeﬃcient of the Surrounding Rock. Figure 8 is a
graph showing the eﬀect of the combination of the anchor
length and spacing on the stability coeﬃcient of the surrounding rock. It can be seen that the value of k increases as
the length of the anchor increases or the spacing of the anchor
decreases. However, when the anchor length is longer or the
anchor spacing is larger, the curve of k becomes more gradual.
Since the anchor belongs to a point support, to eliminate the
occurrence of the collapse of surrounding rock between the
anchors, the anchor length is taken as L ≥ 2Sr , 2Sl . When the
anchor spacing is 0.8 × 0.8 m, the value of k increases by 0.61
as the length of the anchor increases from 1.6 m to 4.4 m, and
the value of k is equal to 0 when the anchor length is less than
or equal to 1.8 m, which means that all of the surrounding
rock reinforcement body yields. When the anchor spacing is
1.0 × 1.0 m, the value of k increases by 0.54 as the anchor
length increases from 2 m to 4.4 m. When the anchor spacing
is 1.2 × 1.2 m, the value of k increases by 0.37 as the anchor
length increases from 2.4 m to 4.4 m. When the anchor length
is equal to 2.4 m, the value of k decreases by 19.91% with the
anchor spacing from 0.8 × 0.8 m to 1.2 × 1.2 m, and when the
anchor length is larger, the anchor spacing has a smaller eﬀect
on the surrounding rock stability coeﬃcient. In general, the
inﬂuence of the anchor length and spacing on the stability of
surrounding rock is greater.
Figure 9 is a graph showing the inﬂuence of the anchor
pretightening force and the anchor diameter on the surrounding rock stability coeﬃcient. It can be seen that the
value of k increases linearly as the anchor pretightening force
and the anchor diameter increase. When the anchor diameter
is equal to 20 mm, the value of k increases by 12.65% as the
anchor pretightening force increases from 0 to 100 kN. When
the anchor pretightening force is not taken into account, the
value of k increases by 8.24% with an increase in the anchor
diameter from 18 mm to 22 mm. It can also be seen that the

The axial force of the anchor (kN)
Theoretical
Numerical
Monitoring
value
solution
value
100.54
107.21
97.32
190.48
192.14
186.23

k
0.216
0.218

0.7
0.6
Stability coeﬃcient (k)

Scheme 1
Scheme 2

Anchor
length
(m)

0.5
0.4
0.3
0.2
0.1
0
1.6

2

2.4
2.8
3.2
3.6
The length of the anchor (m)

4

4.4

Sr = 0.8 m Sl = 0.8 m
Sr = 1.0 m Sl = 1.0 m
Sr = 1.2 m Sl = 1.2 m

Figure 8: Inﬂuence of the anchor length and spacing on the
stability of surrounding rock.

anchor pretightening force and the anchor diameter have a
signiﬁcant inﬂuence on the surrounding rock stability coeﬃcient, and the inﬂuence is relatively independent.
5.2.2. Inﬂuence of the Rock Mass Physical-Mechanical Parameters on the Surrounding Rock Stability Coeﬃcient.
Figure 10 is a graph showing the inﬂuence of the rock’s
physical-mechanical parameters on the surrounding rock’s
stability coeﬃcient. It can be seen that as the rock mass elastic
modulus decreases or the rock mass’s Poisson’s ratio increases,
the value of k decreases. The surrounding rock deforms greatly
when the surrounding rock is soft, which fully exerts the
support of the anchor so that the physical-mechanical parameters of the surrounding rock reinforcement body are
much larger than the physical-mechanical parameters of the
rock mass, thereby increasing the surrounding rock stability.
However, the surrounding rock is too soft, and the deformation is too large, which may also cause the anchor to
yield or the anchor support to be lost, reducing the surrounding rock stability. It can also be seen that, as the rock
cohesion and internal friction angle increase, the value of k
increases. The value of k decreases by 2.23% as the elastic
modulus of the rock increases from 1 GPa to 2 GPa. The value
of k increased by 8.40% as the rock’s Poisson’s ratio increased
from 0.25 to 0.35. The value of k increased by 2.06 times as the
rock cohesion increased from 1 MPa to 2 MPa. The value of k
increased by 1.89 times as the internal friction angle of the rock
increased from 30° to 40°. It can be seen that the rock cohesion
and internal friction angle have a great inﬂuence on the
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Figure 9: Inﬂuence of the anchor pretightening force and anchor diameter on the stability of the surrounding rock.
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Figure 10: Inﬂuence of the rock’s physical-mechanical parameters on the stability of the surrounding rock: (a) elastic modulus; (b) Poisson’s
ratio; (c) cohesion; (d) internal friction angle.

stability of the surrounding rock, but the rock’s elastic
modulus and Poisson’s ratio have little inﬂuence on the stability of the surrounding rock.
5.2.3. Inﬂuence of the Rock’s Dilatancy Angle and Intermediate Principal Stress on the Surrounding Rock
Deformation. Figure 11 is a graph showing the inﬂuence of
the rock mass’s dilatancy angle and the intermediate

principal stress on the surrounding rock deformation. It can
be seen that, as the intermediate principal stress coeﬃcient
increases, the radius of the surrounding rock reinforcement
body damage zone and the displacement of the tunnel wall
decrease. The larger the b is, the ﬂatter the k curve is. As the
dilatancy angle increases, the radius of the surrounding rock
reinforcement body damage zone remains the same, and the
displacement of the tunnel wall increases. It can also be seen
that the greater the intermediate principal stress coeﬃcient,
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Figure 11: Inﬂuence of the rock’s dilatancy angle and intermediate principal stress on the surrounding rock deformation: (a) radius of the
surrounding rock reinforcement body damage zone; (b) radial displacement of the tunnel wall.

the less the inﬂuence of the dilatancy angle on the surrounding rock deformation. When the inﬂuence of the
dilatancy angle is not considered, as the intermediate
principal stress coeﬃcient increases from 0 to 1, the radius of
the surrounding rock reinforcement body damage zone
reduces by 22.95%, and the displacement of the tunnel wall
reduces by 28.48%.
5.3. Comparison with Existing Theoretical Results. In order to
further verify the rationality and superiority of the theory,
the parameters used in the calculation and analysis are
taken from the examples used in the articles of Park [34]
and Ogawa [35], which have a certain contrast.
Substituting the above relevant parameters into the derivation formulas of Sections 3 and 4, when the radius of the
tunnel is 2 m, the radius of the plastic zone is 3.921 m, and
the displacement of the tunnel surface is the largest, which
is 5.347 mm. The results of this paper are compared with
the results of the four authors of Park and Kim [34], Ogawa
and Lo [35], Reed [36], and Meng et al. [20], as shown in
Table 5.
It can be seen from Table 5 that when there is no anchor
support, the plastic zone radius calculated in this paper is
consistent with the results of Meng and Park, and both are
close to the results of FLAC3D numerical simulation, while the
plastic zone radius of the Ogawa and Reed is slightly smaller.
The displacement of the cave wall calculated in this paper is
close to that of Meng. The calculation result of Park is larger,
the calculation result of Ogawa is second, and the displacement results in this paper are the smallest. The reason why the
Park displacement result is large is that the hydrostatic
pressure value is subtracted from the stress portion when
calculating the elastic portion of the strain in the plastic zone.
When Ogawa calculates the elastic part of the strain in the
plastic zone, the calculation formula of the hoop strain is

wrong. In Table 5, the displacement of the plastic zone calculated in this paper is close to that obtained by Meng and
Reed, but the radius of the plastic zone obtained by the latter is
larger than that of this paper. The reason is that Reed considers the compressive strength of the rock after yield reduction and does not consider the decrease in the gradient f in
the principal stress space, while Meng accounts for the cohesion and internal friction angle decreasing.
When there is an anchor support, the displacement of the
cave wall calculated in this paper is 16.523 mm, and the
displacement of the cave wall calculated by Meng is
17.238 mm. The calculation result in this paper is slightly
smaller than that of Meng. The reason is that when the
physicomechanical parameters of the anchored rock mass are
calculated in this paper, the mechanical coupling eﬀect between the anchor and the surrounding rock is considered.
However, Meng only averages the surrounding rock parameters and anchor parameters by area to obtain the physical
and mechanical parameters of the composite. Therefore, the
calculation process of this paper considers the coordinated
deformation of the anchor and the surrounding rock, and the
calculation result is closer to the actual situation.

6. Conclusions
(1) Using the idea of homogenization, the composite of
the anchor and the anchored rock mass is regarded
as a supporting structure, which is deﬁned as the
surrounding rock reinforcement body. A method of
the surrounding rock reinforcement body support is
proposed, and a mechanical model of the coordinated deformation of the surrounding rock reinforcement body and deep rock mass is established.
(2) By analyzing the mutual coupling eﬀect between the
wholly grouted anchor and the anchored rock mass,
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Table 5: Comparison of results from diﬀerent authors.

Wall displacement without anchor support (mm)
Wall displacement with anchor support (mm)
Plastic zone radius of surrounding rock without
anchor support (m)
Plastic zone radius of surrounding rock with anchor
support

Park and
Kim [34]
50.233
—

Ogawa and
Lo [35]
23.902
—

5.561
—

the expression of the physical-mechanical parameters of the surrounding rock reinforcement body is
derived. After the elastoplastic analysis of the mechanical model is conducted, the stress and displacement expressions of the surrounding rock are
derived, and the displacement of the tunnel wall, the
radius of the surrounding rock reinforcement body
damage zone, and the maximum axial force of the
anchor are obtained. A method for evaluating the
stability of surrounding rock by the degree of
damage of the surrounding rock reinforcement body
is proposed, and the stability coeﬃcient of surrounding rock is also deﬁned.
(3) Research presented in this paper shows that the
anchor support increases the elastic modulus and
cohesion of the surrounding rock by 0.67% and
7.70%, respectively, and reduces the Poisson’s ratio
of the surrounding rock by 1.00%. The anchor
support has the greatest inﬂuence on the cohesion of
the surrounding rock reinforcement body. Under
diﬀerent support schemes, the theoretical calculations agree well with the numerical simulation results, and the diﬀerence from the actual monitoring
values is less than 10%, which veriﬁes the rationality
of the surrounding rock reinforcement body theory
and shows the accuracy of the method.
(4) Research presented in this paper also shows that, to
control the stability of surrounding rock, the design
of the anchor length and spacing should follow the
principle of long but sparse and short but dense.
However, when the length of the anchor increases to
a certain value or the anchor spacing reduces to a
certain value, the surrounding rock stability coeﬃcient changes little. Therefore, the parameter
optimization of the length and spacing of the anchor
should be considered to save the amount of anchors
and avoid material waste. The pretightening force of
the anchor and the surrounding rock stability coeﬃcient show a linear change law, and its law is not
aﬀected by other anchor parameters. However, when
the pretightening force increases to a certain value,
the anchor loses the supporting eﬀect due to yielding.
(5) The cohesion and internal friction angle of rock
have a great inﬂuence on the stability of surrounding
rock, but the elastic modulus and Poisson’s ratio of
the rock mass have little inﬂuence on the stability
of surrounding rock. The larger the intermediate
principal stress value is, the better the self-supporting

64.090
4.545

Meng
et al. [20]
17.238
5.696

This
paper
16.523
5.347

4.697

5.500

5.561

5.506

—

3.000

4.028

3.921

Reed [36]

FLAC3D

17.885
—

5.509
—

capacity of surrounding rock is, which is beneﬁcial
for optimizing the anchor support parameters and
reducing the support cost. However, the displacement of the tunnel wall and the axial force of the
anchor increase sharply as the dilatancy angle of
surrounding rock increases, which may cause the
anchor to yield and lose its supporting eﬀect, so it is
necessary to increase the support strength to ensure
the surrounding rock’s stability. Therefore, when
designing anchor support parameters and evaluating
the surrounding rock’s stability, the dilatancy
characteristics and intermediate principal stress effects of the surrounding rock should be comprehensively considered.
(6) Through comparison with numerical simulation,
ﬁeld measurement, and existing theory, the theory
and calculation method of this paper are more
suitable for actual working conditions. It can provide
a theoretical reference for further understanding the
reinforcement mechanism of the anchor, provide a
new method for the support design of bolts, and
quantitatively evaluate the stability of the roadways
under the reinforcement of the anchors.
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The mechanism of how hydraulic fracturing inﬂuences gas drainage in coal-rock mass is still not clear due to its complex
mechanism. In this work, statistical distributions are ﬁrstly introduced to describe heterogeneity of coal-rock mass; a novel
simultaneously coupled mathematical model, which can describe the fully coupled process including seepage-damage coupling
during hydraulic fracturing process and subsequent gas ﬂow during gas drainage process, is established; its numerical implementation procedure is coded into a Matlab program to calculate the damage variables, and it partly uses COMSOL solver to
obtain numerical solutions of governing equations with damage-ﬂow coupling; the mathematical model and its implementation
are validated for initial damage pressure and mode of a single solid model without considering ﬂow-damage coupling, as well as
fracture initiation pressure and inﬂuence of heterogeneity on damage evolution of hydraulic fracturing considering ﬂow-damage
coupling; and ﬁnally, based on an engineering practice of hydraulic fracturing with two boreholes, the mechanism of how
hydraulic fracturing inﬂuences gas drainage is investigated, numerical simulation results indicate that coal-rock mass pore-ﬁssure
structure has been improved, and there would exist a gas migration channel with characteristics of higher porosity and lower
stresses, which demonstrates signiﬁcant eﬀects and mechanism of hydraulic fracturing on improving coal-rock permeability and
enhancing gas drainage. The research results provide a guide for operation of hydraulic fracturing and optimal layout of gas
drainage boreholes.

1. Introduction
Coalbed gas as an unconventional natural gas gradually
constitutes a vital part of China’s clean energy structure.
Moreover, coalbed gas can also result in gas disaster that
seriously aﬀects coal mining safety [1]. For gas recovery and
disaster control in underground coal mine, coal-rock mass
permeability is an important parameter as it determines the
practicability of gas extraction in advance of coal mining.
However, most of the permeability of coal-rock mass excavated in China’s coal ﬁelds is relatively low, and as its
excavation goes deeper, the permeability of coal-rock mass

would become much lower, resulting in the diﬃculty of gas
drainage before mining [2]. There are several measures of
hydraulics used to improve permeability of coal-rock mass,
such as hydraulic punching, water injection, hydraulic
cutting, and hydraulic fracturing [3]. Particularly, the hydraulic fracturing measure is generally applied to enhance
gas drainage in ﬁled practices of China. However, the
mechanism of how hydraulic fracturing aﬀects the gas
drainage process in coal-rock mass is still not understood
fully due to its complex mechanical process. Related laboratory microscopic experiments denote that the evolution of
hydraulic fractures (or cracks) is the damage evolution with

2
initiation, extension of many microﬁssures due to the impact
of external load and hydraulic pressure [3, 4]; additionally,
gas drainage in damaged coal-rock mass after fracturing is a
process with coal-rock mass deformation and gas ﬂow
coupling. Therefore, to investigate the mechanical mechanism of how hydraulic fracturing inﬂuences gas drainage
process in coal-rock mass, the evolution of hydraulic fractures (or hydraulic cracks) in coal-rock mass and its subsequent coalbed gas seepage in coal-rock mass must be
regarded as a simultaneous process with seepage-damage
coupling during hydraulic fracturing and gas seepage during
gas drainage. However, it is not easy to describe mechanisms
of such complex process truly. With the development of
numerical methods and modern computers, some models
are raised to consider this coupled behavior of coal-rock
mass during hydraulic fracturing [5, 6]. In general, there are
two types of models used to simulate this process, namely,
the direct method and indirect method. In the former
method [7–9], the coal-rock mass is discretized into idealized microstructures (e.g., particles or springs) and the
hydraulic cracks are denoted by the breakages among these
microstructures. On the contrary, in the latter method, coalrock mass is assumed to be a continuum and the hydraulic
cracks are denoted by the nonreversible damage considered
in constitutive law of coal-rock mass. Compared to the direct
method, models using indirect method are relatively elaborate, as it can easily deal with complex medium containing
dispersedly microcosmic cracks or pores and the multiﬁeld
coupling problems to be consistent with coal-rock mass
behavior [10, 11]. Representative capabilities of such models
are composed of mesoscopic elements, which would degrade
when speciﬁc strength criterions are satisﬁed [10, 11].
However, most existing models assume that the coal-rock
mass is not permeable, and the inﬂuence of mechanicalhydraulic coupling on characteristic of hydraulic fracturing
are usually ignored due to its complex description [11, 12].
Hydromechanical coupling is the essence of hydraulic
fracturing, which is the key to describe the hydraulic fracturing process accurately. Zhu et al. [11, 12] developed a
RFPA-ﬂow program, in which a model with damage-ﬂow
coupling for heterogeneous material was embedded using
ﬁnite element method. Yuan and Harrison [6] proposed the
local degradation method, in which the hydromechanical
coupling with evolutions of element’s permeability and
dilatancy was considered. More recently, Lyakhovsky and
Hamiel [13] simulated the coupling process of crack evolution and ﬂuid ﬂow on the basis of a thermodynamic
mathematical model. Lu et al. [14] raised a double-scale
mathematical model to describe the actual coal-rock mass
comprising microcracks, and the process of hydraulic
fracturing with hydromechanical coupling was simulated. In
summary, models based on the indirect method have been
well-developed and applied by many scholars to study the
process of hydraulic fracturing, but very few studies can be
found considering the formation of hydraulic fractures and
gas seepage within coal-rock mass simultaneously. In the
present work, to study the mechanism of how hydraulic
fracturing inﬂuences gas drainage, inspired from the existing
models, a novel simultaneously coupled mathematical
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model to describe damage of coal-rock mass and gas seepage
is built, which can realistically describe the fully coupled
process including damage-seepage coupling during hydraulic fracturing process and subsequent gas ﬂow during
gas drainage process in damaged coal-rock mass. In the
following, the method for heterogeneity assignment of
material properties is proposed ﬁrstly; then governing
equations for the simultaneously coupled mathematical
model are introduced secondly; the procedure of numerical
implementation is proposed in Section 4; then the mathematical model and numerical procedure are validated and
then applied to an engineering case; and lastly, Section 6 lists
the conclusions obtained. The research results provide a
guide for the operation of hydraulic fracturing and arrangement of gas drainage boreholes.

2. Assignment of Material Properties
Coal-rock mass consists of various mineral particles and
cementing materials. The dispersedly microcosmic cracks
and pores in coal-rock mass exhibit heterogeneity of hydraulic and mechanical properties. To describe such heterogeneity characteristic of coal-rock mass, suppose that it
consists of numerous elements, whose mechanical properties satisfy the Weibull distribution with a probability
density function (PDF) deﬁned as follows [11]:
0,
⎪
⎧
⎪
⎪
⎨
f(z, ω, m) � ⎪
⎪
z m−1 m
z m
⎪
⎩ 
exp−  ,
ω
ω
ω

z < 0,
(1)
z ≥ 0,

where z denotes the mechanical property of the element
(e.g., the elastic modulus), ω denotes the mean of mechanical
properties of all elements, and m denotes homogeneity index
for mechanical property of element. On basis of characteristic of Weibull distribution, the mechanical properties of
all elements would be closer to ω as homogeneity index m
increases, and thus producing a more homogeneous calculation model for coal-rock mass. Preliminary studies show
that when m ≥ 1000, the coal-rock mass could be assumed to
be homogeneous.
Moreover, to describe the heterogeneity of element’s
hydraulic property (such as permeability), a log-normal
distribution function is introduced [14]:
1
ln(μ − ξ)2
R(ξ, σ, μ) � √��� exp−
,
2σ 2
2πξσ

(2)

where ξ represents the hydraulic property of the element, μ
and σ represent the average values of hydraulic properties of
elements and corresponding deviation, respectively. The
larger value of σ, the more the inhomogeneous calculation
model for coal-rock mass.
According to equations (1) and (2), a Monte Carlo
simulation can be used to numerically produce a heterogeneous coal-rock mass model with heterogeneous hydraulic and mechanical properties [14]. The numerically
generated heterogeneous model is similar to the realistic
coal-rock mass specimen. Therefore, how the heterogeneity
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of coal-rock mass property aﬀects the mechanical process
could be investigated using a numerical simulation method.

fi −

3. Simultaneously Coupled
Mathematical Model
Coal-rock mass is a typical porous medium and has an
obvious nonlinear characteristic as plastic deformation
occurs. Nevertheless, the elastoplastic model would increase
cost and diﬃculty of calculation with low numerical accuracy. Taking such into account, a linear elastic model
combined with damage theory is adopted instead [15]. Two
simultaneously coupled processes are involved in the present
study, one is the seepage-damage coupling process during
hydraulic fracturing, and the other is the gas ﬂow process
during gas drainage after fracturing. The former process has
a signiﬁcant inﬂuence on the initialization and evolution of
the latter. This section brieﬂy summarizes the related
equations of simultaneously coupled mathematical model,
which are built at element scale.
3.1. Governing Equations with Damage-Seepage Coupling
during Hydraulic Fracturing
3.1.1. Governing Equations for Deformation Field.
Governing equations for deformation ﬁeld are composed of
constitutive relation, displacement-strain relation, and
equilibration equation. The indicial notation is adopted to
express tensor quantities and vector hereafter. For porous
coal-rock mass with single-phase saturated, the eﬀective stress
σ′ij (positive for tension), total stress σ ij, and pore pressure p
satisfy the modiﬁed principle of Terzaghi eﬀective stress [16].
σ ij′ � αpδij + σ ij .

(3)

The porous coal-rock mass is assumed to be elastic
before damage initiates, then its constitutive relationship
conforms to Hooke’s law under isothermal state [17].
2]G
(4)
ε δ + 2εij G � αpδij + σ ij ,
1 − 2] kk ij
where α and δij are called Biot coeﬃcient and Kronecker
delta; G and v are shear modulus and Poisson’s ratio of coalrock mass; εij is inﬁnitesimal-strain tensor, and εkk � ε11 + ε22
+ ε33 with ε11, ε22, ε33 being the principal strain in three
directions.
The displacement-strain relation for coal-rock mass
under inﬁnitesimal strain condition is
εij �

uj,i + ui,j 
,
2

(5)

where ui represents displacement in ith direction and the
notation [,j] denotes diﬀerentiation with respect to the coordinate xj.
The equilibration equations for coal-rock mass can be
expressed as
fi + σ ji,j � 0,

On the basis of equations (4)–(6), mathematical governing equations for deformation ﬁeld can be obtained:

(6)

where fi represents the volumetric force of ith orientation.

G
u + Gui,jj − αp,i � 0.
2v − 1 j,ji

(7)

As seen from equation (7), the inﬂuence of ﬂuid pressure
on mechanical equilibrium of coal-rock mass has been
considered, namely, it reﬂects the unidirectional coupling
eﬀect between ﬂuid and solid.
3.1.2. Governing Equations for Water Seepage Field. The
governing equations of water ﬂow in coal-rock mass are
composed of water balance equation (continuity equation)
and water seepage equation (momentum equation) [17, 18].
Supposing the total bulk volume of coal-rock mass is V, and
V � Ve + Vs (Ve represents volume of pore, and Vs represents
volume of solid). According to water balance principle,
mathematical equation for water balance can be expressed as
follows:
1 zV zεv 1 zVs zVe
� 
+
�
,
zt V zt
zt
V zt

(8)

where t represents time and εv denotes volumetric strain.
The coal-rock mass’s porosity, ϕ, can be given by
ϕ � Ve /V. Based on equation (4), equations (9) and (10) are
deduced [17]:
−

ϕ zp
1 zVe
,
− ∇ql �
βl zt
V zt

(9)

where βl represents the water bulk modulus and ql represents
the vector of water seepage velocity; the ﬁrst and second
terms of equation (9) are the change of water quantity due to
water pressure and water ﬂux ﬂowing out, respectively.
zσ ij′ 1 zVs
ϕ − 1 zp
1
+
δij
�
,
zt V zt
Ks zt 3Ks

(10)

where Ks represents bulk modulus for coal-rock mass matrix; the ﬁrst and second terms of equation (10) are volume
change of solid due to change of water pressure and eﬀective
stress, respectively.
Substituting equations (9) and (10) in equation (8), one
can gain the mathematical governing equations for water
seepage ﬁeld:
zσ ij′
1 zV zεv
ϕ − 1 ϕ zp
1
�
.
−  − ∇ql +
δij
�
zt
zt
V zt
Ks βl zt
3Ks

(11)

Assuming that the water ﬂow process in coal-rock mass
satisﬁes the Darcy seepage law (water gravity eﬀect is ignored
here) [17–19],
k
ql � − · ∇p,
(12)
μw
where μw denotes dynamic viscosity coeﬃcient for water and
k denotes the coal-rock mass permeability.
According to equations (11) and (12), the ﬁnal mathematical governing equations for seepage ﬁeld is given by
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α

zεv
k
ϕ − 1 ϕ zp
− ∇ ·  ∇p −
− 
� 0.
zt
μw
Ks βl zt

ft

3.1.3. Evolutions of Damage and Permeability. As mentioned above, the elastic damage constitutive relation is
utilized to depict the coal-rock mass behavior in the present
study. In other words, the strain-stress curve for coal-rock
mass is linear unless the threshold of damage is reached. Two
damage modes for coal-rock mass are considered in the
numerical procedure. If the shear stress in coal-rock mass
meets Mohr–Coulomb criterion (referred as M-C hereafter),
it would damage in shear mode, while the coal-rock mass
would damage in form of tensile when the maximum
principal stress meets maximum tensile stress criterion
(referred as M-T hereafter), as illustrated in Figure 1. The
tensile mode is also prior to the shear mode, namely, the
M-T criterion is used ﬁrst to judge whether the coal-rock
mass is damaged in tension or not, and only coal-rock mass
that is not damaged in tension would be judged for shear
mode by M-C criterion. It is worth noting that equations
(14)–(22) operate on eﬀective stress only.
The M-T criterion and M-C criterion could be written as
[20, 21]
F1 � −ft + σ 1 ,
F2 � −σ 3 −

sin φ + 1
σ − fc ,
sin φ − 1 1

(14)
(15)

where φ represents the internal frictional angle of coal-rock
mass, fc and ft represent compressive strength and tensile
strength of coal-rock mass, respectively, while F2 and F1 are
threshold functions of damage for shear and tensile mode,
respectively.
As the damage of coal-rock mass evolves, the mechanical
index such as elastic modulus would decrease monotonically
according to theory of elastic damage [15, 21].
E � E0 · (1 − D),

σ1

(13)

(16)

where E0 is the original elastic modulus for coal-rock mass
without damage and D is called the damage variable, whose
value is 1.0 for coal-rock mass with full damage and 0.0 for
the coal-rock mass without damage.
If coal-rock mass is in the uniaxial stress state, the curves
of constitutive relationships are shown in Figure 1. When F1
> 0, namely, the coal-rock mass is under tensile state, the
value of D can be calculated by
ε n
 t0 
⎪
⎧
⎪
−
+ 1, ε ≥ εt0 ,
⎪
⎨  ε 
(17)
D �⎪
⎪
⎪
⎩
0,
ε < εt0 ,
where εt0 denotes limit strain before tensile damage occurs.
Hooke’s law is given as [17].
v
E
(18)
σ i � εi −
εjj 
.
2v − 1
v+1

ε3

εc0

εt0

ε1

–fc
σ3

Figure 1: Curves of elastic damage constitutive relations under
uniaxial states.

According to M-T criterion and equation (18), the following relation can be obtained with η � −]/(v + 1)(2v − 1).
ft
E�
.
(19)
εv · η + ε1 /v + 1
Based on equations (16) and (19), the expression of D
under triaxial stress condition is rewritten as
−ft
D�
+ 1.
(20)
ηE0 εv + E0 ε1 /v + 1
Corresponding to its damage evolution under tensile
condition, when F2 > 0, namely, the coal-rock mass is
damaged in shear mode as illustrated in Figure 1, the expression of D is calculated by
ε n
 
⎪
⎧
⎪
1 − c0  ,
ε ≤ εc0 ,
⎪
⎨
ε
D �⎪
(21)
⎪
⎪
⎩
0,
ε > εc0 .
When the coal-rock mass is under triaxial stress condition, the expression of D can be deduced from equations
(15) and (18)
fc
D � 1−
.
E0 εv η + ε3 /(v + 1) − κ εv η + ε1 /(v + 1)
(22)
When coal-rock mass experiences dilatancy due to its
strength or stiﬀness degradation as damage evolves, its
hydraulic property would also change. The porosity, ϕ,
strongly associated with rock’s stress state, could be given
by [22]
ϕ � ϕr + ϕ0 − ϕr expσ e · αϕ ,

(23)

where ϕr denotes the residual porosity under extremely large
stress condition, ϕ0 denotes the initial porosity under zerostress condition, αϕ denotes the coeﬃcient of stress sensitivity, and σ e is the average of eﬀective stress calculated as
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σ e � αp + (σ 3 + σ 2 + σ 1 )/3 with σ 3 , σ 2 , and σ 1 being the
third, the second, and the ﬁrst total principal stress in three
directions.
Moreover, as coal-rock mass damage accumulates, its
permeability would also change accordingly. According to
the related studies of relation between porosity and permeability [22], the damage evolution of permeability k can
be described using an exponential function as follows:

units being Pa−1 and m3·kg−1, respectively, ρs is the coal-rock
mass density, and p0 represents the standard atmospheric
pressure.
The ultimate governing equation of gas ﬂow is derived by
substituting equations (26)–(28) in equation (25):
2pβ⎡⎣

ϕ
ρ pa2 a
a a ρ zp
k
− s 2 1 2 + 2 1 s ⎤⎦ − ∇ · 2pβ ∇p � Qy.
p0 2 pa2 + 1 pa2 + 1 zt
μg

(29)

β

ϕ
k � k0   exp D · αD ,
ϕ0

(24)

where k0 represents the initial permeability in zero-stress
state, αD is the damage-permeability eﬀect coeﬃcient of 5.0,
and β is the index coeﬃcient of 3. The value of D in equation
(24) can be calculated by equations (20) and (22). Through
some numerical simulation examples given below, equation
(24) can well describe the permeability damage evolution of
coal-rock mass.
3.2. Governing Equation for Gas Flow during Gas Drainage.
To describe the gas drainage process including coal-rock
mass deformation (the same as that already introduced in
Section 3.1.1) and gas ﬂow after fracturing, except for the
previous hypothesis above, the established governing
equations used to describe the gas ﬂow process are based on
the following hypotheses: (1) the coal-rock mass is completely saturated by single gas; (2) gas existed in pores is the
ideal gas, whose viscosity is kept constant; and (3) the rule of
gas ﬂow in coal-rock mass satisﬁes Darcy’s law and is
deemed as an isothermal process.
The governing equation of gas mass conservation under
isothermal state is given by [23–26]
zC
(25)
Qy � ∇ · ρg qg  + ,
zt
where Qy represents the gas sink or source and ρg is the gas
density, which is associated with gas pressure as [26, 27].
Mg p
(26)
ρg �
� pβ.
TR
qg is the vector of Darcy velocity for free-phase gas,
which is expressed using Darcy’s law with its gravity eﬀect
neglected:
k
qg � − ∇p.
(27)
μg
C is the gas content retained in coal-rock mass, which is
given by Langmuir’s formula [27, 28]:
C � β

a 2 a 1 ρs
ϕ
+ p2 .
a2 p + 1 p0

(28)

In equations (26)–(28), Mg represents gas molecular
mass, T represents the Kelvin temperature, p represents gas
pressure, R represents ideal gas constant, β represents
compressibility coeﬃcient of gas, μg represents gas kinematic viscosity coeﬃcient, k is the coal-rock mass permeability; a2 and a1 are called Langmuir’s coeﬃcients with their

In brief, two damage-ﬂow coupling processes are included in the simultaneously coupled mathematical model.
equations (7) and (13) are the governing equations with
damage-ﬂow coupling during hydraulic fracturing, and
equations (29) and (7) are governing equations with gas ﬂow
and coal-rock mass deformation coupling during gas
drainage. The inﬂuence of ﬂuids (including gas and water)
seepage on the deformation behavior is considered in
equation (7). Besides, the porosity and permeability, strongly
associated with its stress state, are considered in equations
(23) and (24). Furthermore, the inﬂuence of deformation
ﬁeld on the ﬂow behaviors of water and gas are implicit in
equations (13) and (29), respectively.

4. Numerical Implementation of
Mathematical Model
The aforementioned equations, especially equations (7), (13),
and (29), are nonlinear partial diﬀerential equations, and
their analytical solution is diﬃcult to solve in theory.
Therefore, a numerical method is used instead. The ﬂow
chart of the numerical implementation procedure of
mathematical model is presented in Figure 2, and its basic
procedure can be divided into four steps:
Step 1. After the model geometry is determined, it is then
discretized into numerous mesoscopic elements (such as
triangular or quadrilateral elements). To ensure that the
distribution of elements’ properties conforms to speciﬁc
distributions, a Monte Carlo simulation, coded by Matlab
program, is adopted to assign hydraulic or mechanical
property of coal-rock mass [14]. Meanwhile, to guarantee
the static response of numerical model, prescribed
boundary stress is divided into discrete stress increment,
which is gradually loaded on the boundary of numerical
model.
Step 2. For each stress increment, a fully coupled solution is
executed using the Comsol solver [29] to solve governing
equations (7) and (13), and the solution results of each element’s strain and eﬀective stress are stored for the next step.
Step 3. The damage state of each element is judged by
substituting the stored eﬀective stress into equations (14)
and (15). If it is in damage state, the value of D on each
element node is calculated using equations (17)–(22).
Furthermore, the elastic modulus E and permeability k with
damage on each element node are calculated by equations
(16) and (24), thus forming a new ﬁnite element model with
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Start

Initialization
(1) Generate mesoscopic elements for model geometry
(2) Assign heterogeneity of mechanical or hydraulic parameters
(3) Divide prescribed stresses and apply initial conditions

Add a stress increment

Fully coupling calculation using COMSOL solver based on governing
equations (7) and (13) (during fracturing) or (29) (after fracturing)

(1) Compute the damage variable D
(2) Update mechanical and hydraulic
properties

Is there new damaged element?

Yes

No

Add next stress increment

End of solution of hydraulic fracturing simulation, and the start of gas ﬂow solution after fracturing
(1) Assign initial damage, elastic modulus etc. according to the simulation results of hydraulic
fracturing and assign related hydraulic-mechanical parameters of gas
(2) Apply initial and boundary conditions

End

Figure 2: Flow chart of the numerical implementation procedure of mathematical model.

updated mechanical and hydraulic properties. Then, steps
(2) and (3) are repeated to check the stress condition of
each element. A new stress increment is loaded unless the
given convergence criterion is reached, namely, ||(Di+1 −
Di)/Di+1||∞ < 1 × 10−5, where D is the matrix of damage
variable and i denotes the computation step of numerical
model.
Step 4. According to the characteristic of damage and hydraulic and mechanical properties after hydraulic fracturing,
another fully coupled solution is executed using Comsol
solver according to governing equations (7) and (29), and
then, the change of pore pressure with time can be obtained.
As illustrated in Figure 2, only the dotted portion represents

the computation procedure for the gas ﬂow during gas
drainage after hydraulic fracturing.
In brief, the proposed procedure is coded into a Matlab
program to calculate the related damage variables in constitutive relation and partly uses Comsol solver to obtain
solutions of governing equations with damage-ﬂow
coupling.

5. Numerical Model Validation and a Case Study
5.1. Validation of Mathematical Model and Procedures. In
order to verify the numerical model, two numerical examples are presented. The ﬁrst example is a single solid
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R4
σ − σh
σ θ � 3 4 + 1 v
cos 2θ
r
2
(30)
R2
σ + σh
R2
+  2 + 1 v
 − 2 σn,
r
2
r
where R is the distance between point location and borehole
center, r is borehole radius, and θ is the intersection angle
from horizontal stress, as shown in Figure 4.
As the value of σ v is greater than σ h, it can be concluded
that σ θA < σ θB. Thus, the Point A is the position where tensile
damage could occur ﬁrst, and its critical pressure is calculated as σ n � 3σ h − σ v + σ t . The numerical simulation results
indicates that a initial damage occurs at Point A when the
borehole wall pressure σ n reaches 21.40 MPa, which agrees
well with the theoretical solution of 21.45 MPa. Additionally,
the tensile yielded elements using Phase2 software are also
consistent with the damaged elements using the method in
this paper, as shown in Figure 5. The aforementioned results
validate the eﬀectiveness of the mathematical model and its
numerical procedure presented in this paper.
Example 2 The geometry and deﬁnite conditions of numerical model for the second example are shown in Figure 6.
Two models, whose homogeneity indexes are 20 and 1000,
are established in this example. Related coal-rock mass
parameters used are listed in Table 2. The upper boundary
stress σ v and horizontal boundary stress σ h applied are
15.45 MPa and 10.3 MPa, respectively. The original water
pressure p is 0 MPa, and the pressurization rate of borehole
wall is set to 0.5 MPa/step to analyze damage evolution of
hydraulic fracturing considering ﬂow-damage coupling.
For the homogeneous model with homogeneity index of
m � 1000, the simulation results show that if hydraulic
pressure p reaches 13.5 MPa, two nearly straight cracks
(represented by damaged elements) occur, whose propagation directions are approximately perpendicular to

σn

σh

300 mm

Figure 3: Geometry and boundary conditions of numerical model.

Table 1: Parameters of coal-rock mass for numerical calculation.
Parameters
Poisson’s ratio v
Elastic modulus E
Tensile strength ft

Values
0.25
6 GPa
6 MPa

Parameters
Homogeneity index m
Internal friction angle φ
Compressive strength fc

Values
1000
30°
60 MPa

(GPa)
6.02

6.00

R

Example 1. Figure 3 presents the numerical model geometry
and its boundary conditions for the ﬁrst example. The related coal-rock mass parameters used are shown in Table 1.
The upper boundary stress σ v and horizontal boundary stress
σ h applied on model are 15.45 MPa and 10.3 MPa, respectively. The initial borehole wall pressure σ n is 0 MPa, and
the pressurization rate is set to 0.1 MPa/step to analyze the
initial damage evolution.
The distribution diagram of initial elastic modulus with
homogeneity indexes of 1000 is shown in Figure 4 (only the
mechanical heterogeneity is examined here). As seen from
Figure 4, the values of elastic modulus in entire computation
domain range from 5.94 GPa to 6.02 GPa, and their deviations from the average value of 6 GPa are relatively small;
thus, it can be assumed as a homogeneous material.
According to elastic mechanics, the circumferential
stress surrounding borehole can be deﬁned [30]:

300 mm

σv

model without considering ﬂow-damage coupling. The
second example analyzes the damage evolution of hydraulic
fracturing considering ﬂow-damage coupling.

A

r

θ
B

C
5.97

5.94

Figure 4: Distribution diagram of initial elastic modulus (m �
1000).

horizontal stress direction. There are two classical equations
currently used to estimate the breakdown pressure under far
ﬁeld stress condition. One is the Hubbert–Willis (H-W)
equation, which is applied in impermeable coal-rock mass
where the injecting ﬂuid cannot penetrate into the borehole wall, while the other is the Haimson–Fairhurst (H-F)
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Damage
variable

Yielded elements
(percent)
0

Tensile yielded
elements

Tensile damaged
elements

0.14
0.12

25

0.1
0.08

50

0.06
0.04

75

0.02
100
–0.01 –0.005

0

0.005

0.01

0.015

–0.01 –0.005

0

(a)

0.005

0.01

0.015

0

(b)

Figure 5: Tensile yielded elements or damaged elements surrounding borehole. (a) Yielded elements using Phase2 software. (b) Damaged
elements using method in this paper.
σv

equation, which is applied in permeable coal-rock mass
where the injecting ﬂuid can permeate into the borehole wall
[14]. The two diﬀerent equations are as follows:

p=0

pHF �

p=0

300mm

p=0

300 mm
p=0

Figure 6: Deﬁnite and geometry conditions for numerical
simulation.
Table 2: Parameters of coal-rock mass and water for numerical
calculation.
Values

(31)
(32)

σh

pHW � ft − σ H + 3σ h − p0 ,

p = p (step)

Parameters

−ft − 3σ h + σ H + 2p0
+ p0 ,
2η − 2

Parameters
Values
Initial
Poisson’s ratio v
0.33
3 × 10−18 m2
permeability k0
Elastic modulus E 3.35 GPa Initial porosity ϕ0
0.05
Residual porosity
Internal friction
°
30
0.01
ϕr
angle φ
Compressive
Water dynamic
40 MPa
3.55 × 10−4 Pa·s
strength fc
viscosity μw
Bulk modulus
Tensile strength ft 3 MPa
2.5 × 109 Pa
of water βl
Homogeneity
1000, 20 Biot coeﬃcient α
0.8
index m

where pHF is the breakdown pressure calculated by the
H-F equation, pHW is the breakdown pressure calculated
by the H-W equation, σ h denotes minor horizontal stress,
σ H denotes maximum horizontal stress, p0 denotes
original water pressure existed in coal-rock mass, and
η � α(2v − 1)/(2v − 2).
According to equations (31) and (32), the theoretical
solutions for the permeable and impermeable coal-rock
mass are 11.6 MPa and 18.45 MPa, respectively. It is
worth noting that the breakdown pressure, calculated by
equation (31) or (32), is on the basis of a tensile strength
criterion. Namely, when the circumferential stress on
borehole equals its coal-rock mass tensile strength, a
breakdown that leads to full failure of coal-rock mass would
occur. However, engineering practices indicate that the
propagation of hydraulic cracks would keep stable unless the
ﬂuid pressure applied on borehole wall is increased to another critical pressure [11, 12]. Thus, the pressure estimated
using equation (31) or (32) can be regarded as the fracture
initiation pressure instead of the breakdown pressure of
coal-rock mass. Moreover, as H-F equation and H-W
equation represent the theoretical solution of fracture initiation pressure for permeable coal-rock mass and impermeable coal-rock mass, they should be regarded as the lower
and upper limit values for fracture initiation pressure, respectively. Simulated fracture initiation pressure of 13.5 MPa
is between the lower limit (11.6 MPa) and upper limit
(18.45 MPa), and the simulated fracture initiation pressure
approaches the lower H-F solution due to the reason that
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both the models have considered the ﬂuid seepage inﬂuence
on stress, which also demonstrates the excellent performance of the numerical model and its numerical procedure.
Figure 7 presents the distribution diagram of initial
elastic modulus with homogeneity index of 20.
As illustrated in Figure 7, the values of elastic modulus in
the entire computation domain range from 2.00 GPa to
3.88 GPa, and their deviations from the average value of
3.35 GPa are relatively large; thus, it can be assumed as a
heterogenous material. The result shows that the Monte
Carlo simulation can be used to numerically produce a
heterogeneous coal-rock mass model.
To analyze the eﬀect of homogeneity index on stress
distribution within coal-rock mass, Figure 8 presents the
distribution diagram of the ﬁrst principal stress with homogeneity indexes of 1000 and 20. As illustrated in Figure 8,
the stress distribution of the heterogenous model would
exhibit discontinuity and roughness with respect to the
homogeneous model under the same condition. The reason
for this is that grains and defects are randomly distributed in
coal-rock mass with lower homogeneity index; when the
coal-rock mass is loaded, the distributions of inner stress
would be nonuniform due to the behavior diﬀerences of
deformations and force transfer of rock constitutes; when
local stress concentrations occur, it would cause the propagation of local microcracks, thus changing the failure mode
of coal-rock mass.
For a heterogeneous model with homogeneity index of m
� 20, simulation results show that when hydraulic pressure p
in borehole reaches 12 MPa, two nearly straight cracks occur
(represented by damaged elements), whose propagation
directions are approximately perpendicular to the horizontal
stress direction, as shown in Figure 9.
As shown in Figure 9, a loading process is represented by
notation of “Step 12_25,” in which “12” denotes the hydraulic pressure of 12 MPa applied at borehole wall and “25”
represents the iteration number in a load increment under
current hydraulic pressure. It can be understood that when
the initial crack occurs under speciﬁc hydraulic pressure, the
water ﬂows into the crack, the equilibrium state is disturbed,
the mechanical and hydraulic properties need to be updated,
and then the coupling calculation should be calculated again
to obtain a new convergence state. The numerical simulation
results show that fracture initiation pressure of 12 MPa with
homogeneity index of 20 is lower than that of 13.5 MPa with
homogeneity index of 1000. As mentioned above, with the
increase of m, the material would become more homogeneous, thus leading to a higher strength of material. In short,
to accurately depict the crack initiation and evolution during
coal-rock mass fracturing, it is necessary to consider realistic
heterogeneity of coal-rock mass for engineering practice of
hydraulic fracturing.
The whole evolution of hydraulic cracks (represented by
damaged elements) in coal-rock mass with homogeneity
index of 20 is shown in Figure 10. As illustrated in Figure 10,
the whole evolution process can be divided into three steps,
namely, the initiation process (Figure 10(a)), propagation
process (Figures 10(b) and 10(c)), and coalescence process
(Figure 10(d)).
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(GPa)
3.8

3.4

3.0

2.6

2.2

Figure 7: Distribution diagram of initial elastic modulus (m � 20).

As can be seen from Figures 9 and 10, the initial cracks
occur when the pressure on borehole wall reaches the
fracture initiation pressure, but hydraulic cracks do not keep
propagating only if the pressure on borehole wall is increased. When the pressure on borehole wall increases to an
extent, hydraulic cracks propagate unsteadily until the
failure of coal-rock mass reaches. Thus, it can be inferred
that for heterogenous coal-rock mass, even if hydraulic
cracks resulting from increasing pressure on borehole wall
are initiated, they do not immediately result in full failure of
coal-rock mass, which also demonstrates that the breakdown
pressure is not consistent with fracture initiation pressure.
As the evolution of hydraulic fractures, the hydraulic
pressure is increased. In other words, the breakdown
pressure mass is greater than its fracture initiation pressure,
which is meaningful to comprehend the instability mechanism of practical coal-rock mass engineering induced by
fracturing [12, 31]. Based on the aforementioned results, it
can be seen that the mathematical model and its procedure
proposed are able to accurately describe the mechanical
processes during hydraulic fracturing.

5.2. Numerical Simulation Study on a Case. A numerical
model of hydraulic fracturing with two boreholes for enhancing gas drainage is built according to an engineering
practice of Nantong mine district in China [32]. The parameters used for numerical calculation are shown in Table 3. The deﬁnite conditions and geometry for the
numerical model are presented in Figure 11.
The borehole 1 or borehole 2 is called the fracturing
borehole as it is used for fracturing, while other boreholes
are called control boreholes (as illustrated in Figure 11),
whose aim is to make the hydraulic fracture easily propagate
to the directions of them [33–35]. It is understood that
strengths of surrounding coal-rock mass of control boreholes would decline after they have been excavated; thus,
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(a)

(b)

Figure 8: Distribution diagram of the ﬁrst principal stress. (a) m � 1000. (b) m � 20.
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Figure 9: Distribution of initial cracks around borehole (p � 12 MPa). (a) Step 12_01. (b) Step 12_25. (c) Step 12_50. (d) Step 12_99.
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Figure 10: Distribution diagram of cracks evolution during hydraulic fracturing process (m � 20). (a) Step 12_99. (b) Step 14_55. (c) Step
15.5_28. (d) Step 18.5_9.

Table 3: Parameters for the numerical calculation.
Material parameters
Elastic modulus E
Poisson’s ratio v
Uniaxial compressive strength fc
Internal friction angle φ
Uniaxial tensile strength ft
Homogeneity index m
Langmuir coeﬃcient a1
Coal density ρs
Gas dynamical viscosity μg

Values
3.35 GPa
0.33
40 MPa
30°
3 MPa
1.5
4 × 10−2 m−3·kg−1
1.25 × 103 kg·m−3
1.84 × 10−5 Pa·s

they can be regarded as weak parts in coal-rock mass during
fracturing. Two simultaneously coupled processes are involved in this case, one is the seepage-damage coupling
process during hydraulic fracturing, and the other is gas ﬂow

Material parameters
Initial permeability k0
Initial porosity ϕ0
Residual porosity ϕr
Water dynamic viscosity μw
Bulk modulus of water βl
Biot coeﬃcient α
Langmuir coeﬃcient a2
Compressibility coeﬃcient of gas β
Initial gas pressure pw

Values
3 × 10−18 m2
0.05
0.01
3.55 × 10−4 Pa·s
2.5 GPa
0.8
8 × 103 Pa−1
1.18 × 10−5 kgPa−1·m−3
2.1 MPa

process in damaged coal-rock mass during gas drainage.
Therefore, the numerical simulation results and corresponding analysis are divided into two parts. Part 1 is the
simulation of hydraulic fracturing with two boreholes, and
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pw (step)

I

σh = 7.5MPa

I

12 m

I

∂p/∂x = 0

Borehole 5

Borehole 2

would be larger than that of other directions, then the
cracks exhibit deﬂection tendency to each other due to the
eﬀect of local pore pressure, which would also increase the
coalesce velocity of two cracks. When the hydraulic
pressure reaches 24 MPa (namely, 17 minutes) in
Figure 12(d), the two fracturing boreholes are connected
through hydraulic cracks. It can be seen from the aforementioned simulation results that the initial ground stress
of coal-rock mass and local pore pressure gradient combine to inﬂuence the crack propagation direction. Because
the dominated directions of initial ground stress and local
pore pressure gradient are almost identical in this case, the
control boreholes seem to have no eﬀect in this study. It
could be inferred that if a rational layout of multiple
boreholes is designed, then hydraulic pressures resulting
from injected ﬂuid in boreholes can be applied to generate
an appropriate gradient of pore pressure to control the
trajectory of fracture propagation.

12 m

Figure 11: Geometry and deﬁnite conditions of numerical model.

part 2 is the simulation of gas ﬂow during gas drainage based
on the studies of part 1.
Part 1. The initial hydraulic pressure applied at walls of
fracturing boreholes are both 7 MPa, while the hydraulic
pressures of control boreholes are 0 MPa, and both the
vertical and horizontal distances between two boreholes are
3 m, as shown in Figure 11. The pressurization rates of
fracturing boreholes are set to 0.5 MPa/step (for transient
analysis, 1 step represents 0.5 minutes in this case) to analyze
the damage evolution. The simulation results show that
when hydraulic pressure p reaches 8 MPa, two straight initial
cracks occur (represented by damaged elements), whose
propagation directions are perpendicular to the horizontal
stress direction, as shown in Figure 12(a). Moreover, the
whole initiation, propagation, and coalescence of hydraulic
cracks (represented by damaged elements) and their corresponding pore pressure evolution during hydraulic fracturing process are presented in Figure 12.
In the present case, the lateral coeﬃcient σ h/σ v is set to
0.5. Most of the cracks propagate parallel to the orientation
of vertical stress during primary process of hydraulic
fracturing (Figure 12(a)); no larger deﬂection occurs,
which demonstrates that extension direction of hydraulic
cracks is dominated by initial ground stress of coal-rock
mass but not the control holes [33]. As the computation
step increases (namely, increase of hydraulic pressure and
time), the eﬀective stresses increase, and the cracks further
propagate under the water wedge with high pressure
(Figure 12(b)); the damage extent nearby the zones of
crack tip is increased largely, which could greatly increase
the permeability of coal-rock mass, thus providing a high
ﬂow channel for gas seepage after fracturing. When the
distance of hydraulic cracks surrounding borehole 1 and 2
reduces to an extent (Figure 12(c)), the pore pressures on
the crack propagation paths of two fracturing boreholes

Part 2. After fracturing, based on the simulation results of
“Step 14.5_3” in the ﬁrst part, a fully coupling simulation
based on governing equations (7) and (29) is conducted. The
original gas pressure in solution domain is 2.1 MPa, the
negative pressures in gas drainage boreholes is 20 KPa, and
related parameters of this numerical computation are presented as shown in Table 3. In China, gas pressure of coalrock mass is used to evaluate gas outburst risk. Therefore,
compared with gas drainage in coal-rock mass without
hydraulic fracturing, if the gas pressure can be reduced to a
larger extent through gas drainage after hydraulic fracturing,
then measure of hydraulic fracturing is deemed to be effective. The distribution diagram of gas pressure under
varying gas drainage times is presented in Figure 13.
As seen in Figure 13, due to the initial nonuniform
distribution of hydraulic cracks after fracturing, the initial
permeability of coal-rock mass would also exhibit nonuniform distribution, thus resulting in the nonuniform
distribution of gas pressure.
The curves for gas pressure under varying gas drainage
times on the I-I survey line and II-II survey line (as shown in
Figure 11) are presented in Figure 14.
Moreover, the curves for gas pressure distribution on the
vertical fracture path during gas drainage in borehole 1 are
presented in Figure 15.
It can be seen from Figures (13)–(15) that as gas drainage
time increases, gas pressure surrounding fracturing boreholes would decline gradually, and the inﬂuence regions of
gas drainage increase gradually; the decrease degree of gas
pressure on the path of fracture propagation is greater than
that of other directions; the distributions of gas pressure
surrounding fracturing boreholes are extremely nonuniform, which indicate that the gas pressure of damaged
zones declines signiﬁcantly compared with the undamaged
zones; and the gas pressure with a distance of 0.5 m from
center of fracturing borehole 1 is 1.5 MPa, while the gas
pressure with the same distance from center of control
borehole 5 is 2.05 MPa, indicating that the reduction rate of
gas pressure has increased by 27% due to hydraulic fracturing. In summary, after hydraulic fracturing, pore-ﬁssure
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Figure 12: Evolution process of pore pressure (ﬁgure on left side) and cracks (ﬁgure on right side). (a) Step 9.5_45 (t � 2.5 min). (b) Step
14.5_3 (t � 7.5 min). (c) Step 19.5_23 (t � 12.5 min). (d) Step 24_9 (t � 17 min).
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Figure 14: Curves for gas pressure under varying gas drainage times on survey lines. (a) Horizontal survey line. (b) Vertical survey line.

structures within coal-rock mass can be improved, there
would exist a gas migration channel with characteristics of
lower stress and higher permeability, which demonstrate
that hydraulic fracturing has signiﬁcant inﬂuences on improving the coal-rock permeability and thus enhancing
eﬀectiveness of gas drainage.

6. Conclusions
It is important to investigate mechanism of how hydraulic
fracturing inﬂuences gas drainage in coal-rock mass. In
present work, the method for heterogeneity assignment of
material properties is proposed; a novel simultaneously
coupled mathematical model with ﬂow-damage coupling is
established and its numerical implementation procedure is
also proposed; then two examples are presented to validate

their eﬀectiveness; and ﬁnally, numerical simulation of an
engineering case on hydraulic fracturing in coal-rock mass
to improve gas extraction is presented. The obtained conclusions are as follows:
(1) Monte Carlo simulations can be used to numerically
produce a heterogeneous coal-rock mass model
including heterogeneity of hydraulic and mechanical
properties. To accurately depict the crack initiation
and evolution during hydraulic fracturing, it is
necessary to consider realistic heterogeneity of coalrock mass for engineering practice of hydraulic
fracturing.
(2) Simulation results of two numerical examples indicate that the simultaneously coupled mathematical
model and its numerical implementation procedure
proposed can be used to describe the fully coupled
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hydraulic fracturing processes including seepagedamage coupling.
(3) Simulated fracture initiation pressure is between H-F
equation and H-W equation, and it approaches
lower H-F equation as two models both have considered seepage inﬂuence on stress. The higher the
homogeneity index, the greater the fracture initiation
pressure. For heterogenous coal-rock mass, breakdown pressure is greater than fracture initiation
pressure, which is meaningful to understand the
hydraulic fracturing mechanism in practical coalrock mass engineering.
(4) The engineering case of hydraulic fracturing with
two boreholes for improving gas drainage shows that
decreased degree of gas pressure on fracture propagation path is greater than that of other directions;
the gas pressure of damaged zones declines signiﬁcantly compared with the undamaged zones; the
reduction rate of gas pressure surrounding borehole
has increased after fracturing; the pore-ﬁssure
structure of coal-rock mass is improved, and there
exists a gas migration channel with characteristics of
lower stress and higher porosity, which is the main
mechanism of hydraulic fracturing on increasing
coal-rock permeability and enhancing gas drainage.
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Constitutive eﬀect is extremely important for the research of the mechanical behavior of surrounding rock in hydraulic fracturing
engineering. In this paper, based on the triaxial test results, a new elastic-peak plastic-softening-fracture constitutive model
(EPSFM) is proposed by considering the plastic bearing behavior of the rock mass. Then, the closed-form solution of a circular
opening is deduced with the nonassociated ﬂow rule under the cavity expansion state. Meanwhile, the parameters of the loadbearing coeﬃcient and brittles coeﬃcient are introduced to describe the plastic bearing capacity and strain-softening degrees of
rock masses. When the above two parameters take diﬀerent values, the new solution of EPSFM can be transformed into a series of
traditional solutions obtained based on the elastic-perfectly plastic model (EPM), elastic-brittle plastic model (EBM), elasticstrain-softening model (ESM), and elastic-peak plastic-brittle plastic model (EPBM). Therefore, it can be applied to a wider range
of rock masses. In addition, the correctness of the solution is validated by comparing with the traditional solutions. The eﬀect of
constitutive relation and parameters on the mechanical response of rock mass is also discussed in detail. The research results show
that the fracture zone radii of circular opening presents the characteristic of EBM > EPBM > ESM > EPSFM; otherwise, it is on the
contrast for the critical hydraulic pressure at the softening-fracture zone interface; the postpeak failure radii show a linear decrease
with the increase of load-bearing coeﬃcients or a nonlinear increase with the increasing brittleness coeﬃcient. This study indicates
that the rock mass with a certain plastic bearing capacity is more diﬃcult to be cracked by hydraulic fracturing; the higher the
strain-softening degree of rock mass is, the easier it is to be cracked. From a practical point of view, it provides very important
theoretical values for determining the fracture range of the borehole and providing a design value of the minimum pumping
pressure in hydraulic fracturing engineering.

1. Introduction
The stresses and plastic zone distribution of the circular
opening are extremely important for evaluating the tunnel
stability and hydraulic fracturing eﬀect in underground
engineering. However, the mechanical response of the
surrounding rock is closely related to rock mass lithology. In
fact, the constitutive relation of diﬀerent lithology rock
masses generally shows obviously diversity and complexity
under the eﬀect of internal ﬁssures, joints, components,
and external environment. Therefore, it is diﬃcult to choose

a certain simpliﬁed constitutive equation to study this
problem [1–4]. In the early stage, the elastoplastic analysis of
the circular opening was ﬁrstly investigated by Fenner and
then corrected by Kastner. However, they regarded the rock
mass as the elastic-perfectly plastic material (EPM). It is
obviously not reasonable for the brittle plastic and strainsoftening rock masses. In recent years, as shown in Figure 1,
many studies have been carried out by using the elasticbrittle plastic model (EBM), elastic-strain-softening model
(ESM), and elastic-peak plastic-brittle plastic model (EPBM)
with the associated and nonassociated ﬂow rule [5–9].

σ1–σ3
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σ1–σ3
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Figure 1: Simpliﬁed traditional constitutive models. (a) Elastic-plastic model (EPM). (b) Elastic-brittle-plastic model (EBM). (c) Elasticstrain-softening model (ESM). (d) Elastic-peak plastic-brittle plastic model (EPBM).

Nevertheless, each constitutive model has its own application scope. The EBM applies only to the poor-quality rock
mass, while ESM is suitable for average-quality rock mass
and EPM for high-quality rock mass [10–15]. In addition,
EPBM is suitable for the brittle rock masses with a certain
plastic bearing capacity [16–18]. In fact, many strainsoftening rock masses also show a certain plastic bearing
behavior after load peak.
As shown in Figure 2, the silty mudstone and marble
were, respectively, taken from the Yangzhuang coal mine,
Wushan, and Ya’an area of China. A large number of rock
masses ﬁrstly showed the strain-softening characteristics
after the peak plastic zone and then entered the fracture
stage. Therefore, according to the total stress-strain curve,
the rock mass approximately experienced four stages in the
process of the triaxial test. That is elastic, peak plastic,
softening, and fracture stages. Then, the elastic-peak plasticsoftening-facture constitutive model (EPSFM) was proposed
in this paper and then applied to the engineering practice.
Most of the above investigations focus on the compression problems of the circular opening. However, the
problems of cavity expansion have also attracted much attention in geotechnical engineering with the application to
wellbore instability, coal-gas exploration, and hydraulic
fracturing [3, 4, 19, 20]. Actually, the circular opening expansion is mainly applied in the hydraulic fracturing, which
has been widely used in the hard roof fracturing, coalbed
methane extraction, and in situ stress measurement.
Since the early 1950s, numerous analytical solutions to
the circular opening expansion have been studied in materials and geotechnical engineering. For instance, Gibson
and Anderson applied the cavity expansion theory to in situ
measurement of soil properties with the pressure meter test
[19]. Li et al. obtained the closed-form solution for the
hydraulic fracturing borehole, which was only applied to
hard rock, depending on the elastic fracture theory [20].
Bishop and Mott derived the quasistatic expansion equations
of cylindrical cavities in an inﬁnite medium and applied it to
the materials processing [21]. Cheng discussed the errors
arising from the assumption of small displacement around
the cavity with no volume change in the plastic zone and
modiﬁed Kastner’s formula for cylindrical cavity contraction
and expansion in the Mohr–Coulomb rock masses [22]. Li
et al. derived the stresses and plastic zone radii of the circular

borehole excavated in the strain-softening coal seam by
considering contraction and expansion problems [23].
In this paper, based on the triaxial test results, a new
elastic-peak plastic-softening-fracture constitutive model
(EPSFM) is ﬁrstly proposed and then used to study the
borehole expansion problems in underground engineering.
Furthermore, the validity of this solution is veriﬁed by
comparing with a series of traditional solutions based on
EBM, EPM, ESM, and EPBM. Finally, the inﬂuences of the
parameters and constitutive models on the mechanic responses of rock mass are discussed in detail.

2. Problem Description
2.1. Establishment of EPSFM. As shown in Figure 3, a
borehole with the inner radius R0 drilled in an inﬁnite,
isotropic, and homogeneous EPSFM rock masses is subjected to an inner hydraulic pressure pin at r � R0 and
hydrostatic pressure p0 at inﬁnite boundary. Originally, the
surrounding rock is in the elastic state. As pin gradually
increase, the peak plastic ﬁrstly occurs around the borehole
when pin is more than the initial yield stresses. The stage is
not an inﬁnite extension whose range should be restricted by
some factors. In this paper, assuming the plastic shear strain
increment of the peak plastic zone reaches a certain value,
the surrounding rock of the borehole will enter the softening
stage in which the strength parameters gradually decrease.
Until a residual value is reached, the surrounding rocks start
to enter the fracture stage. Finally, it will have four zones
around the borehole that is elastic zone, peak plastic zone,
softening zone, and fracture zone. Meanwhile, the radius of
peak plastic, softening, and fracture zones are, respectively,
denoted as R3 , R2 , and R1 . The mechanical model should
satisfy the following assumption conditions:
(i) The borehole is drilled in an inﬁnite geological body, so
the problem can be regarded as a plane strain problem
(ii) The total strain of the postpeak failure zone only
consists of plastic strain and the eﬀect of elastic strain
is ignored
For axisymmetric plane strain problems, when pin > p0 ,
the hoop stress σ θ and radial stress σ r are, respectively, the
minimum and maximum principal stresses; εθ and εr are the
minimum and maximum principal strains, respectively
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Figure 2: The total stress-strain curves by diﬀerent lithology rock masses. (a) Silty mudstone from Yangzhuang coal mine. (b) Silty
mudstone from Wushan. (c) Marble from Ya’an area of China.
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[20, 21]. Supposing that the rock mass satisﬁes the linear
Mohr–Coulomb yield criteria, the stress-strain relation at
any postpeak stages can be expressed as follows [22, 23]:
σ r � Kσ θ + σ cc ,
(1)
σ r � Kσ θ + σ c εr ,

(2)

σ r � Kσ θ + σ RR ,

(3)

where σ cc and σ RR are, respectively, the initial uniaxial
compressive strength and residual compressive strength,
σ cc � 2c3 cos φ/(1 − sin φ), σ RR � 2c1 cos φ/(1 − sin φ); c3
and c1 are, respectively, initial and residual cohesion of rock
mass; and K is a constant which is related to the strength
parameter φ, K � (1 + sin φ)/(1 − sin φ).
2.2. Basic Equations and Boundary Condition. For the
axisymmetric plane strain problems, the equilibrium

diﬀerential equation in the “i” zone can be expressed as
follows (ignoring the body force) [7, 9]:
dσ ri σ ri − σ θi
+
� 0,
dr
r

(4)

where σ ri and σ θi are the radial and hoop stresses in the “i”
zone, respectively. The subscript symbol “i” represents
diﬀerent zones of surrounding rock, which can be replaced
by the numbers “0, 1, 2, and 3.”
Based on the supposition of small deformation, the
geometric equation for the axisymmetric plane strain
problem can be denoted as [12, 13]
εri �

duri
,
dr

u
εθi � ri ,
r

(5)
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where εri and εθi are the radial and hoop strains in the “i” zone,
respectively, and uri represents the radial displacement.
Supposing that the volume of rock mass is changing, the
relationship between hoop strain εθi and radial strain εri can
be established by adopting a nonassociated ﬂow rule and
small strain theory as follows [22, 23]:
εθi + βi εri � 0,

(6)

where βi � (1 + sin ψ i )/(1 − sin ψ i ) and ψ i is the dilatancy
angle.
Both the radial stress and radial displacement should be
continuous at the elastic-peak plastic, peak plastic-softening,
and softening-fracture zone interfaces. Therefore, the
boundary conditions around the borehole can be summarized as
r � R0 , σ r0 � pin ,
⎪
⎧
⎪
⎪
⎪
⎪
⎪
r � R1 , σ r0 � σ r1 , ur0 � ur1 ,
⎪
⎪
⎨
r � R2 , σ r1 � σ r2 , ur1 � ur2 ,
⎪
⎪
⎪
⎪
⎪
r � R3 , σ r2 � σ r3 , ur2 � ur3 ,
⎪
⎪
⎪
⎩
r ⟶ ∞, σ r3 � p0 .

(7)

3.1. Stresses and Displacement of Elastic Zone. Based on the
elasticity theory, the solution of a thick-walled cylinder
under hydrostatic pressure can be easily obtained. The
stresses and displacement for the elastic zone can be
expressed as [18, 23]
R23
,
r2

(8)

σ θ3 � p0 −pexp min − p0 

R23
,
r2

(9)

ur3 � A0

(10)

where pexp min is the minimum critical inner hydraulic
pressure at elastic-peak plastic zone interface; A0 � (1 + ])
(p0 − pexp min )/E; and E and ] are Young’s modulus and
Poisson’s ratio.
For the borehole expansion problem, both radial
and circumferential stresses satisfy the Mohr–Coulomb
yield criteria at the elastic-peak plastic zone interface.
Hence, the parameters pexp min can be easily deduced by
substituting equations (8) and (9) into equation (1) as
follows:
pexp min

dσ ri (1 −(1/K))σ ri + σ jj /K
� 0,
+
r
dr

(12)

K−1−1
⎪
⎧
⎪
σ cc
r
σ
⎪
⎪
σ r2 � pexp min +
− cc ,
 
⎪
⎪
K − 1 R3
K−1
⎪
⎪
⎨
⎪
⎪
⎪
K−1−1
⎪
⎪
σ cc
r
σ
⎪
−1
⎪
⎪
σ
�
K
p
+
− cc .




⎩ θ2
exp min
K−1 R
K−1

(13)

3

σ r3 � p0 + pexp min − p0 

2Kp0 + σ cc
.
�
1+K

3.2. Stresses Distribution of Peak Plastic and Fracture Zones.
When the inner hydraulic pressure remains at a certain
value, the surrounding rock of the borehole is in the stress
equilibrium state in the peak plastic and fracture zones.
Therefore, the principal stresses should satisfy the equations
(1) and (4) in the peak plastic zone or equations (3) and (4) in
the fracture zone.
In the above two zones, the equilibrium diﬀerential
equation can be rewritten by substituting equation (1) or
equation (3) into equation (4) as follows:

where σ jj equals to σ cc in the peak plastic zone or equals to
σ RR in the fracture zone.
Solving equation (12), the stresses in the peak plastic
zone can be obtained by combining with the boundary
condition (σ r2 )r�R3 � pexp min :

3. Closed-Form Solution of EPSFM

R23
,
r
R2
εr3 � −A0 23 ,
r
R23
εθ3 � A0 2 ,
r

Considering the boundary condition (ur(i−1) )r�Ri �
(uri )r�Ri by equation (7), the radial displacement and strains
in the postpeak failure zones can be easily deduced based on
the small deformation supposition and volume expansion
assumption by substituting equation (5) into equation (6).
The calculation results are shown in Table 1.

(11)

Meanwhile, the stresses in the fracture zone can be also
easily deduced by considering (σ r0 )r�R0 � pin :
K−1−1
⎪
⎧
⎪
σ RR
r
σ
⎪
⎪
σ
�
p
+
−  RR ,
⎪
⎪ r0  in K − 1R0 
K
−1
⎪
⎪
⎨
⎪
⎪
⎪
K−1−1
⎪
⎪
σ RR
r
σ
⎪
−1
⎪
⎪ σ θ0 � K pin + 
−  RR .
  
⎩
K−1
K−1
R

(14)

0

3.3. Stresses Distribution of Softening Zone. By considering
the condition σ c (εr1 ) � σ cc at r � R2 and dσ c � λd(εr1 ), the
compressive strength in the softening zone can be obtained
as
1+β−1
2

σ c εr1  � σ cc � α(1 + v)pexp min − p0 β−1
1 R3

−β−1
2 −1

R2

−1

· ⎡⎣

R2 1+(β1 −1) ⎤⎦
,

r
(15)

where α � λ/E, which can be deﬁned as a brittleness coeﬃcient and represents the strain-softening degree of rock
mass and λ may be called the strain-softening modulus.

Advances in Civil Engineering

5

Table 1: Radial displacement and strain of the postpeak failure zones.
State

Calculated variable
Displacement, uri

Expansion

Radial strain, εri
Hoop strain, εθi

Peak plastic zone

Softening zone

Fracture zone

−1
1+β−1
A0 R3 2 r−β2
−1
1+β−1
2
−A0 β−1
r−β2 −1
2 R3
−1
−1
1+β
A0 R3 2 r−β2 −1

−1
1+β−1 β−1−β−1
A0 R3 2 R21 2 r+β1
−1
1+β−1
β−1−β−1
2
−A0 β−1
R21 2 r−β1 −1
1 R3
−1
−1 −1
−1
1+β
β −β
A0 R3 2 R21 2 r−β1 −1

−1
1+β−1 β−1−β−1 β−1−β−1
A0 R3 2 R21 2 R10 1 r−β0
−1
1+β−1
β−1−β−1 β−1−β−1
2
−A0 β−1
R21 2 R10 1 r−β0 −1
0 R3
−1 −1
−1
−1 −1
−1
β −β
1+β
β −β
A0 R3 2 R21 2 R10 1 r−β0 −1

Introducing equations (2) and (15) into equation (4), the
equilibrium diﬀerential equation in the softening zone can
be deduced as

1+β−1
2

−1
−1
dσ r1
1 − K−1 σ r1 K σ cc − α(1 + ])pexp min − p0 β1 · R3
+
+
r
dr
r

The radial stress at the peak plastic-softening interface
must be coincided; thus it can be obtained by solving
equation (16) and considering the boundary condition σ r1 �
σ r2 at r � R2 :
−1

σ r1 � pexp min +

σ cc
R 1−K
σ
+ cc
 3 
K−1 r
1−K

−β−1
2 −1

R2

 R2 /r

1+β−1
1

− 1
� 0.

(16)

3.4. Radius (R3 , R2 , R1 ) of Postpeak Failure Zones. As the
inner hydraulic pressure pin gradually increasing, the surrounding rock of the borehole will experience four stages.
That is elastic stage, elastic-peak plastic stage, elastic-peak
plastic-softening stage, and elastic-peak plastic-softeningfracture stage.

−1

1+β2
αK−1 β−1
1 (1 + ])pexp min − p0  R3
+


−1
R2
β1 + K−1

−1
−1
R2 1−K
R 1+β1 ⎤⎦ αβ1 (1 + ])pexp min − p0 
+
− 2 

1−K
r
r
−1

⎣
·⎡

R
+  3
R2

1+β−1
2

−1

R 1−K
− 1.
 2 
r
(17)

Then, by introducing equations (15) and (17) into
equation (2), the hoop stress is
−1

σ θ1 �

⎨
1⎧
σ cc
R3 1−K
Kσ cc
+
+
p




exp min
⎩
K−1 r
1−K
K
+

αK−1 β−1
1 (1 + ])pexp min − p0  R3
 
−1
R2
β−1
1 +K

Δc � cB − cA � εB12 − εB32  −εA12 − εA32 

−1
−1
R2 1−K
R 1+β1 ⎤⎦ αβ1 (1 + ])pexp min − p0 
+
− 2 

1−K
r
r

·

R3

R2

1+β−1
2



R2

r

1−K−1

−1

1+β−1
2

−β−1
2 −1 ⎣
⎡

R2



where cB and cA represent the plastic shear strain at points
“B” and “A,” respectively. They can easily be determined by
the experiment. Hence, the radius of the peak plastic zone
can be obtained as
R3 � ⎡⎢⎣1 −

− 1 + α(1 + ])

· pexp min − p0 β−1
1 R3

(19)

� εr2 − εθ2 r�R0 − εr2 − εθ2 r�R3 ,

1+β−1
2

−1

⎣
·⎡

3.4.1. Elastic-Peak Plastic Stage. In this stage, the surrounding rock of the borehole only consists of elastic and
peak plastic zones. The range of the peak plastic zone
gradually increases with the increase of the inner hydraulic
pressure. As shown in Figure 3, when the plastic shear
strain increment of the peak plastic zone increases to a
particular value, the rock mass will reach the maximum
peak plastic state in which the softening zone is just not
arisen. Hence, we can deﬁne a load-bearing coeﬃcient Δc
which can be calculated by the diﬀerence of the plastic
shear strain in section “AB” of Figure 3 to describe the
plastic bearing capacity of rock mass. The parameter Δc can
be expressed as follows:

⎬
⎫
R2 1+β1
− 1⎦⎤⎭ .

r
(18)

Δc
⎤⎥⎦
A0 1 + β−1

2

1/(1+β−1
2 )

R0 � TR0 .

(20)

Presently, the middle critical inner hydraulic
pressure pexp mid at the peak plastic-softening zone interface can be solved by introducing equation (20) into
equation (13):
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pexp mid

σ
Δc
⎤⎥⎦
� pexp min + cc ⎡⎢⎣1 −
K−1
A0 1 + β−1
2 

−((K−1−1)/(1+β−1
2 ))

pexp max � pexp min +

σ
− cc .
K−1

+

−1
−1
σ cc
σ
T1−K t1−K + cc
K−1
1−K

αK−1 β−1
1 (1 + ])pexp min − p0 
β−1
1

+

K−1

(21)
−1

−1

· t1−K − t1+β1  +

3.4.2. Elastic-Peak Plastic-Softening Stage. When R3 /R0 > T,
the softening zone appears. If assuming that the surrounding
rock is in the critical state where the fracture zone is not yet
arisen, equation (20) can be rewritten as
⎢
⎣1 −
R3 � ⎡

Δc
⎤⎥⎦
A0 1 + β−1
2 

1+β−1
2

⎢
⎡ R 2 
⎣
R0

1+β−1
1

− 1⎥⎦⎤ �

R2 � TR2 .

−1

· t1−K − 1.

(25)

(22)

σ cc − σ RR
.
α(1 + ])pexp min − p0 β−1
1
(23)

Then, by substituting equation (22) into equation (23),
the softening zone radii can be expressed as
1/(1+β−1
1 )
σ
−
σ
cc
RR
⎝
⎠
⎞
R2 � ⎛
+
1
1+β−1
2
α(1 + ])pexp min − p0 β−1
1 T
· R0 � tR0 .
(24)
At this state, introducing equations (22) and (24) into
equation (17), the maximum critical inner hydraulic pressure pexp max can be calculated as follows:

−1

αβ−1
1 (1 + ])pexp min − p0  1+β−1
T 2
1−K

1/(1+β−1
2 )

By integrating equation (15), according to σ c (εr1 ) � σ RR
at r � R0 , the relationship between R3 and R2 can be obtained as follows:
R
 3
R2

−1

T1+β2

−1

3.4.3. Elastic-Peak Plastic-Softening-Fracture Stage. When
R2 /R0 > t, it means that the rock mass has entered into the
fracture stage. According to equations (22) and (24), the
relationship of R3 � TR2 and R2 � tR1 is easily deduced. In
addition, the radial stress should be consistent at the
softening-fracture zone interface. Therefore, we can obtain
σ
σ −σ
1−K−1 1−K−1
t
+ cc RR
pexp min + cc T
K−1
1−K
+

+

αK−1 β−1
1 (1 + ])pexp min − p0 
−1
β−1
1 +K

αβ−1
1 (1 + ])pexp min − p0 
1−K

− pin +

σ RR
R
 1 
K − 1 R0

−1

−1

−1

T1+β2 · t1−K − t1+β1 

−1

−1

T1+β2 t1−K − 1

K−1 −1

� 0.
(26)

Integrating equation (26), the fracture zone radius can be
obtained as follows:

−1

−1

−1

−1

−1

−1
−1
1+β2
1+β2
· t1−K − t1+β1  + αβ−1
⎨ pexp min + σ cc /(K − 1)T1−K t1−K + σ cc − σ RR /(1 − K) + αK−1 β−1
⎧
⎬
t1−K − 1⎫
1 (1 + ])pexp min − p0 /β1 + K T
1 (1 + ])pexp min − p0 /(1 − K)T
R1 � R0 ⎩
⎭
pin + σ RR /(K − 1)

1/(K−1 −1)

.

(27)
Then, the radius of peak plastic and softening zones can
also be calculated by introducing equation (27) into
R3 � TR2 and R2 � tR1 .
3.5. Discussion and Transformation with Traditional Model.
The new closed-form solution based on the EPSFM can be
degenerated for diﬀerent traditional solutions based on the
EPM, EBM, ESM, and EPBM in a particular situation. For
instance, only when Δc � 0, the results of EPSFM can be
translated into the results of ESM [23]; when Δc � 0,
α ⟶ ∞, the EPSFM converts to the EBM; if assuming that
Δc � 0 and α � 0, the EPSFM solution degenerates for EPM
solution [22]; only when α ⟶ ∞, the EPSFM solution
changes to the EPBM solution. It includes not only the

traditional results but also a series of new results compared
with the traditional ones. Hence, it can be regarded as a
uniﬁed analytical solution. In other words, the new closedform solution can generate a broad range of theoretical and
practical values in circular opening expansion engineering,
especially in the hydraulic fracturing.
When load-bearing coeﬃcient Δc and brittleness coeﬃcient α take special values, the new analytical solution will
degenerate for a series of traditional solutions. It mainly
includes four diﬀerent cases.
Case 1. When Δc � 0 and T � lim T � 1, the peak plastic
Δc⟶0

zone will disappear, and then the EPSFM degenerates into
the elastic-strain-softening model.
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In this state, the softening and fracture zones radius can
be obtained by solving equation (27):

⎝
R2 � ⎛

σ cc − σ RR

1/(1+β−1
1 )

⎠
+ 1⎞
α(1 + ])pexp min − p0 β−1
1

−1

(28)

R1 � tR1 ,

−1

−1

−1

−1
−1
1−K
1−K
− t1+β1  + αβ−1
− 1⎫
⎨ pexp min + σ cc /(K − 1)t1−K + σ cc − σ RR /(1 − K) + αK−1 β−1
⎧
⎬
1 (1 + ])pexp min − p0 /β1 + K  · t
1 (1 + ])pexp min − p0 /(1 − K)t
R1 � R0 ⎩
⎭
pin + σ RR /(K − 1)

1/(K−1−1)

.

(29)
When β1 � 1, equations (28) and (29) are the solutions
obtained by Li et al. [23] for the circular opening expansion.
Then, integrating equation (25), the maximum critical
inner hydraulic pressure pexp max at r � R1 can be rewritten
as follows:
pexp max � pexp min +
+

+

σ cc 1−K−1
σ
+ cc
t
K−1
1−K

αK−1 β−1
1 (1 + ])pexp min − p0 
−1
β−1
1 +K

αβ−1
1 (1 + ])pexp min − p0 
1−K

1−K−1

t

−1

−1

· t1−K − t1+β1 

− 1.

Case 2. When Δc � 0, α ⟶ ∞, T � lim T � 1, and
Δc ⟶ 0

t � lim t � 1, the EPSFM converts to the elastic-brittle
α⟶∞

plastic model. The stress at the elastic-fracture zone interface
presents instantaneous dropping characteristics. However,
the radius of the fracture zone cannot be given directly. The
fracture zone radius can be deduced by considering the
boundary condition pexp min � (σ r0 )r�R1 as follows:
1/ K−1−1)
2Kp0 + σ cc /(1 + K) + σ RR /(K − 1) (
.
R1 � R0 

pin + σ RR /(K − 1)

(31)
Case 3. When α ⟶ ∞ and t � lim t � 1, the softening
α⟶∞

zone will disappear. Thus, the EPSFM degenerates into the
elastic-peak plastic-brittle plastic model. Meanwhile, the
maximum principal stress between peak plastic and fracture
zones shows obvious drop characteristics. In this state, the
radius of peak plastic and fracture zones can be deduced by
integrating equations (22) and (27):
−1

pexp min + σ cc /(K − 1)T1−K + σ cc − σ RR /(1 − K)
⎤⎦
pin + σ RR /(K − 1)
−1

Δc ⟶ 0

σ cc � σ RR , the surrounding rock is only composed of the
elastic and peak plastic zones. Therefore, the EPSFM becomes the elastic-perfectly plastic model. The radius of the
peak plastic zone can also be deduced by considering the
boundary condition (σ r2 )r�R0 � pin :
1/(1−K−1 )
pin + σ cc /(K − 1)
R3 � R0 
.

2Kp0 + σ cc /(1 + K) + σ cc /(K − 1)
(33)
The analytical solution of equation (33) is the same with
reference results (Cheng [22]).

(30)

⎣
R1 � R0 ⎡

Case 4. When Δc � 0, α � 0, T � lim T � 1, and

1/(K−1−1)

,
1/(K−1−1)

+ σ cc /(K − 1)T1−K + σ cc − σ RR /(1 − K)
p
⎣ exp min
⎤⎦
R3 � TR0 ⎡
pin + σ RR /(K − 1)

.

(32)

4. Case Studies
4.1. Case I: Comparative Analysis. Constitutive eﬀect is extremely important for researching the mechanics and deformation behavior of rock mass. To validate the developed
model in this paper and study the inﬂuence of constitutive
relation on the mechanics response of the rock mass, the
geometrical and physical parameters of a circular opening
are shown in Table 2. Moreover, the load-bearing coeﬃcient
is assumed as 0.004.
The circular opening expansion theory is mainly applied
to hydraulic fracturing in underground engineering. The
stresses distribution law under diﬀerent constitutive models
is shown in Figure 4. In addition, Table 3 presents the
maximum inner hydraulic pressure pexp max at the softeningfracture zone interface. It can be seen from Figure 4 and
Table 3 that the maximum critical pressure shows the
characteristics of EBM < EPBM < ESM < EPSFM. By
comparing with the EBM, EPBM, and ESM rock masses, the
maximum critical pressure of EPSFM increases by
9.895 MPa, 7.752 MPa, and 1.286 MPa, respectively. It means
that the EPSFM rock mass is the hardest to be cracked,
whereas the EBM rock mass is the easiest in the process of
hydraulic fracturing.
The inﬂuence of constitutive relation on the postpeak
failure radii is shown in Figure 5. When the inner hydraulic
pressure is equal to 40 MPa, the radii of R1 , R2 , and R3 show
the characteristics of EBM > EPBM > ESM > EPSFM.
Therefore, the above results indicate that the rock mass with
a certain plastic bearing capacity is more diﬃcult to be
cracked in hydraulic fracturing engineering. In other words,
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Table 2: Geometrical and physical parameters of circular opening
(data from Li et al. [23]).

Table 3: The maximum critical inner hydraulic pressure pexp max
(MPa).

Parameter
Radius of opening, R0 (m)
In situ stress, p0 (MPa)
Inner pressures, pin (MPa)
Young’s modulus, E (MPa)
Dilatancy coeﬃcient, βi
Poisson’s ratio, ]
Brittleness coeﬃcient, α
Internal friction angle, φ (°)
Initial compressive strength, σ cc (MPa)
Residual compressive strength, σ RR (MPa)

Model
Value

1.0

Value
0.1
15
0 or 40
1500
1.0
0.3
0.5
30
8
1

Elastic zone

0.9

Softening zone

0.8
0.7
σθ/p0

0.6
0.5
0.4
0.3
0.2

Peak plastic zone

0.1
0
1.0

1.2

1.4
r/R0

EBM
EPBM
ESM

1.6

1.8

EPSFM
Critical stress state
(a)

2.5
2.4
2.2

σr/p0

2.0

Softening zone
Peak plastic zone

1.8

Elastic zone

1.6
1.4
1.2
1.0
1.0

1.2

1.4
r/R0

EPSFM
ESM
EPBM

1.6

1.8

EBM
Critical stress state
(b)

Figure 4: Stress distribution law for borehole expansion (note:
because the maximum critical inner hydraulic pressure pexp max is
taken as the calculated inner pressure, the fracture zone does not
appear).

EBM
24.500

EPBM
26.643

ESM
33.109

EPSFM
34.395

the design of hydraulic fracturing pressure should take full
account of the inﬂuence of lithology to achieve the best crack
eﬀect.
4.2. Case II: Parameter Analysis. A case of hydraulic fracturing in coal seam is used to study the mechanical response
of rock masses with the change of hydraulic pressure. The
inﬂuence of parameters on the surrounding rock state is also
discussed. The hydraulic fracturing case was implemented in
No. 7601 coal seam with high gas in Wuyang Coal Mine of
China for improved gas extraction. The coalbed was buried
at about 480 m underground. The average value of hydrostatic pressure p0 is 7.16 MPa; the radius of the borehole R0 is
0.1 m; Young’s modulus E and Poisson’s ratio ] are 3.0 GPa
and 0.28, respectively; the initial cohesion c3 and the internal
friction angle φ are 1.5 MPa and 30°; and σ cc and σ RR are,
respectively, about 5.2 MPa and 1.2 MPa. Moreover, the
load-bearing coeﬃcient Δc and brittleness coeﬃcient α are
0.0006 and 1.2, respectively. It should be noted that the
inﬂuence of the dilatancy coeﬃcient is ignored (βi � 1) in
order to avoid the errors arising from the volume change of
postpeak rock mass.
4.2.1. Stresses and Postpeak Failure Radii Evolution Law.
Figure 6 shows the stress evolution law with the change of the
critical hydraulic pressure. In the present example, it can be
seen that there is only elastic zone around the borehole when
7.16 MPa ≤ pin ≤ 12.039 MPa (Figure 6(a)). There are elastic
and peak plastic zones when 12.039 MPa ≤ pin ≤ 12.711 MPa
(Figure 6(b)). Then, the surrounding rock of the borehole is
composed of elastic, peak plastic, and softening zones if
12.711 MPa ≤ pin ≤ 14.917 MPa (Figure 6(c)). Finally, the
surrounding rock consists of four zones if pin ≥ 14.917 MPa
(Figure 6(d)). In addition, σ r > σ θ is commonly found in
Figure 6 for the borehole expansion.
The radius of the postpeak failure zone is also signiﬁcantly important for evaluating the hydraulic fracturing
eﬀect and optimizing the layout of the boreholes. The radius
of the peak plastic, softening, and fracture zones evolution law under diﬀerent hydraulic pressures are shown in
Figure 7. It is clear that there is no postpeak failure zone
when p0 ≤ pin ≤ pexp min . The radius gradually increases with
the increasing of the hydraulic pressure in the range
pin ≥ pexp min for the circular opening expansion. Figure 7 is
of great practical signiﬁcance because the threshold of the
critical hydraulic pressure pexp max has an important theoretical value for providing a design value of the minimum
pumping pressure compared with the traditional empiricism
[23]. In this case, the threshold of calculation is 14.917 MPa
and is in good accordance with the ﬁeld test results
(14.54 MPa).
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2.8

9
2.8

Maximum hydraulic pressure (40 MPa)

2.6

2.6
R1 of ESM
R1 of EPSFM
R2 of EPSFM

R2 of ESM
R3 of EPSFM

2.0

R1 of EPBM

2.4

EBM
pin/p0

pin/p0

2.4
2.2

Maximum hydraulic pressure (40 MPa)

R1 of EPSFM

EBM
R2 of EPBM

R2 of EPSFM

2.2

R3 of EPSFM

2.0
1.8

1.8
1.6
1.0

1.2

1.4
1.6
R3/R0;R2/R0;R1/R0

1.8

1.6
1.0

2.0

1.2

1.4
1.6
R3/R0;R2/R0;R1/R0

(a)

1.8

2.0

(b)

Figure 5: The radii distribution laws for circular opening expansion.
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0
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(a)

0.6

0.5

0.6

0.7
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Softening zone

14

16
σ (MPa)

Elastic zone

10

Fracture zone

18

Peak plastic zone

12
σ (MPa)

0.5

σr
σθ

σr
σθ

8

Softening zone

14

Peak plastic zone

12

Elastic zone

10
8

6

6

4
2

0.4
r (m)

4
0

0.1

0.2

0.3

0.4
r (m)

σr
σθ

0.5

0.6

0.7

2

0

0.1

0.2

0.3

0.4
r (m)

σr
σθ
(c)

Figure 6: Stresses evolution law for the borehole expansion.
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0.20

0.19
0.18

0.19
0.18

0.16
0.15

R1; R2; R3 (m)

R3; R2; R1 (m)

0.17

0.14
0.13
0.12

0.17
0.16
0.15

0.11
0.1
10

0.14
11

12

13

14
15
pin (MPa)

16

17

18

R3
R2
R1

Figure 7: Radius of postpeak failure zones evolution law with
hydraulic pressure.

4.2.2. Inﬂuence of Load-Bearing Coeﬃcient. The loadbearing coeﬃcient Δc reﬂects the plastic bearing capacity
of rock mass and is extremely important for determining the
fracture range and the critical hydraulic pressure in the
process of hydraulic fracturing. The radii of the postpeak
failure zone evolution law are shown in Figure 8. It can be
seen that the postpeak failure radii obviously decrease with
the increase of the load-bearing coeﬃcient. However, the
decreasing rate of softening zone radii is the maximum. For
instance, when Δc transforms from 2 × 10−3 to 5 × 10−4 , the
radii R1 , R2 , and R3 , respectively, decrease by 15.8 mm,
25.9 mm, and 1.8 mm. It means that the greater the Δc is, the
stronger the plastic bearing capacity of the rock mass and the
smaller the fracture range of the drill hole are. Here, the
inner hydraulic pressure is set at 20 MPa (>15.986 MPa)
(Table 4) in order to make the rock mass enter the residual
state.
In addition, the load-bearing coeﬃcient also has a very
important eﬀect on the critical hydraulic pressure. As shown
in Table 4, pexp mid and pexp max , respectively, decrease by
1.987 MPa and 1.525 MPa with the load-bearing coeﬃcient
Δc decreasing from 2 × 10−3 to 5 × 10−5 . The conclusion can
provide exceedingly important reference for determining the
threshold of maximum critical hydraulic pressure in hydraulic fracturing engineering.
4.2.3. Inﬂuence of Brittleness Coeﬃcient. Figure 9 shows the
inﬂuence of brittleness coeﬃcients (α) on the postpeak
failure radii. With the parameter (α) increasing, the postpeak
failure radii show a nonlinear increase characteristic.
However, the increase rate is gradually decreasing. For instance, when α changes from 0.6 to 2, the radii R1 , R2 , and
R3 , respectively, increase by 35.6 mm, 6.7 mm, and 7.2 mm.
In addition, as shown in Table 5, the maximum critical
hydraulic pressure pexp max is negatively correlated with the

0.13

0

0.5
1.0
1.5
Load-bearing coefficient (10−3)

2.0

R1
R2
R3

Figure 8: The radii of the postpeak failure zone under diﬀerent
load-bearing coeﬃcients.

brittleness coeﬃcient (α). The above result shows that the
higher the strain-softening degree of rock mass is, the easier
it is to be cracked by hydraulic fracturing.

5. Conclusions
Based on the triaxial test results, a new elastic-peak plasticsoftening-fracture constitutive model (EPSFM) is proposed
by considering the plastic bearing behavior of the silty
mudstone. Then, the closed-form solution of a circular
opening based on the new proposed constitutive model is
deduced with the nonassociated ﬂow rule under the cavity
expansion state. The correctness of the solution is also
veriﬁed by comparing with the traditional solutions. The
eﬀect of the constitutive relation and parameters on the
mechanical response of rock mass is also discussed in detail.
The primary conclusions can be summarized as follows:
(1) The new closed-form solution based on EPSFM,
considering the eﬀect of plastic bearing capacity of
rock masses, can be regarded as a uniform solution
compared with the traditional research results. Only
when the load-bearing coeﬃcient is equal to zero, the
calculated results of the EPSFM can be converted to
the ESM’s solution; only when the brittleness coeﬃcient is large enough or zero, the EPSFM’s solution turned to the result by EPBM or EPM.
Meanwhile, when the load-bearing coeﬃcient is zero
and the brittleness coeﬃcient is large enough, the
calculated results of the EPSFM was found to be in
accordance with the closed-form solution of the
EBM.
(2) In hydraulic fracturing engineering, when the
hydraulic pressure remains at a certain values,
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Table 4: The critical hydraulic pressure under diﬀerent load-bearing coeﬃcients.
State

pcon max pexp min (MPa)
12.039
12.039
12.039
12.039

Δc
2 × 10−3
1 × 10−3
5 × 10−4
5 × 10−5

Expansion

0.22
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0.14
0.12
0.1

0.5

1
1.5
Brittleness coefficient

2

R1
R2
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R3

Figure 9: The radii of the postpeak failure zone under diﬀerent
brittleness coeﬃcients.

Table 5: Maximum critical hydraulic pressure under diﬀerent
brittleness coeﬃcients (MPa).
pexp max

pcon min pexp max (MPa)
15.986
15.235
14.836
14.461

Conflicts of Interest

0.2

α

pcon mid pexp max (MPa)
14.084
13.128
12.603
12.097

2

1.6

1.2

0.8

0.6

14.103

14.418

14.917

15.840

16.679

the fracture zone radii of circular opening present
the characteristic of EBM > EPBM > ESM > EPSFM;
otherwise, it is on the contrast for the critical hydraulic pressure at the softening-fracture zone interface. Therefore, the EPSFM rock mass is hardest to
be cracked, whereas the EBM rock mass is easiest in
the process of hydraulic fracturing.
(3) The postpeak failure radii show obviously a linear
decrease with the increase of load-bearing coeﬃcients or a nonlinear increase with the increasing
brittleness coeﬃcient. It means that, for the best
fracturing eﬀects, the design of hydraulic fracturing
pressure should take full account of the inﬂuence of
rock mass lithology, load-bearing coeﬃcient, and
brittleness coeﬃcient.
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Understanding the inﬂuence of temperature on the gas seepage of coal seams is helpful to achieve the eﬃcient extraction of
underground coal seam gas. Thermal coal-gas interactions involve a series of complex interactions between gas and solid coal.
Although the interactions between coal and gas have been studied thoroughly, few studies have considered the temperature
evolution characteristics of coal seam gas extraction under the condition of variable temperature because of the complexity of the
temperature eﬀect on gas drainage. In this study, the fully coupled transient model combines the relationship of gas ﬂow, heat
transfer, coal mass deformation, and gas migration under variable temperature conditions and represents an important nonlinear
response to gas migration caused by the change of eﬀective stress. Then, this complex model is implemented into a ﬁnite element
(FE) model and solved through the numerical method. Its reliability was veriﬁed by comparing with historical data. Finally, the
eﬀect of temperature on coal permeability and gas pressure is studied. The results reveal that the gas pressure in coal fracture is
generally higher than that in the matrix blocks. The higher temperature of the coal seam induces the faster increase of the gas
pressure. Temperature has a great eﬀect on the gas seepage behavior in the coal seams.

1. Introduction
Coal seam gas is an important natural source and an important part in the clean energy structure in China [1].
However, most Chinese coalbed methane cannot meet the
requirements of eﬀective recovery because of the low permeability characteristic [2, 3]. Therefore, many technological
means are adopted to enhance the coal permeability and
develop the gas extraction eﬃciency [4, 5], such as, hydraulic
fracturing technology [6]. Besides, hot injection has been
adopted to enhance the extraction of coalbed methane [7, 8].
Therefore, the thermal evolution characteristic evolution
during the extraction of coalbed methane needs to be
studied.
The thermal stimulation of gas reservoir triggers the
complex interaction between coal, gas, and temperature. It

changes the deformation behavior of coal, as well as the heat
and gas ﬂow. Temperature has an obvious eﬀect on the
adsorption capacity of coal seam gas, which is negatively
correlated with the increase of temperature [9–11]. At the
same time, the thermal expansion coeﬃcient is heterogeneous and anisotropic due to the diﬀerent response of
diﬀerent components to temperature changes. Noorishad
et al. [12] evaluated the coupled thermal-hydraulicmechanical characteristics of rock and investigated the effects of thermal stresses on permeability through the deformation change of the fractures. Mctigue [13] developed a
ﬂuid-saturated, porous, thermoelastic model and calculated
the heating of a half space at constant temperature conditions. Harpalani and Schraufnagel [14] found that desorption induced the shrinking of the coal matrix and
increased permeability through seepage tests. Zhou et al. [15]
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consider thermodynamically coupled water and heat ﬂow
and demonstrate the inﬂuence of thermodynamic coupling
through numerical and analytical solutions. Zhu et al. [16]
analyzed the inﬂuence of temperature on coal permeability
based on a complex thermal-hydrological-mechanical
model and found that sorption-induced volumetric strain
aﬀected the seepage behavior of coal seam signiﬁcantly.
Cai et al. [17] found that thermal treatment can promote
methane desorption and increase the permeability through
the numerical simulation. Qu et al. [18] developed a new
thermal model with gas ﬂow and matrix adsorption and
suggested that the increase in temperature leads to the decrease in coal swelling and larger cleat aperture and higher
coal permeability.
The interaction mechanism of heat injection has not yet
fully understood for the design of engineering. It is indispensable to study the coal-gas interaction under variable
temperature. In this study, a coupled thermal-hydrologicalmechanical model is established, considering the sorption
characteristic and permeability evolution. Then, this complex model is implemented into a ﬁnite element (FE) and
solved through the numerical method. Finally, the eﬀect of
temperature on coal permeability and gas pressure is studied
based on this coupled model.

2. Equations of Coupled Model
2.1. Gas Seepage Characteristic in Coal Fractures. For the coal
seam reservoir, the non-Darcy ﬂow can be expressed as
υ ⟶
⟶ ⟶
−∇pf �
μ + βρg μ | μ |,
(1)
kg

������
�
⟶
where μ is velocity vector, ρg is density, β � 1.75/ 150kg ϕ3 ,
ϕ is porosity, and kg is the permeability of coal.
The above equation can be expressed in the following
form:
kg
kg
⟶
μ �−
∇p
�
−
∇p ,
f
(2)
⟶
fqi υ f
1 + k /υβρ | μ |υ
g

g

⟶

where fqi � 1 + (kg /υ)βρg | μ | is the Forchheimer
coeﬃcient.
The mass conservation equation of gas migration can be
expressed as
z
⟶
(3)
ϕf ρg  + ∇ρg · μ  � Qs 1 − ϕf ,
zt
⟶

where μ is the velocity vector and Qs is the gas source, and
the mass content can be expressed as [19]
m � ρg ϕf + ρga ρc Vsg ,

(4)

where ϕf is the porosity, ρga is the gas density, ρc is the coal
density, and Vsg is the absorbed content.
In the coal seams, the gas absorption volume can be
expressed as
Vsg �

VL p f
c2
exp−
T + T − Tt .
p f + PL
1 + c1 pf ar

(5)

The Sorption Strain εs can be expressed as
εs � αsg Vsg ,

(6)

where Vsg is the content of absorbed gas and αsg is the strain
coeﬃcient.
The gas density can be obtained as
ρg �

Mg
p.
R Tar + T

(7)

The mass conservation equation can be expressed as
ρga z ϕf pf 
kg ρg
+ ∇−
∇p  � Qs 1 − ϕf .
(8)
pa
μ fqi f
zt

2.2. Gas Diﬀusion in Coal Matrix. The gas migration process experiences three substeps: ﬂow in fracture, gas diffusion, and sorption in matrix [20]. Figure 1 shows a
conceptual model for gas transport. The source term can be
expressed as
Qs � Dσ c cm − cf ,
zmm
Mc
�−
p − pf ,
zt
τRT m

(9)

where Qs is the exchange from matrix to fractures, cm is the
gas concentration in matrix, cf is the gas concentration, σ c is
the shape factor, and τ is the sorption time.
The relationship of gas concentration and gas pressure is
written as
Mc
cm �
p ,
RT m
(10)
Mc
p,
cf �
RT f
where Mc is the molar mass.
The diﬀusion equation can be written as
dmb
1
� − mb − me ,
dt
τ

(11)

where me is the equilibrium gas content.
Then, the diﬀusion equation can be expressed as
zmm
Mc
(12)
p − pf .
�−
zt
τRT m
The permeability kg can be written as [21]
k g � k ∞ 1 +

b
,
pf

(13)

where b is the Klinkenberg coeﬃcient, b � αk k−0.36
∞ , where αk
is the Klinkenberg eﬀect coeﬃcient, αk � 0.251.
2.3. Solid Mechanics Equation. The stress equation of coal
seam can be written as
σ eij � σ ij − αpf δij .

(14)
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(a)

(b)

(c)

(d)

Figure 1: A conceptual model for gas storage and transport in the coal seams. (a) Natural fracture networks. (b) Stage 1: desorption from
internal surfaces. (c) Stage 2: ﬂow/diﬀusion in the matrix. (d) Stage 3: ﬂow in the natural fracture network.

The stress-strain equation can be written as
1
εij � ui,j + uj,i .
2

(15)

The overall stress balance equation can be written as
G
Gui,jj +
u − αpf,i − KαT Ti − Kεs,i + fi � 0. (16)
1 − 2μ j,ji

z(ρC)M Tar + T
+ Tar + TKg αg ∇
zt
kg
zε
·  ∇p + Tar + TKαT V � −∇ · qT ,
μ
zt

where (ρC)M � ϕf (ρg Cg ) + (1 − ϕf )(ρs Cs ) and ρs is the mass
density.
The conservation of mass yields
z1 − ϕf ρs 

2.4. Coal Permeability. The relationship between porosity
and eﬀective stress can be expressed as [22]
1
(17)
Δϕf �
β − ϕf  σ + pf .
K f
Then, the porosity is expressed as
1
ϕf � α − α − ϕ0 exp−  σ−σ 0  + pf − pf0 .
K

(18)

By substituting the porosity, it can be rewritten as
⎨
⎧
⎣εV + pf − εs − αT T
ϕf � α − α − ϕf0 exp⎩ −⎡
Ks

� 0,
(23)

zϕf ρg 
zt

� −∇ · ρg qg .

Considering (1 − ϕ)λs ≫ ϕλs and λM ≈ (1 − ϕf )λs ≈ λs , it
yields [16]
kg
zT
zε
(ρC)M − Tar + TKg αg ∇ ·  ∇pf  + Tar + TKαT V
υ
zt
zt
ρga pf Ta Cg kg
∇p ∇T.
pa Tar + T υ f
(24)

⎬
⎫
p
− εV0 + f0 − εs0 − αT T0 ⎤⎦⎭ ,
K
s

where S � εV + (pf /Ks ) − εs and S0 � εV0 + (pf0 /Ks ) − εs0 . p0
is the initial pressure, and ϕ0 is the initial porosity.
The evolution characteristics of permeability can be
expressed as
3
kg
k
b
ϕ
b
� ∞ 1 +  �   1 + .
k∞0 k∞0
pf
ϕ0
pf

zt

� λM ∇2 T +
(19)

(22)

(20)

These equations (8), (12), (16), and (24) describe the fully
coupling model of coal seam gas migration, including mechanical deformation of coal (gas desorption induces coal
shrinkage and self-heat induces coal expansion), gas diﬀusion
from the matrix, gas ﬂow, and heat transfer in fractures. The
coupled relationship is illustrated in Figure 2. The THM model
indicates the nonlinear response of gas migration in underground coal seams. It is hard to get an analytic solution of
these equations, so they are achieved through the numerical
method with Comsol Multiphysics (a powerful partial diﬀerential equation solver) and appropriate boundary conditions.

2.5. Energy Conservation. Total heat ﬂux qT is expressed as
qT � −λM ∇T + ρg Cg qg Tar + T,

(21)

where qT is the thermal ﬂux and ρs is the mass density.
The thermal balance can be written as [23]

3. Model Establishment and Analysis
3.1. Veriﬁcation with Field Test. To verify the validity of
the model established in this paper in the calculation of
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Figure 2: Couplings in the gas migration process.

3.2. Model Establishment. A model is established to analyze
the eﬀect of adsorption on the distribution of coal permeability and gas pressure. The size of the model is 0.1 m ×
0.1 m, as shown in Figure 4. The upper boundary is free. And
the condition of the upper boundary is the constant gas
pressure 2.5 MPa and the constant temperature 333 K. The
initial pressure of the coal seam is 0.1 MPa and the parameters in the calculation are listed in Table 1.

3.0
Gas production rate (104 m3/day)

simulated extraction, the numerical simulation is carried out
according to the practical example of coal seam extraction.
The actual size of the coal seam is 568 × 568 m2, and the
parameters are obtained from Mora and Wattenbarger [24].
The numerical results and the ﬁeld production data are
compared in Figure 3. Good agreement was achieved between the results of numerical simulation and the ﬁeld
production data, which proves the validity of the model.

2.5
2.0
1.5
1.0
0.5
0.0
0

50

100

150 200 250 300
Production time (day)

350

400

450

Numerical result
Production data (Mora et al. [24])

Figure 3: Comparison between numerical result and ﬁeld test.
Y

p = pi (∂Ω4) T = Ti (∂Ω4)

A(0.05 m, 0.05 m)

0.1m

p(0) = 0.1 MPa (Ω)

∂p/∂y = 0 (∂Ω2) ∂T/∂y = 0 (∂Ω2)

0.1 m

∂p/∂y = 0 (∂Ω3) ∂T/∂y = 0 (∂Ω3)

3.3. Eﬀect of Adsorption on Gas Pressure. There are two
diﬀerent pressures between matrix blocks and coal fractures.
Because of the high permeability in coal fractures, gas can
quickly ﬂow through the fractures. The gas pressure in
fractures is generally higher than that in the matrix blocks in
the calculation model. The matrix also continues to adsorb
gas, and the pressure rises gradually. As the gas is injected
from the top of the model, the crack pressure reaches
2.5 MPa ﬁrstly at the upper boundary, and the matrix
permeability is also increasing. Finally, pore pressure and
matrix pressure reach the equilibrium state. Figure 5 shows
the gas pressure distribution at diﬀerent times. As the time
goes on, the diﬀerence of pressure becomes smaller and
smaller. The initial pressure in the coal seam is 0.1 MPa. The
gas pressure maximums of coal matrix are 0.3 MPa, 1.8 MPa,
and 2.3 MPa at 1 h, 4 h, and 6 h, respectively. Finally, two
pressures reach 2.5 MPa at about 24 hours.
Figure 6 shows the gas pressure distribution at the
monitoring line. The diﬀerence between the matrix pressure
and the fracture pressure can be seen more easily from the
detection line. The gas pressure at the bottom of the model is
low, while the gas pressure at the entrance is high. Within the
equilibrium time of 1h, 4h, 8h, 12h, and 24h, the minimum
pressure of the coal fracture is 0.1 MPa, 1.42 MPa, 2.16 MPa,
2.39 MPa, and 2.5 MPa, respectively; meanwhile, the minimum pressure of the coal matrix is 0.1 MPa, 0.64 MPa,
1.66 MPa, 2.19 MPa, and 2.5 MPa. With the passage of time,

Monitoring line

X

O
∂p/∂x = 0 (∂Ω1) ∂T/∂x = 0 (∂Ω1)

Figure 4: Calculation model.

the pressure of internal coal mass increases gradually. The
ratios of minimum matrix pressure and the minimum
fracture pressure are 45%, 76%, and 92% at 4 hours, 8 hours,
and 12 hours, respectively.
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Table 1: Parameters of the model.

Parameter
Value
Sources
Parameter
Young’s modulus of coal, E (MPa)
2713
[22] CH4 Langmuir volume constant, VL (m3/kg)
4070
[22]
Speciﬁc heat capacity of gas, Cg (J/kg·K)
Young’s modulus of the coal grains, Es (MPa)
Initial porosity, ϕ0 (—)
0.01
[22]
Speciﬁc heat capacity of coal, Cs (J/kg·K)
1250
[22]
Pressure coeﬃcient, c1 (MPa−1)
Density of coal, ρc (kg/m3)
Poisson’s ratio of coal, ] (—)
0.34
[22]
Sorption strain coeﬃcient, αsg (kg/m3)
1.09 × 10−18 [22]
Volumetric coeﬃcient of matrix, αT (K−1)
Initial gas permeability, k∞0 (m2)
Density of CH4 at standard condition, ρga
0.717
[16]
Klinkenberg eﬀect, b (Pa)
(kg/m3)
2
−5
Gas dynamic viscosity, υ (N·s/m )
1.84 × 10
[16]
Temperature coeﬃcient, c2 (K−1)
1.57
[16] Thermal conductivity of coal, λs (J/(m·s·K))
CH4 Langmuir pressure constant, PL (MPa)

1h

2h

4h

6h

8h

12 h

16 h

24 h

Value
Sources
0.043
[22]
1.625 × 103 [16]
1.25 × 103
[16]
0.07
[16]
0.06
[18]
2.4 × 10−5
[18]
1.44 × 105

[18]

0.02
0.2

[16]
[16]

Max: 2.5MPa
2.5 × 106
2

pm

1.5
1
pf

0.5
Min: 0.1MPa

Figure 5: Gas pressure change law of the model.
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0.10
pf (12 h)
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pf (24 h)

Figure 6: Gas pressure distribution along the monitoring line.

3.4. Eﬀect of Adsorption on Permeability Distribution.
Based on the dual-porous medium model, the fracture
pressure and the matrix pressure are calculated through
diﬀerent equations. Therefore, we can further understand
the dual-porous medium model by analyzing the evolution
rule of permeability. Figure 7 is the variation diagram of coal
permeability and gas content of coal mass at diﬀerent time.
The permeability of coal fractures decreases gradually. It is

caused by the adsorption swelling of the matrix and the
reduction of the crack opening in the coal mass.
Coal mass expends and the fracture aperture decreases
when it absorbs gas. Meanwhile, the coal mass is limited by
the boundary conditions, so coal deforms under the combined inﬂuence of the change of gas pressure, expansion
stress, and eﬀective stress [25]. Figure 7 shows that the
permeability decreases with time, and the volumetric strain
caused by adsorption is the main reason. There is an inverse
relationship between the permeability and the content of gas;
that is, the gas content of coal increases ceaselessly and
permeability decreases gradually. The maximum of permeability ratio decreased from 0.901 to 0.876, while the
minimum of gas content increased from 0.00239 m3/kg to
0.0481 m3/kg when the time increased from 1 h to 8 h. As
time goes, the permeability of coal gradually stabilizes and
tends to be at a uniform state.
The changes of permeability and porosity of a point are
analyzed. The point is at the center of the model, and its
coordinates are (0.05 m, 0.05 m). Figure 8 is the ﬁgure of
permeability, porosity, gas content, and temperature change
at the monitoring point A. Figure 8 shows that the evolution
of permeability and gas content at point A are consistent
with Figure 7. The temperature and gas content increase with
the increase of time. The permeability and porosity of coal
decrease rapidly before 150 h, which is mainly caused by the
large pressure diﬀerence. Pore pressure and adsorption
expansion aﬀect together, which causes the change of permeability and porosity. With the decrease of pressure difference in coal mass, the change speed of permeability and
porosity decreases gradually and tends to be stable ﬁnally.
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Figure 7: Permeability distribution along the monitoring line.

345
0.03075

340
335

0.93

0.90

0.03000

330
0.02925

325
320

0.02850

315
310

0.87

Gas content (m3/kg)

0.96
Temperature (K)

Permeability ratio/porosity ratio

0.99

0.02775

305
0.84

300
0

100

200

300

400

0.02700
500

Time (h)
Permeability ratio
Porosity ratio

Temperature
Gas content

Figure 8: Permeability distribution of the monitoring point A.

3.5. Eﬀect of Temperature on Permeability Distribution.
Figure 9 gives the temperature change law of the model. The
temperature at the entrance is relatively high, and the
temperature in the coal seam keeps rising. The temperature
at point A increases from 303.8 K at 1 h to 308.6 K at 8 h,
ﬁnally reaching 322.7 K at 40 h. The deformation characteristics of coal seam are given in Figure 10. After the coalbed
is heated up, the adsorption increases and the volume expands. The bottom, left, and right boundaries of coal seam
are restricted, so there is no normal displacement in this
boundaries. When the gas pressure rises on the upper
boundary of the coal mass, the coal mass absorbs gas
constantly, which leads to expansive deformation of coal
mass and expanding outwards of the upper boundary. These

characteristics also show that the volumetric strain induced
by gas adsorption plays a key role. If the eﬀect of gas adsorption is not considered, the eﬀective stress will decrease,
and the permeability of coal may increase. If the inﬂuence
of gas adsorption is ignored, pore pressure may be
underestimated.
The distributions of gas pressure and permeability under
diﬀerent temperatures are given in Figures 11 and 12. It
indicates that temperature has a greater impact on the gas
migration in the coal seam. The inﬂuence of temperature is
reduced as the coal seam gas pressure approaches the setting
pressure. High temperature can promote the desorption of
gas and then change the fracture aperture and porosity of coal
mass. The inﬂuence of temperature on the porosity of coal
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Figure 9: Temperature change law of the model.
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Figure 11: Gas pressure distribution with diﬀerent temperatures.
Figure 10: Evolution of the coal volume with time under the eﬀect
of temperature.

seam is a complicated process. The temperature evolution is
obtained under the coupling eﬀect of multiple factors, such as
restriction on the boundary condition and adsorptive expansion deformation of coal mass. At the initial stage, the gas
pressure and porosity of coal mass diﬀer greatly at diﬀerent
temperatures. Gas pressure and permeability change constantly with the increase of time, and ﬁnally attain states of
equilibrium. The gas pressure of point A is 1.05 MPa,
1.27 MPa, and 1.41 MPa at 1h when the initial boundary
temperature is 333 K, 353 K, and 373 K, respectively.
In order to quantify the inﬂuence of gas diﬀusion behavior, the fracture pressure distribution without Klinkenberg

eﬀect and diﬀerent adsorption times was also plotted as
shown in Figure 13. The adsorption time signiﬁcantly aﬀects
the distribution of fracture pressure. When the adsorption
time is large, the gas pressure of coal seam will be underestimated. The inﬂuence of diﬀusion eﬀect is the same as that
of Klinkenberg eﬀect at the same order of magnitude. In the
sorption stage, the total volume expansion eﬀect and Klinkenberg eﬀect of coal increase the permeability. When the
Klinkenberg eﬀect is not considered, the adsorption pressure
will be underestimated.

4. Conclusions
A new model about heat transfer was developed to study the
dynamic problem of gas adsorption in coal seam under
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while the temperature and gas content increase with the
increase of time.
The higher temperature induces the faster increase of the
gas pressure. Temperature has a greater impact on the gas
migration. As the coal seam gas pressure approaches the
setting pressure, the inﬂuence of temperature is reduced.
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variable temperature conditions. In the model, the coal mass
was regarded as a dual-porous medium, and each point of
the coal mass has two diﬀerent pressures, i.e., pore pressure
and matrix pressure. The relationship between adsorption
equilibrium and permeability evolution was analyzed
through the numerical method. The main results are as
follows:
The gas pressure in fractures is generally higher than that
in the matrix blocks in the calculation model. The matrix
also continues to adsorb gas, and the pressure rises gradually. Finally, pore pressure and matrix pressure reach the
equilibrium state.
The adsorption of coal increases with the increase of gas
pressure, and the gas content increases continuously. The
porosity of coal mass decreases with the increase of time,
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The collapsed body formed after the underground power disaster is broken into loose body. The mechanical characteristics of the
collapsed body are quite diﬀerent from those of the homogeneous rock mass, and the rescue tunnel is aﬀected by its moving
characteristics. In this study, the lateral pressure coeﬃcient of the collapsed body and the angle of the slip surface were deduced.
The numerical experiment based on CDEM slump excavation was performed. The accumulation state of the collapsed body and
the active lateral pressure coeﬃcient and the angle of the slip surface are obtained. The characteristics of the force of the accumulation body which naturally collapsed were studied. Particle size, excavation position, excavation shape, volume, and the
inﬂuence of natural repose angle on the occurrence mode and particle movement were obtained; the velocity ﬁeld and slip surface
of the lower left and middle lower parts during excavation and the variation of the natural repose angle were analyzed.

1. Introduction
In the coal mine, after the roadway falling, which was
caused by the power disaster, the roof and surrounding
rock collapsed to form a broken collapsed body which ﬁlled
into the roadway. The collapsed body is a rock block of
diﬀerent sizes, a support material of loose coal and the
original roadway, and a medium such as water, forming a
mixture of diﬀerent sizes of bulk or even water, mud, coal,
and stone. In a limited space, because the collapsed body is
limited by the space formed by the broken surrounding
rock, its force characteristics, stress state, and damage are
diﬀerent. The collapsed body is mainly aﬀected by the
gravity load of itself and the interaction between the broken
blocks. Rescue of mine personnel requires excavation of
blocked areas, dredging roadways in complex conditions,
or establishing rescue passages in the collapsed body.
Secondary disasters may be caused by any unscientiﬁc
excavation, which increases rescue risks and economic
losses [1–4]. How to ensure the safety of the mine rescue
workers and quickly form a stable channel has become the

emphasis and diﬃculty of mine collapse accident rescue.
Mastering the movement characteristics and mechanical
characteristics of the excavation process has become the
key to solving the problem.
The mechanism of the collapsed body can be truly
grasped by the research on the occurrence state, stress
characteristics, and excavation movement path of the
surrounding rock collapsed accumulation body. For the
study of the occurrence state, Hao et al. [3] thought that the
roadway collapsed body is round and has self-organizing
chimeric properties and sorting properties. Zhang et al. [5]
took theoretical calculations to obtain the anchor cantilever
principle and the combination principle. The collapse
morphology is approximately quadrilateral. Pu et al. [6, 7]
analyzed the collapsed body of ﬂood roadway and obtained
three types of rock mass accumulation, coal slurry deposition, and coal rock mixing. The relationship between
the microscopic coeﬃcient of bulk and macroscopic
compaction was analyzed by Yan et al. [8]. The macroscopic and microscopic features and deformation localization eﬀects of the shear force were studied by Yang et al.
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[9]. Gao et al. [10] arranged and studied the structural
mechanical properties of the discrete units. Hao et al. [3]
derived the lateral and longitudinal force calculation formulas of any point in the height boundary level resistance
accumulation body of the falling accumulation body and
gave the horizontal resistance distribution curve on the
boundary of the accumulation body. In terms of the excavation and excavation movement, Liang et al. [11]
studied the movement law and deformation of the slope
body under the condition of support and unsupport. Zhang
et al. [12] performed numerical calculations on diﬀerent
excavation locations and excavation shapes of the roadway’s fallen body. For the study of broken slumps, in
addition to theoretical analysis and experimental study of
physical and mechanical properties, numerical simulation
[13–22] is also an important means.
The roadway crushing zone, the falling shape, and the
poststabilized stress state from the theoretical and experimental aspects were analyzed by scholars. The excavation of
the slope granular body was also analyzed, but no scholars
conducted integrative research on the ﬁeld study, force
analysis, and excavation process of the roadway collapsed
body after the disaster. Based on the above, the purpose of
this paper is to attempt to solve the problem of the occurrence, deformation, and movement characteristics of the
excavation of the collapsed body during the emergency
rescue process. Eﬀective control of the movement of the
block is supported. The aim of this study is to provide
theoretical support for the safe, rapid, and eﬀective emergency rescue after the underground coal mine disaster.

2. Field Study
In order to understand the morphological characteristics of
the backwardness of the roadway, the body of the collapse of
the roadway after the disaster occurred in a coal mine of
Longmei Group (as shown in Figure 1) was obtained, which
has the following characteristics:
(1) The block of the collapsed body of the surrounding
rock can be regarded as a nearly spherical shape, and
the dimensions in all directions are equivalent. The
state after the roadway is smashed is shown in
Figure 1.
(2) The roadway is degraded into a self-organizing and
ﬁtting process, and the block body of the surrounding collapsed rock body is compacted by its
own weight without cementation. The side wall of the
roadway only plays a limiting role, but has no
supporting reaction force.
Through the survey and statistics of the collapse of the
surrounding rock after several mines have been drilled, the
size of the coal and rock mass in the surrounding rock fall
and the proportion of the bulk of the diﬀerent sizes are
shown in Table 1:
For the basis of subsequent research, natural repose
angle experiments of coal particles with particle sizes of
20 mm and 2 mm were carried out.

The natural repose angle is calculated as follows:
2h
βc � arctan ,
l

(1)

where βc is the natural repose angle; h is the the vertical
height of the surrounding rock collapse body, cm; and l is the
horizontal length of the accumulation, cm (Figure 2).

3. Analysis of Mechanical Characteristics of
Surrounding Rock Collapsed Body
In order to excavate the blocked roadway, it is necessary to
determine the force in the horizontal direction and the
vertical direction between the blocks in the surrounding
rock of the roadway to determine the excavation position.
The second is the characteristics of the movement of the
excavation block in diﬀerent areas under the accumulation
state of the surrounding rock fall of the roadway.
3.1. Stress Analysis of Surrounding Rock Collapsed Body.
It can be seen from the ﬁeld study that the force of the
accumulation body in the vertical direction is proportional
to the depth, and the vertical stress of the accumulation body
is calculated according to formula (2):
σ y � yρg.

(2)

In conﬁned space, the surrounding rock caving body is
subjected to lateral compressive stress at the boundary
position. By analyzing the lateral compressive stress coeﬃcient, the lateral compressive stress at the boundary is
ﬁnally obtained.
The lateral compressive stress is calculated by formula
(3) under normal conditions:
σ x � nσ y ,

(3)

where n is the lateral compressive stress coeﬃcient; σ y is the
vertical compressive stress; and σ x is the lateral compressive
stress.
The lateral pressure coeﬃcient is inconsistent under the
active pressure (nmin) and the passive pressure (nmax). It is
assumed that the sides of the roadway have no displacement
and do not provide force to the granular rock. There is no
shear stress in the vertical plane, but compressive stress, as
seen in Figure 3(a).
The vertical compressive stress is represented by Py � P2,
and the horizontal compressive stress is represented by Px �
P1.
σx
r /sin φ − ra 1 − sin φ sin 90∘ − sin φ
�
� a
�
σy
ra /sin φ + ra 1 + sin φ sin 90∘ + sin φ
�

2 sin 90∘ − φ/2cos 90∘ + φ/2
2 sin 90∘ + φ/2cos 90∘ − φ/2

φ
φ
φ
� tg45∘ − ctg45∘ +  � tg2 45∘ −  � nmin .
2
2
2
(4)
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(a)

(b)

Figure 1: Roadway caving section. (a) Typical ﬁeld 1. (b) Typical ﬁeld 2.

Table 1: Proportion of blocks with diﬀerent sizes in surrounding rock collapse.
Serial number
1
2
3
4
5

Maximum size of coal
crushing block (mm)
≤10
10–50
50–100
100–200
≥200

Maximum size of rock
crushing block (mm)
≤50
50–100
100–200
200–300
≥300

Average proportion (%)
10
15
30
30
15

(a)

Average proportion (%)
15
20
30
20
15

(b)

Figure 2: Natural repose angle of coal. (a) Coal with a particle size of 20 mm. (b) Coal with a particle size of 2 mm.
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Figure 3: Horizontal lateral stress. (a) Active pressure (b) Mohr’s stress circle of lateral stress coeﬃcient.
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The horizontal pressure (literal compressive stress) at
any depth y in the roadway can be obtained as follows:
φ
σ xa � yρgtg2 45∘ −  � yρgnmin ,
(5)
2
where ra is the radius and φ is the internal friction angle.
It can be seen from formula (5) that the lateral compressive stress is related to the internal friction angle of the
surrounding rock collapsed body and is proportional to the
depth. The smaller the internal friction angle is, the larger
the literal stress is. When the internal friction angle approaches zero, the lateral compressive stress approaches the
vertical compressive stress. At this time, the surrounding
rock fall can be regarded as a ﬂuid, and the stress is equal in
all directions.
In order to calculate the nmin, the relationship between
cohesion and internal friction angle is introduced here by
formula (6) [23].
τ � C + σtgφ,

(6)

where C is the cohesive force; τ is the shear stress; σ is the
positive pressure; and φ is the internal friction angle.
Through the variable angle shear test of the coal sample,
φ � 38.13°, C � 2.13 MPa is obtained, and it is substituted into
formula (5), nmin � tg2 (45° − 38.13/2) � 0.237 is obtained.
Horizontal force at any position can be obtained according
to formula (5).

θ–φ
Fθ
θ–φ
Y
Fh

Fh � Gtg(θ − φ),

(7)

where Fh is the reaction force of the vertical wall to the
object; G is the column weight; θ is the slip surface inclination angle; and φ is the internal friction angle.
When the wall width is unit length,
G�

Y2 ρgtg(90∘ − θ)
.
2

(8)

Bring tgφ � f in, you can get
Fh �

Y2 ρg
Y2 ρg(tg − f)
tg(90∘ − θ)tg(θ − φ) �
,
2
2(1 + ftgθ)tgθ

(9)

where f is the coeﬃcient of friction inside the material.
When the horizontal force Fh changes, the abovementioned relationship can be satisﬁed for diﬀerent inclination angles of slip surface. Under gravity, the slip
surface will appear when the lateral deformation damages
limit equilibrium. At this time, the lateral pressure is taken to
the smallest when considering the most dangerous situation,

90° – θ + φ

90° – φ
θ
φ Fθ
Fs

Fh

θ

φ

(a)

(b)

Figure 4: Analysis of the force of grains on the sliding surface. (a)
Overall stress analysis. (b) Unit analysis.

and the θ angle is the angle of the slip surface. In the
abovementioned formula, the auxiliary variable x � tgθ is
hidden and dFh/dx � 0, then
x + fx2 −(x − f)(1 + 2fx)
� 0.
1 + fx2 x2
Solve the equation:
������
x � f + 1 + f2 � tgφ +

�
3.2. Analytical Solution of the Angle of the Slip Surface of the
Surrounding Rock. As shown in Figure 4, when a vertical
wall slips, the loose particles next to the wall will also
produce a slight slip and form a slip surface. The bulk of the
slip portion forms a pyramid and is supported between the
vertical wall and the material slip surface. When the side wall
friction is ignored, but the internal friction of the slip surface
is considered, the equilibrium condition of the angular
cylinder of granular body is (Figure 4(b))

Fs

(10)

1
1 + sin φ
�
cos φ
cos φ

sin 90∘ + sin φ 2 sin 90∘ + φ/2cos 90∘ − φ/2
�
cos 90∘ + cos φ 2 cos 90∘ + φ/2cos 90∘ − φ/2

φ
� tg45∘ +  � tgθ.
2
(11)
Therefore, the active slip surface angle is obtained as
follows:
φ
θ � 45∘ + .
(12)
2
If the limit equilibrium is not destroyed by the lateral
deformation which is caused by the vertical compressive
stress, but by the shear stress which is generated by the lateral
compressive stress that exceeds the shear strength of the
granular body, the slip surface is also formed, and the limit
equilibrium state is destroyed. This type of destruction is
called passive destruction. The inclination of the passive slip
surface is consistent with that of the active damage. According
to the theoretically derived formula, when the friction angle is
36°, the inclination angle of the slip surface is 63°.

4. Analysis of the Characteristics of the
Excavation of the Collapsed Body of the
Surrounding Rock
In order to analyze the movement law during the excavation
process of the collapsed body, the discrete element simulation software (2D simulation) is used to excavate the
granular body in the roadway model. The accumulation
form of the granular body after excavation, the movement
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law of the particle, and the dipping angle of the excavation
slip surface are analyzed.
4.1. Establishment of the Discrete Element Model of the Collapse Body and Boundary Conditions. The size of the original
roadway is 3.6 m high and 4.2 m wide, which is measured at
the roadway. According to the actual size of the original
roadway, the 1 : 1 particle discrete element numerical model
of the roadway is established. In the simulation software,
monitor has the function of monitoring the spherical information of a speciﬁc spherical point, and the coordinates
of the sphere x and y are selected. The boundary nodes’
movement on both sides of the model in the x direction is
ﬁxed, and the ﬁxed bottom surface movement in the xy
direction is ﬁxed; the top surface of the model is set as a free
boundary without any constraint. The roadway is set to a
rigid body without movement and deformation and is only
used to observe the force of the granular body.
4.2. Model Parameter Setting and Excavation Scheme Design.
According to the survey and statistics of the size of the rock
block in the collapsed body, all the block sizes of the
surrounding rock collapsed body of the roadway are mainly
concentrated in 100–200 mm. The particle size was set to
100 mm and 200 mm and between 100 and 200 mm.
According to the above research conclusions and the results of laboratory physical mechanics experiments, particulate materials are assigned. By changing the particle
size, number, natural repose angle, and excavation position, 15 groups of diﬀerent numerical simulations were
carried out. The speciﬁc parameters are shown in Table 2.
Two excavation positions are simulated and they are selected in the lower left and middle lower parts of the
roadway. In order to facilitate the observation of the occurrence state of the granular body in the roadway after
excavation, according to the rescue space that the human
body can pass, the rescue roadway is designed to be between 0.5 and 1 m, and the excavation area size is 1 m × 1 m
and excavated 6 times. Excavation area is 1 m × 0.5 m and
0.5 m × 1 m and excavation is 12 times, when the total
excavation area reached 6 m2, the occurrence state of the
excavated excavation is observed and the movement law of
the particles is analyzed.
4.3. The Formation Process and Force Characteristics of the
Collapsed Body. All the particles are directly generated in the
upper part of the roadway model, and gravity is applied to
the particles to make them fall freely. During the falling
process, the particles collide with particles and with sidewalls, and collision disappeared until a stable state is reached
(Figure 5).
In order to more vividly illustrate the particle movement process and be consistent with the ﬁeld roof, a
multicolor layering is used. During the initial process of
ﬁlling the coal granular body with the roadway, the particles continue to fall on the upper part, for which the coal
particles are continuously compacted. When completely
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collapsed, the coal particles are completely ﬁlled with the
roadway. The process of falling into the roadway is consistent with the ﬁeld.
According to the horizontal stress cloud picture and the
vertical stress cloud picture of Figure 6, the horizontal stress
increases with the increase of the coal granular body depth,
and the horizontal stress extreme value appears in the left
and right symmetrical position and the nonlowest part; the
horizontal force extreme value appears on the right side of
the bottom plate. Stress of other areas is more stable. The
vertical stress gradually increases with the increase of the
coal granular body depth, but the value on the side wall is
small because the friction with the side wall is not considered; the vertical high stress area is concentrated on the
bottom plate, and the maximum value is located on the right
ﬂoor. It is shown that the maximum lateral compressive
stress is near the bottom of the roadway. Because the
granular particles are not evenly distributed, the maximum
stress of the ﬂoor of the roadway is not always at the center of
the ﬂoor, but there is a certain deviation, and the minimum
stress is always close to the roof.
4.4. Analysis of the Occurrence of Excavation of Surrounding
Rock Collapsed Body. According to the occurrence of the
free-falling body, the left lower part and the middle part are
excavated by 1 m × 1 m. The balance of the original force is
broken by the excavation, and the excavation space is quickly
ﬁlled by the surrounding granular particles. The excavation
space is selected by the red frame, and the particle distribution of the ﬁlling space after excavation can be obtained.
During the excavation process in the lower left part, the
speciﬁc gravity of the coal particles with a particle size of
0.1 m is in the order of the ﬁrst layer > the second layer > the
third layer > the fourth layer. The speciﬁc gravity of the coal
particles with a particle size of 0.1 m–0.2 m is in the order of
the second layer > the ﬁrst layer > the third layer > the fourth
layer. The speciﬁc gravity order of 0.2 m coal particles is in
the ﬁrst layer > the second layer > the third layer ≈ the fourth
layer; during the middle and lower excavation process, the
speciﬁc gravity of the coal particles with a particle size of
0.1 m is in the order of the ﬁrst layer > the second layer > the
third layer > the fourth layer. The particle size of 0.1 m–0.2 m
coal particles is in the order of the ﬁrst layer ≈ the second
layer > the third layer > the fourth layer, and the speciﬁc
gravity of particle size of 0.2m is in the order of the ﬁrst layer
≈ the second layer > the third layer > and the fourth layer. It
indicates that in the left lower and middle lower excavation,
the vertical ﬁlling speed is more than the horizontal speed.
The vertical direction is the main part of the ﬁlling, and the
horizontal direction is the secondary part of ﬁlling; the
phenomenon of the diﬀerent layers with diﬀerent particle
sizes ﬁlling is obvious (Figures 7 and 8).
According to the results of the excavation at the lower
left part, the inclined surface formed by the granular body
after excavation is negatively correlated with the particle
size, and the smaller the particle size, the larger the inclination angle of the stable surface formed after excavation.
After the middle and lower part of the excavation, two
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Table 2: Mechanical property of model.
Material
properties

Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Coal

Particle
quantity
1458
1458
1458
1458
1458
353
353
353
353
353
742
742
742
742
742

Particle
size (mm)
100
100
100
100
100
200
200
200
200
200
100–200
100–200
100–200
100–200
100–200

Density
(kg·m−3)

Tensile
strength (MPa)

Local damping
coeﬃcient

1650

0.51

0.3

2. Fall into the laneway

Excavation
position
Shear stress part
Shear stress part
Shear stress part
Shear stress part
Middle lower part
Shear stress part
Shear stress part
Shear stress part
Shear stress part
Middle lower part
Shear stress part
Shear stress part
Shear stress part
Shear stress part
Middle lower part

Natural repose
angle
16°
26°
36°
46°
46°
16°
26°
36°
46°
46°
16°
26°
36°
46°
46°

3. First striding
backward pattern

1. Free falling of
granular media

Figure 5: Particle formation process.
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Figure 6: Collapsed body stress cloud picture.

inclined faces are formed by the granular particles. With the
increase of the particle size of the coal granular body, the
angle of the slope is less obvious, but the overall trend of the
slope is “V”, and the left and right slopes are equal.
4.5. Inﬂuence of Excavation Shape and Volume on the
Movement of Coal Granular Body. In order to study the
eﬀect of excavation shape on the ﬁlling of coal granular body
and stable inclined surface, diﬀerent particle sizes and the

same excavation volume were adopted, and the excavation
dimensions were 0.5 m × 1 m and 1 m × 0.5 m.
According to the collapsed ﬁlling pattern of Figure 9,
when the size of the excavation area is 1 m × 0.5 m and 1 m ×
1 m, it is mainly ﬁlled by the particles in the vertical direction, and the horizontal particles ﬁlling is supplemented;
the size of the excavation area is 0.5 m. When the size of the
excavation area is 0.5 m × 1 m, it is mainly ﬁlled by the
particles in the horizontal direction, and the vertical ﬁlling of
the particles is supplemented. The comparison shows that
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Figure 7: Collapsed process of excavation of the left lower part of coal particles with diﬀerent particle sizes. (a) Coal particles of 0.1 m
particle size. (b) Coal particles of 0.1–0.2 m particle size. (c) Coal particles of 0.2 m particle size.
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Figure 8: Collapsed process of excavation of the lower central lower part of coal particles with diﬀerent particle sizes. (a) Coal particles of
0.1 m particle size. (b) Coal particles of 0.1–0.2 m particle size. (c) Coal particles of 0.2 m particle size.

the size of the longitudinal dimension determines the
primary-secondary relationship of the ﬂow direction of the
particles. Under the same excavation area, the inclined
surface angle formed by excavation 1 m × 0.5 m is less than
that of 0.5 m × 1 m, and the smaller the particle size, the
larger the angular diﬀerence formed. When the excavation
scales of the same particle size are the same, the inclination
angle of the inclined surface becomes smaller, which is
consistent with the excavation law of 1 m × 1 m in the lower
left part. When diﬀerent excavation volume are compared,
the inclination angle of the inclined surface is consistent with

1 m × 0.5 m and 1 m × 1 m. Compared with 0.5 m × 1 m and
1 m × 1 m, the inclination angles of the inclined planes are
inconsistent. The excavation width is independent of the
angle of the inclined plane, and the excavation height is
positively correlated with the slip angle.
4.6. Inﬂuence of Internal Friction Angle on the Occurrence of
Granular Body. Under ideal conditions (no cohesion or
neglect of cohesion), the internal friction angle is the elastic
constant of the coal sample of the ideal granular body, and
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Figure 9: Relationship between excavation shape and coal collapsed body. (a) 0.1 m particle size and 1 m × 0.5 m excavation. (b) 0.1 m
particle size and 0.5 m × 1 m excavation. (c) 0.2 m particle size and 1 m × 0.5 m excavation (d) 0.2 m particle size and 0.5 m × 1 m excavation.

the natural repose angle is the angle formed by particles
moving by weight. The numerical value is equal to the
natural repose angle. Because the cohesive force of coal
particles is very small, it can be neglected. The natural repose
angle of coal particles with diﬀerent particle sizes can be
obtained through experiments. The natural repose angle is
used to calculate the dip angle of the slip surface, and the
inﬂuence of the natural repose angle on the slip of coal
particles is analyzed.
Figure 10 shows the inclined surface formed after excavation of the left lower part 1m × 1m when the natural
repose angle is 16° and 26°. In Figure 10(a), when the natural
repose angle is 16°, the inclined surface inclination angle is
26°; when the natural repose angle is 26°, the inclined surface
inclination angle is 28°; when the natural repose angle is 36°,
the inclined surface inclination angle is 30°. As the natural
repose angle increases, the inclination of the inclined surface
also increases. It can be seen from the proportion of the
particle-ﬁlled excavation space that the vertical ﬁlling
amount is larger than that of the horizontal direction.

5. Analysis of the Movement Track of the
Surrounding Rock Excavation
5.1. Variation of Displacement Field of Excavation of Surrounding Rock Mass. Much excavation is carried out in the
surrounding rock of the roadway. The movement displacement of the particles can be drawn by monitoring the
tracking of the upper particles. In the ﬁgure, Y is the height

of the monitoring point, and X is the horizontal displacement of the monitoring point. Through the numerical
simulation experiment on the excavation of the bulk, a large
amount of excavation particle movement data is obtained.
By comparing Figures 11(a), 11(b), and 11(c), it can be
seen that the particle trajectories of diﬀerent particle sizes are
similar, and all the particle movements are obviously directed to the excavation space. Extrusion force, boundary
friction force, and distance lead to particles not at all
pointing to excavation space. During the initial excavation
process, the particle motion is perpendicular to the space
above the excavation space, and as the horizontal position
increases, the moving distance becomes smaller and smaller,
indicating that the farther away from the excavation space,
the weaker the inﬂuence on the particle movement. As the
excavation continues, the particle movement at the monitoring point is still inversely related to the excavation distance. For the single monitoring point above the nonvertical
excavation, as the number of excavation increases, the
moving distance becomes longer and the pointing becomes
more and more obvious. In other words, the closer to the
excavation space is, the bigger eﬀect on the particle
movement is. Because the movement curve is obvious
zoning, the curve is divided according to the excavation
moving distance. The upper part is the dense area and the
lower part is the loose area. The excavation process of the
dense area has little eﬀect on the movement, while movement is more greatly impacted by the loose area. It can be
clearly seen from the added lateral auxiliary line that as the
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Figure 10: 0.1 m coal with diﬀerent natural repose angle and excavation left lower part 1 m × 1 m. (a) Natural repose angle is 16°. (b) Natural
repose angle is 26°.

particle size increases, the auxiliary line appears to move
downwards. The moving speed is limited by the particle size.
As the particle size increases, the limit is decreased. The
bigger the particle size, the uniform the particle size
movement. It is also known that the distance of the particles
becomes short as the particle diameter increases compared
with the total moving path.
Comparing the displacement maps of the same excavation area in the lower left part (Figures 11(c) and 11(d)),
the excavation area is always 0.5 m × 1 m, and the excavation
area is closer to the excavation space than the 1 m × 0.5 m
particle retention position, and the moving distance is
farther. Therefore, from the moving distance, the same
volume, 1 m × 0.5 m excavation should be preferred to
choose. In the 1 m × 0.5 m excavation method, particles
point to the full excavation space, and the particles move to
1.5 m and appear vertical drop. In the 0.5 m × 1 m excavation
method, particles point to the semiexcavation space. When
the horizontal ordinate enters 0.5 m and the ordinate reaches
1.5 m, the particles fall vertically. The pointing regularity of
1 m × 0.5 m excavation is more obvious than 0.5 m × 1 m.
Comparing the displacement pictures of the same excavation area in the middle and lower parts (Figures 11(e)
and 11(f )), both sides of the excavation area point to the
excavation space and have obvious symmetry. When the
excavation area is 1 m × 0.5 m, the particle retention position
is closer to the excavation space and moves farther. Comparing the diﬀerent excavation positions of the same excavation shape (Figures 11(c) and 11(e)), the inﬂuence range
of the central excavation is large and balanced, and the
inﬂuence range of side wall excavation is small and unbalanced, so the overall support resistance of the central
excavation is greater. The side support excavation has large
local support resistance. When the external resistance is only
gravity and small, the comprehensive support is timeconsuming and laborious. The local support should be selected, and the side wall excavation is better.
Compared with the excavation space area of 1 m × 1 m, the
movement distance and mode of particles in the excavation
areas of 0.5 m × 1 m and 1 m × 0.5 m are more stable.
Therefore, when the same excavation amount is used, multiple
small volume excavations should be selected and gradually
form a generous volume.

5.2. Change of Velocity Field of Excavation of Surrounding
Rock Mass. Each point in the excavation process is monitored and time parameters are given to obtain a velocity
cloud picture in the vertical direction of the granular body
movement. In the following, the representative movement
processes caused by left lower 1 m × 1 m and middle lower
part 1 m × 1 m excavation are studied.
The trend of the velocity ﬁeld during the excavation of
coal particles is shown in Figure 12. In Figure 12(a), the
velocity ﬁeld shows obvious zoning characteristics. There is a
triangular inert zone on the right side, and the adjacent
position is the motion zone. The interface between the zone
and the inert zone is a slip surface. The velocity ﬁeld
gradually increases from right to left, and a high-speed zone
appears above the excavation face. In order to analyze the
variation characteristics of the velocity ﬁeld of the collapse
process, the variation law of the partial collapse velocity ﬁeld
is analyzed. With the fall of the collapsed body, the collapsed
body falling into the bottom plate becomes a low-speed
particle, which is stable. The high-speed zone is moving up.
The proportion of low-speed particles is increasing, indicating that it is gradually stabilizing. From the distribution
of the velocity ﬁeld, the proportion of particles in the collapsed excavation area can also be obtained. Although the
ﬁlling path in the horizontal direction is short, the ﬁlling
speed is slow. Although the vertical direction is long, the
speed is fast. In the collapsed excavation, the particles in the
zone are predominantly in the vertical direction. When
excavating in the middle and lower part, the law is basically
similar to the law of excavation in the lower left part, but a
symmetrical velocity ﬁeld is formed in the central excavation. There is a “nuclear” type feature, the core speed is the
fastest, and the medium core speed is faster. But the arc
boundary line is obviously formed, which is next to the core.
The boundary between the middle core and the outer core is
a slip surface, and the area of the outer core is a stable area.
5.3. Study of Slip Surface Changes Based on Velocity Field.
The particles with the particle size of 0.1 m, 0.1–0.2 m, and
0.2 m are excavated separately. By comparing the coordinates before and after the excavation of the particles, the
particles with little or no movement are found, and the
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Figure 11: Moving track of coal particle excavation. (a) 0.1 m particle size. (b) 0.2 m particle size. (c) 0.1–0.2 m particle size. (d) 1 m × 0.5 m
excavation. (e) 0.5 m × 1 m excavation. (f ) 1 m × 0.5 m excavation. (g) 0.5 m × 1 m excavation.
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Figure 12: Change trend of velocity ﬁeld of coal particle excavation. (a) Initial collapse of the lower left part of 0.1 m coal particles. (b) The
collapsing process of the lower left part of 0.1 m coal particles. (c) The collapsing process of the lower middle part of 0.1 m coal particles.

particles on the boundary are used as the slip surface. The
particle coordinates on the boundary are used to draw the
slip surface. The slip surface of the left lower granular body
excavation is shown in Figure 13.
The particles in the lower left part of the ﬁgure are
excavated particles, and the particles stacked on the right
side of the triangle are particles with relatively little or no
movement, and the slip surface of the excavation of the
granular body is constituted by the particles on the oblique
side of the triangle. The slip surface angle obtained by a

large number of excavations is measured. Although the
inclination angle of the slip surface does not always reach
the maximum due to the position and the gap of the
granular particles, the maximum inclination surface angle
of the diﬀerent coal granular particle sizes is all 52°. It can
be seen that when the natural repose angle is the same, the
particle size of the granular body has no inﬂuence on the
inclination angle of the slip surface. According to formula
(11), the angle of the slip surface is calculated to be 63°, and
the value obtained by the simulation is slightly smaller. It
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Figure 13: The relationship between the particle size and the slip surface. (a) 0.1 m particle size. (b) 0.1 m–0.2 m particle size. (c) 0.2 m
particle size.

can be seen that in the excavation of the particles on the
moving surface, the particles present in the upper part have
a certain inﬂuence on the slip surface. The force is not
considered in the theoretical formula, which results in a
deviation of the result.
5.4. Relationship between Natural Repose Angle and Slip
Surface. The natural repose angle is the inclination angle of a
fracture surface. To explore the relationship between the slip
surface of the coal granular body particle and the natural
repose angle, the 1 m × 1 m excavation experiment of the left
lower part of the coal granular body at 46°, 36°, 26°, and 16°is
carried out. The result is shown in Figure 14.
It can be seen from the ﬁgure that when the natural
repose angle of the coal granular body changes from large to
small, the slip surface also shows a trend from large to small,
and there are two linear relationships: when the natural
repose angle is 46°, the excavation slip surface The angle is
56°; when the natural repose angle is 36°, the excavation slip

surface angle is 52°; the natural repose angle is 26°, and the
excavation slip surface angle is 48°; the natural repose angle
is 16°, and the excavation slip surface angle is 44°. The natural
repose angle decreasing by 10° and the slip surface decreasing by 4°are obtained by successive diﬀerences.
In Section 3.2, the dip angle of the slip surface of the roadside
bulk is deduced by statics theory, and the relationship between
the internal friction angle and the dip angle of slip surface is
obtained. When the emergency rescue runnel is excavated in the
bulk, the bulk solid ﬁrst falls in the vertical direction, and then
the sliding phenomenon occurs in the upper and inclined areas.
The trajectories, velocities, and accelerations of the particles can
be calculated. That is to say, the excavation roadway-particle
movement-slip surface stability is a dynamic process. The
movement of particles will “activate” neighboring particles.
Particles will collide with other particles when moving at certain
acceleration. It will promote further movement of the particles.
This evolutionary eﬀect eventually leads to the numerical calculation (dynamic) of the slip surface angle and is less than the
theoretical calculation of the slip surface angle (static).
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Figure 14: The relationship between the natural repose angle and the slip surface. (a) The 46° natural repose angle. (b) The 36° natural repose
angle. (c) The 26° natural repose angle. (d) The 16° natural repose angle.

6. Conclusion
In order to study the mechanical characteristics of the
roadway excavation process, the ﬁeld study of the roadway
collapsed body was carried out. The lateral pressure coeﬃcient and the slip angle of the slip surface were theoretically derived. The collapsing simulation experiment of
coal granular body and numerical simulation experiment of
coal granular body excavation were carried out. The following conclusions were obtained:
(1) The surrounding rock collapsed body can be approximately spherical in shape, the block in the
surrounding rock collapsed body is compacted by its
own weight, and the side wall of the roadway only
plays a limiting role, but has no supporting reaction
force.

(2) Both horizontal stress and vertical stress increase
with the increase of coal granular body depth; vertical high stress regions are concentrated in the ﬂoor.
(3) When excavating the lower left part and the middle
part, the vertical direction of the ﬁlling is main, and
the horizontal direction of the ﬁlling is secondary.
The stratiﬁcation of the ﬁlling area of diﬀerent
particle sizes is obvious. The inclined surface formed
by the granular body after excavation has a negative
correlation with the particle size.
(4) The primary-secondary relationship of the ﬂow direction of the particles is determined by the size
of the longitudinal dimension. The excavation width
is independent of the inclination angle of the inclined surface, and the excavation height is positively
correlated with the slip angle. As the natural repose
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angle increases, the inclination angle of the inclined
surface also increases.
(5) The movement of all the particles is obviously directed to the excavation space. The farther away from
the excavation space, the weaker the inﬂuence on the
movement of the particles. As the particle size increases, the boundary of the movement is lower and
lower; when the excavation volume is same, multiple
small volume excavations should be selected.
(6) The partitioning characteristics of velocity ﬁeld are
obvious. With the fall of the collapsed body, the
collapsed body contacting the ﬂoor becomes a lowspeed particle, which is in a stable state, and the highspeed area appears to move up. Central excavation
forms a “nuclear” type of feature.
(7) The maximum inclination angles of the coal granular
body slip surface of diﬀerent particle sizes are all 52°,
and the particle size of the granular body is independent of the inclination angle of the slip surface.
The natural repose angle is reduced by 10°, and the
slip surface is decreased by 4°.
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In order to research on gas exploration shock wave spread law via a one-way bifurcation pipeline, the gas exploration pipeline
experimental system and numerical calculation model were established. By adopting the comparative analysis of experiments and
numerical modeling, it conducted researches on the attenuation and shunt characteristics of the gas exploration shock wave via
the one-way bifurcation pipeline and obtained the computational formulas for shock wave attenuation coeﬃcients of branch
pipelines and straight pipelines and shock wave shunt coeﬃcients of branch pipelines. As the research result showed that when the
pipeline bifurcation angle was ﬁxed, the larger the shock wave overpressure was, the larger the overpressure attenuation coeﬃcients of straight pipelines and branch pipelines were. When the shockwave overpressure was ﬁxed and the one-way bifurcation pipeline angle increased, the shock wave overpressure attenuation coeﬃcients of branch pipelines would be aggregated
and the shock wave overpressure attenuation coeﬃcients of straight pipelines would be decreased, which reﬂected the shunting
action of the shock wave in branch pipelines and straight pipelines; the larger the branch pipeline bifurcation angle, the smaller the
shunting action for straight pipelines. The research achievements in the paper had important signiﬁcance for the assessment of
structures damage in mine laneways gas exploration accidents and installation of the antiexploration manhole cover, which
further enriched gas exploration spread theory.

1. Introduction
Gas exploration accidents had the characteristics of strong
complexity and large destructiveness. In general, mine gas
exploration accidents always resulted in the damage of the
underground ventilation system, structures, and inspection
and monitoring systems, which could cause the disorder of
underground airﬂow, further aggravate the accumulation of
gas, and lead to continuous and repeated gas exploration
accidents. In the meantime, the rapid spread of poisonous
and harmful gas generated after gas exploration could cause
a large amount of injuries and deaths among underground
staﬀ. Gas exploration accidents existed along with coal
mining. With the increase of coal mining depth year by year,
the emission of mine gas became increasingly more and the
pressure which discharged gas also became more and more,

which enlarged the possibility of triggering gas exploration
[1–3]. This paper studies the law of attenuation and propagation of the shock wave after the gas explosion accident in
general air districts, instead of the law of mutual association
between shock wave and ﬂame wave in the gas combustion
area. The research achievements in the paper had important
signiﬁcance for the rescue decision-making of gas explosion
accidents such as roadway damage and selection of disaster
relief route. The shock wave pressure generally appears to be
attenuating in general air districts. Therefore, the research
results in this paper are of guiding signiﬁcance to accident
control rather than accident prevention, and it was of great
signiﬁcance to make research on the assessment of inﬂuence
of gas exploration shock wave spread law on gas exploration
accidents shock wave damage severity and on design of
structures, such as mine ventilation facilities.

2
Some foreign countries with relatively developed industrialization had started researches on gas exploration early.
From 1980s, there were many researches on the gas exploration mechanism from home and abroad. In America,
Australia, Poland, Russia, Japan, etc., there were experimental
researches on the exploration and spread characteristics of
premixed combustible gas. In America, there were National
Institute for Occupational Safety and Health (NIOSH),
Pittsburgh research center and Lake Lynn experimental mine;
in Australia, the London Dare safety research center was
established; some European countries had established the
premix ﬂammable gas exploration experiment system and
conducted experimental researches [4–6]. The gas exploration
researches in China was a little late than European and
American countries; however, China paid much attention on
coal mine safety technology researches [7, 8]. With the great
support of governments and technology departments, China
had conducted fundamental researches on coal mine gas
exploration mechanisms from 1980s. In recent thirty years,
with the continuous development of coal mining technology
and safety technology, the explosion prevention and control
national key laboratory from Beijing Institute of Technology,
gas explosion key laboratory from China University of
Mining and Technology, Henan Polytechnic University,
Fushun Branch of China Coal Research Institute, Institute of
Mechanics, Chinese Academy of Sciences, Power Engineering
College Explosion Laboratory of Nanjing University of Science and Technology, had established the premixed ﬂammable gas explosion experiment pipeline system successively
and obtained a large amount of achievements through researches. At present, scholars from home and abroad had
conducted researches on the gas explosion occurrence
mechanism, propagation process, inﬂuence factors, ﬁre losses
estimation, and rescue decision-making [9–16]. Lin Baiquan,
professor of China University of Mining and Technology, had
made researches on the inﬂuential factors of the shock wave
and ﬂame propagation in the pipeline gas explosion combustion area [17, 18]. Jing Guoxun, professor from Henan
Polytechnic University, had led his team to research the gas
explosion shock wave, ﬂame, poisonous gas propaganda law
inﬂuential factors in the pipeline air area [9, 10, 19, 20].
Currently, there was shortage of researches on pipeline gas
explosion shock wave propaganda law. The factors which
aﬀected the pipeline gas explosion shock wave propaganda
were complicated. The current research achievements were
mainly about the shock wave aﬀecting factors such as the
roughness of pipeline wall, pipeline bend, pipeline cross
section change, and barriers, but there were few researches on
gas explosion shock wave propaganda law under the complicated bifurcation pipeline. However, most mine laneways
were complicated network, and it was of practical signiﬁcance
to make researches on shock wave propaganda principles in
complicated pipelines [21–23].
Under such circumstances, the paper conducted researches on the most common one-way bifurcation pipeline and adopted the shock wave attenuation law under
laboratory one-way bifurcation pipeline to simulate shock
wave attenuation law under the practical one-way bifurcation pipeline.
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2. Experimental Research on Gas Explosion
Shock Wave Spread Law via the One-Way
Bifurcation Pipeline in the Nongas
Combustion Area
In the gas combustion area, the shock wave would have
coupling spread with the combustion wave and interact with
each other. Meanwhile, the shock wave overpressure had the
trend of enlarging gradually. In the nongas combustion area,
when the gas combustion ﬁnished, the shock wave showed
decreasing tendency. The purpose of the paper was to research on the attenuation law of the shock wave in the
pipeline in the nongas combustion area.
2.1. Experimental System. The paper adopted gas explosion
experimental platform from China University of Mining and
Technology and established the one-way bifurcation pipeline
gas explosion experimental system. The experimental
pipeline contained ﬁve subsystems, i.e., high energy ignition
device, air distribution device, vacuum meter, gas explosion
experimental pipe system, and analysis system of dynamic
data. The high energy ignition device was used to ignite gas,
which was low pressure stored energy and high pressure
discharge; the air compressor was composed of two parts:
vacuum pump and air compressor. The air compressor was
mainly for generating compressed air and preparing premixed ﬂammable gas; the vacuum pump was used for delivering prepared ﬂammable gas into the gas-ﬁlling area
inside the pipeline; the experimental pipeline system was
designed as a square-shaped pipeline with the cross section
of 80 mm ∗ 80 mm and total length of 20.9 m; and TST6300
dynamic data collection and analysis system would integrate
dynamic data storage device, various sensors, and computers
and then collect pressure data.
The physical models are shown in Figure 1.
2.2. Experimental Scheme. The length of the gas explosion
combustion area is usually 3 times that of the gas-ﬁlling area.
The maximum length of the gas-ﬁlling area is set to 6 meters
during the experiment. This paper studies the law of attenuation and propagation of the shock wave after the gas
explosion accident in general air districts. In order to ensure
that the gas explosion ﬂame wave cannot reach the bend of
the pipeline during the experiment, the experimental
straight line pipeline is set to 19 meters and the total length
of the pipeline is 20.9 meters, which was set up to simulate
the actual mine roadway.
The experimental pipeline was a square-shaped pipeline
with the cross section of 80 mm ∗ 80 mm and total length of
20.9 m. At the left end of the gas explosion test chamber, the
gas-ﬁlling area was set and high energy ignition device could
be used to ignite gas; at the right end, one-way bifurcation
pipeline and pressure sensors were installed to test shock
wave overpressure at pipeline bifurcation, as shown in
Figure 2.
Normally, mine roadways are rare with more than 90
degrees. But the propagation direction of the gas explosion
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(a)

(b)

(c)

(d)

(e)

(f )

Figure 1: Gas explosion experiment system: (a) high energy ignition device; (b) air compressor; (c) vacuum pump; (d) vacuum meter; (e)
gas explosion experimental pipe; (f ) analysis system of dynamic data.

Gas explosion test pipes
Gas

1
Spherical valve

2
3

β

1,2,3 - pressure sensors
β - pipe bifurcation angle

Figure 2: Experiment system of shock wave spread via the one-way bifurcation pipeline.

shock wave along the roadway may be reversed during the
disaster and the shock wave does not propagate in the direction of wind ﬂow, so the bifurcation angles more than 90
degrees of the experimental pipe for the gas explosion shock
wave experiment was set up to simulate the actual situation
in the mine roadway.
In order to simulate the spread law of underground gas
explosion in roadway, the paper adopted the pipeline
model with seven bifurcation angles: 30°, 45°, 60°, 90°, 120°,
135°, and 150°. Since shockwave had reﬂection stack
phenomenon at the bifurcation or turning, there were high
pressure area and low pressure area for the shock wave
pressure in the area. The purpose of the paper was to

research the general attenuation and shunt principle inside
straight pipeline and branch pipeline after the shock wave
had passed pipeline bifurcation, instead of shock wave
reﬂection stack phenomenon in the regional area. Therefore, the pressure sensor was installed outside pipeline
bifurcation reﬂection stack areas. The system experiments
had proved that when the no. 1 and no. 2 pressure sensors
were 0.5 m away from bifurcation and no. 3 pressure sensor
was 1.5 m away from bifurcation, the reﬂection stack
phenomenon could be almost ignored. Therefore, no. 1 and
no. 2 pressure sensors shall be installed 0.5 m away from
bifurcation and no. 3 pressure sensor 1.5 m away from
bifurcation.

4
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The main research on this paper is gas exploration
shock wave spread law via the one-way bifurcation pipeline, so the concept of shock wave overpressure is that
shock wave absolute pressure removes a standard atmospheric pressure, which is a parameter characterizing shock
wave propagation in this paper. The unit of shock wave
overpressure is Pascal. The experiment mainly focused on
the shock wave attenuation and bifurcation laws under
a diﬀerent initial pressure and distinct pipeline bifurcation
angles. Therefore, in the experiment, it ﬁlled 4, 5, and 6 m
gas with volume fraction of 9.5% in the gas explosion
combustion area (spherical valves in Figure 2) under the
same bifurcation angle to change the shock wave initial
pressure. The experiment was repeated for three times and
nine times in total.
The pipeline shock wave attenuation coeﬃcient represented for the attenuation principle of shock wave
overpressure inside the pipeline, while the branch shock
wave overpressure shunt coeﬃcient stood for the inﬂuence
of the shock wave spreading inside the branch pipeline on
the straight shunt eﬀect. By combining both indicators, it
could represent the shock wave attenuation principles in
bifurcation pipelines (branch and straight pipelines). The
shock wave pressure tested at testing points no. 1, no. 2, and
no. 3 were overpressure peak. It could deﬁne
Overpressure at no. 1 testing point/overpressure at no.
2 testing point � straight pipeline shock wave overpressure attenuation coeﬃcient K1
Overpressure at no. 1 testing point/overpressure at no.
3 testing point � branch pipeline shock wave overpressure attenuation coeﬃcient K2
Overpressure at no. 3 testing point/overpressure at no.
2 testing point � branch pipeline shock wave overpressure bifurcation coeﬃcient M
2.3. Experimental Data Analysis. In the experiment, it made
analysis of the shock wave overpressures at diﬀerent testing
points in the circumstances of seven bifurcation pipelines
and three kinds of distinct gas-ﬁlling amount. The emphasis was put on the inﬂuence of shock wave initial
overpressure and pipeline bifurcation angles on one-way
bifurcation pipeline attenuation coeﬃcient changes, as
shown in Tables 1 and 2. In Table 1, it presented gas explosion shock wave experimental data; in Table 2, it showed
gas coal dust explosion shock wave data. The reason why
gas coal dust explosion was adopted was that the initial
overpressure of shock wave generated through gas coal dust
explosion was far larger than that from gas explosion. The
purpose of the experiment was to verify the inﬂuence of
shock wave initial overpressure on the shock wave attenuation coeﬃcient and shunting coeﬃcient via the one-way
bifurcation pipeline.
By analyzing experimental data, it could be known that,
under the same conditions, the larger the initial pressure
was, the larger the straight pipeline attenuation coeﬃcient K1

and branch pipeline attenuation coeﬃcient K2 were. Since
the shock wave was a kind of the air compression wave, the
larger the shock wave initial overpressure was, the larger the
oblique shock wave pressure generated by the shock wave at
pipeline bifurcation was, and the faster the shock wave
attenuation was because the energy loss was greater after
strong reﬂection stack of the shock wave. No matter it was in
pipeline bifurcation, pipeline bend, and straight pipeline, the
characteristics of the shock wave attenuation coeﬃcient
would increase along with the enlargement of initial pressure
when kept the same.
Under the same conditions, the main factor which
aﬀected shock wave attenuation coeﬃcient change was the
pipeline bifurcation angle, which had greater inﬂuence
than initial overpressure. The inﬂuence of initial overpressure on the straight and branch pipelines shock wave
attenuation coeﬃcient was smaller than the inﬂuence of
the pipeline bifurcation angle, so that the inﬂuence of
initial overpressure could be almost ignored. In the data
analysis process, it would select the average testing results
of 4 m, 5 m, and 6 m gas-ﬁlling length. Therefore, in the
pipeline bifurcation condition, the inﬂuence of initial
overpressure on the attenuation coeﬃcient could be ignored and only the inﬂuence of the pipeline bifurcation
angle on the attenuation coeﬃcient shall be analyzed, as
shown in Figure 3.
Under pipeline bifurcation circumstance, when the
bifurcation angle was in the range of 30°–90°, the branch
pipeline attenuation coeﬃcient K2 was between 1.4 and 1.9,
while the straight pipeline attenuation coeﬃcient K1 was
between 1.5 and 1.0 and the branch bifurcation coeﬃcient
M was between 0.9 and 0.6; when the bifurcation angle was
in the range of 90°–150°, the branch pipeline attenuation
coeﬃcient K2 was between 1.9 and 2.9, while the straight
pipeline attenuation coeﬃcient K1 was between 1.1 and 1.0
and the branch bifurcation coeﬃcient M was between 0.6
and 0.3. When the branch pipeline attenuation coeﬃcient
K2 was enlarged, the straight pipeline attenuation coeﬃcient K1 would decrease, which reﬂected the shock wave
shunting eﬀect in branch and straight pipelines, i.e., when
the branch pipeline bifurcation angle was larger, the
shunting eﬀect for the straight pipeline was smaller. The
both could have mutual inﬂuences. In pipeline bifurcation
conditions, shock wave attenuation in branch pipelines was
larger than that in the straight pipeline. Therefore, the coal
mine antiexplosion manhole cover shall be installed in the
branch roadway of return air shaft in order to protect main
ventilators.
From Figure 3, it could be known that, under pipeline
one-way bifurcation, the change of the gas explosion shock
wave attenuation coeﬃcient and shunting coeﬃcient along
with the pipeline bifurcation angle was shown below from
Formulas (1)–(3). The formulas could provide reference for
the shock wave overpressure attenuation after mine gas
explosion accidents. Combined with the damage criterion of
shock wave on human bodies, it could estimate the severity
and damage scope of gas explosion accidents.
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Table 1: Coeﬃcient shunt and attenuation coeﬃcient of the gas explosion shock wave via the one-way bifurcation pipeline.
Shock wave
overpressure

Branch
bifurcation
angle β (°)
30
45

60
Peak
overpressure

90

120
135

150

Length of gas in the
explosion chamber
(g/m3)
4
5
6
4
5
6
4
5
6
4
5
6
4
5
6
4
5
6
4
5
6

Testing
point 1
(MPa)
21.60
34.69
44.24
30.80
35.80
45.48
33.17
37.25
46.92
32.05
37.62
46.24
34.45
39.44
45.67
27.08
41.40
47.42
24.75
41.97
46.53

Testing
point 2
(MPa)
15.29
24.31
29.93
23.50
26.67
32.50
28.31
30.46
37.12
29.11
33.63
39.68
32.01
35.68
40.45
25.67
39.08
44.07
23.87
40.17
43.99

Testing
point 3
(MPa)
14.60
22.22
26.16
20.39
22.06
26.67
20.82
21.67
26.50
17.97
20.61
24.39
17.38
18.76
21.14
12.82
17.82
19.77
10.21
15.47
16.50

Branch pipeline Straight pipeline
bifurcation
attenuation
coeﬃcient M
coeﬃcient K1
0.96
1.41
0.91
1.43
0.87
1.48
0.87
1.31
0.83
1.34
0.82
1.40
0.74
1.17
0.71
1.22
0.71
1.26
0.62
1.10
0.61
1.12
0.61
1.17
0.54
1.08
0.53
1.11
0.52
1.13
0.50
1.06
0.46
1.06
0.45
1.08
0.43
1.04
0.39
1.04
0.38
1.06

Branch pipeline
attenuation
coeﬃcient K2
1.48
1.56
1.69
1.51
1.62
1.71
1.59
1.72
1.77
1.78
1.83
1.90
1.98
2.10
2.16
2.11
2.32
2.40
2.42
2.71
2.82

Table 2: Coeﬃcient shunt and attenuation coeﬃcient of the gas and smut explosion shock wave via the one-way bifurcation pipeline.
Shock wave
overpressure

Branch
bifurcation
angle β (°)
30
45

60
Peak
overpressure

90

120

135
150

Coal dust
Testing
concentration in the
point 1
explosion chamber
(MPa)
(g/m3)
375 (30 g)
0.52
500 (40 g)
0.95
625 (50 g)
1.73
375 (30 g)
0.50
500 (40 g)
0.84
625 (50 g)
1.44
375 (30 g)
0.54
500 (40 g)
0.88
625 (50 g)
0.96
375 (30 g)
0.52
500 (40 g)
0.80
625 (50 g)
1.36
375 (30 g)
0.48
500 (40 g)
0.77
625 (50 g)
1.07
375 (30 g)
0.53
500 (40 g)
0.86
625 (50 g)
1.13
375 (30 g)
0.60
500 (40 g)
0.94
625 (50 g)
1.15

Testing
point 2
(MPa)

Testing
point 3
(MPa)

0.37
0.75
1.39
0.38
0.60
0.90
0.34
0.68
0.66
0.47
0.79
1.06
0.46
0.70
0.95
0.50
0.81
1.01
0.56
0.88
1.08

0.35
0.63
1.14
0.34
0.51
1.02
0.33
0.51
0.51
0.25
0.50
0.63
0.23
0.36
0.47
0.24
0.36
0.48
0.25
0.34
0.40

Straight pipeline shock wave attenuation coeﬃcient:
K1 � 1.5245x

−0.186

.

Branch pipeline shock wave attenuation coeﬃcient:

(1)

Branch pipeline Straight pipeline Branch pipeline
attenuation
bifurcation
attenuation
coeﬃcient K2
coeﬃcient M
coeﬃcient K1
0.96
0.83
0.82
0.89
0.85
1.13
0.97
0.76
0.76
0.54
0.64
0.59
0.50
0.52
0.50
0.48
0.45
0.47
0.44
0.39
0.37

1.41
1.26
1.24
1.32
1.40
1.61
1.61
1.30
1.45
1.09
1.01
1.28
1.04
1.11
1.13
1.06
1.06
1.11
1.07
1.07
1.07

1.48
1.51
1.51
1.49
1.65
1.42
1.65
1.72
1.90
2.04
1.59
2.16
2.08
2.12
2.27
2.19
2.38
2.34
2.40
2.75
2.87

K2 � 1.5129x−0.241 .

(2)

Branch pipeline shock wave shunting coeﬃcient:
M � 1.0077x−0.427 .

(3)
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Figure 3: Shock wave attenuation coeﬃcient and bifurcation
coeﬃcient change of gas explosion under pipeline one-way bifurcation circumstance.

3. Numerical Simulation Research on Gas
Explosion Shock Wave Spread Law via the
One-Way Bifurcation Pipeline in the Nongas
Combustion Area
Based on FLUENT software numerical simulation, the paper
researched on gas explosion shock wave spread law via the
one-way bifurcation pipeline in the nongas combustion area
adopted the method of combining experiments and numerical simulation and established the mathematic models
which was the same with experiment conditions.
3.1. Initial Conditions and Boundary Conditions
The initial conditions in the burned zone were as
follows: T � 1600 K; P � 102325 Pa; XV � 0, YV � 0;
WCH4 � 0, WO2 � 0, WH2 O � 0.118, and WCO2 � 0.145.
The initial conditions in the unburned zone were as
follows: T � 300 K; P � 0 Pa; XV � 0, YV � 0;
WCH4 � 0.053, WO2 � 0.21, WH2 O � 0, and WCO2 � 0.
The initial conditions in the air zone were as follows:
WCH4 � 0, WO2 � 0, WH2 O � 0, and WO2 � 0.233.
Boundary conditions: the boundary was set as the
thermal insulated surface, and the temperature was
300 K; the two exit faces going through branch points
were set as pressure exits.
3.2. Analysis of Numerical Simulation Results. Through
numerical simulation, it calculated the shockwave overpressure value at bifurcation under the circumstances that
gas-ﬁlling lengths were 4 m, 5 m, and 6 m, respectively, and
one-way bifurcation pipeline bifurcation angles were 30°,
45°, 60°, 90°, 120°, 135°, and 150°, as shown in Table 3.
From Table 3, it was known that, under pipeline bifurcation circumstance, when the bifurcation angle was in

the range of 30°–90°, the branch pipeline attenuation coeﬃcient K2 was between 1.4 and 2.8, while the straight
pipeline attenuation coeﬃcient K1 was between 1.1 and 1.4
and the branch bifurcation coeﬃcient M was between 0.43
and 0.91; when the bifurcation angle was in the range of
90°–150°, the branch pipeline attenuation coeﬃcient K2 was
between 1.52 and 2.78, while the straight pipeline attenuation coeﬃcient K1 was between 1.18 and 1.38 and the
branch bifurcation coeﬃcient M was between 0.36 and 0.43.
When the branch pipeline attenuation coeﬃcient K2 was
enlarged, the straight pipeline attenuation coeﬃcient K1
would decrease, which reﬂected the shock wave shunting
eﬀect in branch and straight pipelines, i.e., when the branch
pipeline bifurcation angle was larger, the shunting eﬀect for
the straight pipeline was smaller. The both could have
mutual inﬂuences.
The numerical simulation results were compared with
the experimental data. The maximum pressure of the gas
explosion shock wave measured at testing point no. 1 was
47.4209 KPa, while the maximum pressure from the numerical simulation result was 48.062006 KPa; the maximum
pressure of the gas explosion shock wave measured at testing
point no. 2 was 44.0654 KPa, while the maximum pressure
from the numerical simulation result was 40.586941 KPa;
and the maximum pressure of the gas explosion shock wave
measured at testing point no. 3 was 26.6673 KPa, while the
maximum pressure from the numerical simulation result
was 29.938706 KPa. By comparing and analyzing numerical
simulation results and experimental results, the deviations
were in 8&, which implied that the simulation results were
reliable. Through comparison and analysis of experimental
data and numerical simulation data, the attenuation coeﬃcient and shunting coeﬃcient curves under diﬀerent
pipeline bifurcation conditions are shown in Figure 4. In the
data analysis, it selected the average value under 4 m, 5 m,
and 6 m gas-ﬁlling lengths.
From Figure 4, it could be known that the increase or
decrease trend of numerical simulation calculation parameters matched with that of the results measured in experiments. However, the data from numerical simulation
calculation were larger than that from the experiment, and
the attenuation coeﬃcient and shunting coeﬃcient were
larger than that from the experiment. The main reasons were
as follows:
(1) In numerical simulation, the conditions were ideal
and the factors aﬀecting gas explosion were not taken
into consideration, such as air mass force, pipeline
wall heat loss, and pipeline wall roughness, which
made shock wave overpressure numerical simulation
calculation results larger.
(2) In gas explosion experiments, the pipelines were
not completely sealed and the gas explosion shock
wave was impeded at the place where ball valves
were installed, so that there was energy loss when
the shock wave spread to pipeline connections and
ball valves, which made the numerical simulation
calculation result larger than the experiment
result.

Advances in Civil Engineering

7

Table 3: Pressure data of the shock wave via the one-way bifurcation pipeline.
9.5% gasBranch
ﬁlling
bifurcation
angle β (°) length (m)

Shock wave
overpressure

30

45
60

Peak overpressure

90
120

135

Distributary and reduction coefficient of shock wave

150

Testing
point 1
(KPa)

Testing
point 2
(KPa)

Testing
point 3
(KPa)

Pipeline
bifurcation
coeﬃcient M

Straight pipeline
attenuation
coeﬃcient K1

32.27
39.00
45.54
34.63
41.42
47.95
34.74
41.49
48.01
34.82
41.57
48.04
34.81
41.53
48.05
34.79
41.50
48.01
34.83
41.55
48.06

24.12
28.59
32.90
26.50
31.10
35.61
28.07
33.21
38.17
29.28
34.71
40.00
29.63
35.19
40.57
29.64
35.13
40.57
29.65
35.15
40.59

21.57
25.78
29.94
18.53
22.18
25.71
15.50
18.47
21.30
12.65
15.00
17.27
11.42
13.55
15.61
11.02
12.98
14.98
10.98
12.87
14.74

0.89
0.90
0.91
0.70
0.71
0.72
0.55
0.56
0.56
0.43
0.43
0.43
0.39
0.39
0.38
0.37
0.37
0.37
0.37
0.37
0.36

1.34
1.36
1.38
1.31
1.33
1.35
1.24
1.25
1.26
1.19
1.20
1.20
1.17
1.18
1.18
1.17
1.18
1.18
1.17
1.18
1.18

4
5
6
4
5
6
4
5
6
4
5
6
4
5
6
4
5
6
4
5
6

3.5
3.0
2.5
2.0
1.5
1.0
0.5
20

40

60

80
100
120
Branch angle of pipe (°)

140

Simulation data M
Simulation data K1

Experimental data M
Experimental data K1

Simulation data K2

Experimental data K2

160

Figure 4: Comparison chart of simulation and experimental
results.

4. Conclusion
(1) Under the same conditions, the larger the initial
pressure was, the larger the straight pipeline attenuation coeﬃcient K1 and branch pipeline attenuation
coeﬃcient K2 were. The shock wave attenuation
coeﬃcient kept the same characteristics that it increased with the enlargement of initial pressure no

Branch
pipeline
attenuation
coeﬃcient K2
1.50
1.51
1.52
1.87
1.87
1.87
2.24
2.25
2.25
2.75
2.77
2.78
3.05
3.06
3.08
3.16
3.20
3.20
3.17
3.23
3.26

matter in pipeline bifurcation, pipeline bend, and
straight pipeline conditions.
(2) Under the same conditions, the main factor which
aﬀected shock wave attenuation coeﬃcient change
was the pipeline bifurcation angle, which had greater
inﬂuence than initial overpressure. Under pipeline
bifurcation circumstance, when the bifurcation angle
was in the range of 30°–90°, the branch pipeline
attenuation coeﬃcient K2 was between 1.4 and 1.9,
while the straight pipeline attenuation coeﬃcient K1
was between 1.5 and 1.0 and the branch bifurcation
coeﬃcient M was between 0.9 and 0.6; when the
bifurcation angle was in the range of 90°–150°, the
branch pipeline attenuation coeﬃcient K2 was between 1.9 and 2.9, while the straight pipeline attenuation coeﬃcient K1 was between 1.1 and 1.0 and
the branch bifurcation coeﬃcient M was between 0.6
and 0.3.
(3) When branch pipeline attenuation coeﬃcient K2 was
enlarged, the straight pipeline attenuation coeﬃcient
K1 would decrease, which reﬂected the shock wave
shunting eﬀect in branch and straight pipelines,
i.e., when the branch pipeline bifurcation angle was
larger, the shunting eﬀect for the straight pipeline
was smaller. The both could have mutual inﬂuences.
In pipeline bifurcation conditions, the shockwave
attenuation in the branch pipeline was larger than
that in the straight pipeline.
(4) Without considering inﬂuences of initial pressure, it
obtained the formula that the gas explosion shock
wave attenuation coeﬃcient and shunt coeﬃcient in
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pipeline one-way bifurcation changed along with
pipeline bifurcation angles.
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Mine gas overﬂow is a serious threat to the safe and eﬃcient longwall mining of gassy coal seams. Based on the ﬁeld mining
conditions and gas extraction of the fully mechanized top-coal caving face of a gassy coal mine, the space volume fraction
distribution and emission (extraction rate) of gas in the face were tested by an arrangement of measuring points in the stereo grid.
The isograms of gas volume fraction distribution for each measurement section and air direction in the face are drawn. The
research shows that each measurement section gas volume fraction distribution is presented for an asymmetric concave curve
along the vertical direction of the coal wall in the air-inlet side and the air-return side of the face; on the working face air-return
side, the determination of gas volume fraction distribution of the section appears as falling straight line along the vertical direction
of the coal wall. Before the ﬁrst weighting, the absolute quantity of gas emission in the working face increased with the advancing
of the working face, reached the maximum at the time of the ﬁrst weighting, and then remained stable.

1. Introduction
Mine gas overﬂow is one of the main factors detrimental to
the intensive production of coal mines in China. With the
deepening of mining exploring, the number of gassy mines
and coal and gas outburst mines accidents is increasing,
resulting in frequent gas disasters and major losses [1–3].
According to statistics, in 2016, the number of coal mine gas
accidents amounts to 13 in China, killing 170 people. The
death rate per million comes in at 0.156, and death rate
dropped 3.7 percent year-on-year. Although the number of
coal mine gas accidents has dropped dramatically in recent
years, the gas accidents in total are still large and major gas
accidents have not been eﬀectively curtailed, and measures
of preventing and controlling coal mine gas are still not
suﬃcient. Due to the large amount of coal falling from the
working face during the mining process, the amount of coal
left in the goaf area, and the inﬂuence of large-scale mining
activity, the fully mechanized top-coal caving face in the

thick coal seam produces a large amount of gas emission
from the working face. It is easy for the gas and air-return
way to exceed the limit, which poses a great threat to safe
production.
Domestic and foreign researchers have conducted a series of studies on gas migration and extraction in coal seams.
To reduce the coal seam gas emission into the working space,
various measures including predrainage and postdrainage
strategies have been developed [4]. Taking advantage of the
computational ﬂuid dynamics (CFD) longwall models, the
gas distribution along the longwall face and in the immediate
goaf was investigated under six diﬀerent mining conditions
to reveal the gas dispersion and ﬂow characteristics [5, 6].
Sander et al. [7] presented a review of experimental methods
that could be applied to determining the permeability of low
to ultralow permeability gas reservoirs. The feasibility of
individual techniques depends on many factors, including
permeability, porosity, and adsorption capacity of the porous rock. In order to investigate the permeability variation

2
during the gas drainage process, Wang et al. [8, 9] established a coal permeability variation model based on the
Kozeny–Carman equation, the theories of surface physical
chemistry and eﬀective stress of the coal containing gas. The
results indicate that the gas ﬂow with the characteristics of
anisotropy and the permeability anisotropy degree are dynamic with the stress loading. To raise the gas ﬂow rate and
concentration from a mining seam and reduce the suction
pressure loss in the pipeline, Qin and Xu [10] established an
opportunity election model of secondary borehole sealing
and also developed a dynamic secondary borehole-sealing
device. Wang et al. [11] presented gas permeability evolution
mechanisms and gas seepage rules of protected seams close
to protective seams and applied comprehensive gas extraction technologies to creating a favorable environment for
the safe mining of coal and gas outburst seams. The existence
of truly undesorbable residual gas in coal seams and its
impacts on the sorption model and gas drainage eﬃciency
were studied [12]. Hu et al. [13] presented a technique useful
for the extraction of goaf methane from abandoned mines
through surface vertical drainage wells. Liu et al. [14] studied
coal seam gas occurrence and the pressure-relief range and
presented a new approach to calculate the gas emission
quantity.
It is generally believed that the gas source in the fully
mechanized top-coal caving face is mainly the coal wall,
caved coal, and goaf [15, 16]. Among them, the coal wall gas
source includes the working face coal wall, belt haulage
roadway coal wall, and air-return roadway coal wall; mining
coal gas sources include the cutting of coal by a shearer and
its transportation by a scraper conveyor from front to rear.
Gas sources in the goaf include waste coal in the goaf,
adjacent ﬂoors, and surrounding rocks. Due to the control of
the airﬂow ﬁeld on the working face, these gas outﬂows will
form a certain gas distribution characteristic. Numerical
simulation and ﬁeld measurement methods can be used to
study these gas emissions [17, 18]. In recent years, a unit
method has been proposed to measure gas emission proportion in the stope face using [19–21]. Due to the inﬂuence
of air leakage, diﬀerent pumping conditions, and the
complexity of gas emission, it is very diﬃcult to determine
the gas emission component of gas source in the working
face.

2. Engineering Background
2.1. Geological Conditions. Xiagou Mine is a key production
mine located in the southeast of Binchang Mining Area. The
recoverable coal seam in the mine ﬁeld is #4 coal seam. The
coal seam has thickness of 16.7 m on average and a bulk
density of 1.32 t/m3. Topped with a sandy mudstone and ﬁne
siltstone, the coal seam structure is simple and stable with an
average thickness of 5 to 7 meters, and the basic roof is made
of gray coarse sandstone. The bottom of the coal seam is
aluminous mudstone, with an average thickness of 3 to 10 m,
which is easily inﬂated with water. #4 coal seam belongs to
the type II spontaneous combustion coal seam. Coal dust is
explosive, and the mine is a high-gas mine. ZF301 working
face is the ﬁrst working face of 403 mining area, with a strike
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length of 2916 m, a prone length of 180 m, an average coal
thickness of 16.7 m, which is roughly in the east-west direction and northward inclination, a west dip of 0°–8°, and
an east dip of 15°–18°. The layout of ZF301 working face is
shown in Figure 1. The northern area is ZF302 longwall face
(unmined) and the southern area is a 100 m width coal pillar,
next to the goaf of Shuilian Coal Mine.
After sampling, the original maximum gas content in the
coal seam was 5.05 m3/t, the detachable gas content was
3.64 m3/t, and the residual gas content was 1.41 m3/t, belonging to the high-gas face. The working face adopts the
approach of fully mechanized top-coal caving mining
technology. The mining height is 3 m, and the mining-caving
ratio is 1 : 3. As a result, the mined coal seam thickness is
12 m, and the reserve-protected coal is 4.7 m. To reach the
goaf of safe and eﬃcient longwall mining, a series matched
equipment has been applied in the ﬁeld mining conditions,
as listed in Table 1. The working face adopts “one enter and
one back” U-type ventilation.
2.2. Gas Drainage Conditions. Three gas drainage systems
were designed in ZF301 working face: (1) the ﬁrst two alternate gas drainage pumps are ﬁxed on ground, and the
pump type is CBF810-2BG3 with a rated ﬂow rate of
500 m3/min through a seamless steel pipe of V720 mm,
which is mainly used for drainage in the dedicated gas
drainage lane; (2) the second two gas drainage pumps, type
of 2BEC100 with a seamless steel pipe of V377 mm, are
mainly used for the buried pipe drainage at the upper corner
of the working face; (3) the third two alternate gas drainage
pumps are moveable underground, and the pump type is
ZWY260/315 with a rated ﬂow rate of 260 m3/min through
a seamless steel pipe of V377 mm, which is mainly used for
predrainage in the belt conveyor roadway. In the ﬁrst 300 m
section of the belt conveyor roadway, horizontal predrainage
boreholes have been drilled with 1.0 m space. For the rest
section, 36 drill sites have been designed with a space of 50 m
and 25 predrainage boreholes for each drill site.
The gas in the goaf area is pumped through the dedicated
gas drainage for the roof gas. The dedicated gas drainage
roadway is driven along the roof of the coal seam and is oﬀset
20 m from the horizontal level of the return airway. The
section is rectangular in shape, with a width of 3.8 m and
a height of 3.1 m. The roadway mouth is sealed by a closed
wall, and the pipeline equipment, such as pumping pipes,
observation pipes, grouting pipes, and discharge pipes, is
installed. The extraction pipelines are connected to ground
pump stations for gas extraction. In addition, a high negative
pressure underground moving gas drainage system is
arranged downhole for gas predrainage in the coal seam. The
coal body of the coal seam is arranged with a rectangular
drilling ﬁeld at intervals of 50 m (Figure 2) at the working
belt conveyor roadway. Three-layer fan-shaped vertical
staggered drilling is arranged in the drilling ﬁeld to form
a three-dimensional drainage system. The borehole is
connected with the underground mobile pumping station
through a gas gathering pipeline to form a high negative
pressure gas drainage system.
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#1: 26 parallel
horizontal boreholes

#1 addition:
11 boreholes

#2: 81 parallel
horizontal boreholes

#1 drill site:
25 boreholes

#2 drill site:
25 boreholes

#3 drill site:
25 boreholes

#3: 81 parallel
horizontal boreholes

#32 drill site:
25 boreholes

#33 drill site:
25 boreholes

#34 drill site:
25 boreholes

#35 drill site:
25 boreholes

#36 drill site:
25 boreholes

#7: 65 parallel
horizontal boreholes

ϕ 377

#8: 30 parallel
horizontal boreholes

Auxiliary transport uphill

380–280m (65 boreholes)

2550–2540m (12 boreholes)

2760 m–2700m (81 boreholes)

Belt conveyor uphill

oﬀ cu

t

2830–2800 m (26 boreholes)

Railway transport uphill

ZF302 longwall face (unmined)

Belt conveyor

ϕ 377

Open-

ZF301 longwall face

#2 ground
pumping station

?820

Moved drainage
chamber

Dedicated gas drainage lane
ϕ 720

ϕ 377

?720

ϕ 720

100 m

Return airway

#1 ground
pumping station

ϕ 720

Goaf

Figure 1: Layout of ZF301 working face and gas drainage borehole.
Table 1: Working equipment for ZF301 longwall face.
Equipment name
Coal mining machine
Transition hydraulic support
Middle hydraulic support
Ends hydraulic support
Front scraper conveyor
Rear scraper conveyor
Loaders
Crusher
Emulsion pump
Atomizing pump
Extendable belt conveyor
Air compressor
Endless rope winch

Equipment type
MG300/730-WD1
ZFG10000/20/38H
ZF10000/20/38
ZFTZ13000/23/38
SGZ800/800
SGZ800/800
SZZ900/400
PCM250
BRW550/31.5
BPW315/6.3
DSJ120/150/2×315
MLGF-20/8-132G
SQ-120/132B

Scalloped drilling boreholes

Quantity
1
6
117
1
1
1
1
1
4
2
2
1
1

Belt conveyor
#2 drill site:
25 boreholes

#3 drill site:
25 boreholes

#3: 81 parallel
horizontal boreholes

50 m

Goaf

ZF301 longwall face

No.
1
2
3
4
5
6
7
8
9
10
11
12
13

Dedicated gas drainage lane

Return airway

Figure 2: Gas drainage borehole layout in the working face.
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3. Gas Distribution Characteristics
3.1. Working Face Gas Measurement Method. There are
many factors that aﬀect the amount of gas emission and
source of gas emission in the fully mechanized top-coal
caving face. Factors such as the gas content, permeability,
and attenuation coeﬃcient of the coal seam aﬀect them
directly; furthermore, there are many factors such as the
recovery process, recovery rate, mining intensity, propulsion speed, air volume at the working face, and air
leakage from the goaf. The distribution of gas emission in
the working face and the magnitude of gas emission are
changed with time and space, with multidimensional
dynamics. Therefore, when measuring and analyzing the
gas distribution and the magnitude, it is necessary to
measure not only the distribution of gas in the threedimensional space of the analysis face, but also the gas
emission dynamics in the dimension of time.
Using the unit determination method divides working
face into units; in the space along the air direction of the
working face, seven measurement cross sections are laid at
the #15, #35, #55, #75, #95, #105, and #115 supports, respectively (Figure 3). The measuring section arranged the
middle and lower three rows of measuring points at equal
intervals for each measurement of the cross-sectional gravity
direction, ﬁve measuring points (numbers 1, 2, 3, 4, and 5)
are arranged at equal intervals from the coal wall to the
boundary of the goaf area for each measurement point, belt
conveyor roadways, air-return roadways, and dedicated gas
drainage roadways setup layout station, and the air volume
and gas volume fraction were measured for each measurement point. The measuring equipment includes calibrated electronic air meters, portable gas detectors,
stopwatches, and dust masks.
3.2. Gas Distribution in Working Face. It is determined that
the gas volume fraction of the conveyor belt in the ZF301
fully mechanized top-coal caving face is 0.02%, the air-inlet
rate is 1811 m3/min, the gas volume fraction in air-return
roadway is 0.38%, the volume in air-return roadway is
1180 m3/min, the gas volume fraction of gas-speciﬁc
drainage roadway is 10.75%, and the pump amount is
617.68 m3/min.
3.2.1. Characteristics of Gas Distribution on Each Section.
According to the measured data, the contour maps of the gas
volume fraction at the #15, #55, #95, and #105 support
surfaces in the working face are plotted, as shown in Figure 4.
The gas volume fraction at a certain point on the cross section
of the working face is determined by the action of the gas
source (coal wall, coal mining, and goaf) on this point and the
air speed at that point. The distribution of ﬂow velocity at the
cross section is uneven; the ﬂow velocity at the center of the
cross section is the maximum.
In Figure 4, the following can be seen:
(1) At the air-inlet side of the working surfaces (such as
the #15–#55 supports), the gas volume fractions
above and below the cross section in the working

face are signiﬁcantly larger than those in the middle.
The reasons for this is, ﬁrstly, with the progress of the
coal mining process in the working face, the top coal and
the bottom coal in the working face are continuously
exposed, and the gas therein and the gas in the falling
coal are continuously desorbed and ﬂocked to the
working face; secondly, the upper and lower sections are
aﬀected by the increase of the ventilation resistance due
to the support in the working face and the arrangement
of the mining equipment, which reduces the air speed.
The combined inﬂuence shows that the distribution of
the gas volume fraction in the cross section of the
working face characterizes large, small, and large
distribution.
(2) At the air-return side in the working faces (such as
#95 support), the gas from the coal wall and the
caved coal accumulates with increases of the airﬂow
route. The impact of accumulated gas at the site and
the gas emission from the goaf become the dominant
factors in determining the size of the gas in the area.
In contrast, the nonuniform distribution of the air
speed at the cross section has little eﬀect on the gas
volume at the site. Therefore, the distribution of the
gas volume fraction shows large and small distribution characteristics in the cross section of the
working face in the direction of gravity, and the gas
volume generated by the gas outﬂow in the goaf area
at the upper right corner of the section shows an
increase in the fan-shaped region.
(3) At the air-outlet side of the working faces (such as
#105 support and later), the gas from the coal wall
and the mining coal accumulates with increases of
the airﬂow route. The cumulative eﬀect of gas production at the site has become a major factor in
determining the volume of gas at the site. Compared
with the nonuniform distribution of air speed at the
cross section and the gas emission from the goaf, the
impact on the gas value at the site is very small.
Therefore, the gas volume fraction of the cross
section in the direction of gravity is almost a constant
value.
In order to further reﬂect the characteristics of the gas
distribution in the measured area, the three points of the
upper, middle, and lower sections are taken on average. The
average value of the ﬁve gas volume fractions in the vertical
coal wall direction measured section is shown in Figure 5.
In Figure 5, the following can be seen:
(1) At the air-inlet side and return air side in the working
faces (such as #15–#95 supports), the distribution of
gas volume fractions along the vertical coal wall
measured section shows an asymmetric concave
curve. This shows that, on these routes, volume of the
gas is determined by the gas accumulation in the coal
wall and fulling coal, the gas emission in the goaf
area, and the velocity of the air in the goaf eﬀect.
(2) At the return air side in the working faces (such as
#105 and #115 supports and later), the distribution of
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Figure 4: Isograms of gas volume fraction at sections of the face. (a) #15 support measurement section. (b) #55 support measurement
section. (c) #95 support measurement section. (d) #105 support measurement section.

the gas volume fraction along the vertical coal wall
measured cross section is presented as a decreasing
straight line. It indicates that, on these routes, the
accumulation of gas extracted from the coal wall and
fulling coal is the main factor aﬀecting and determining the volume of gas at the site. The uneven
distribution of cross-sectional air speed and gas

emission from the goaf has little eﬀect on the gas
volume at the site.
3.2.2. Gas Distribution Characteristics in the Air Direction.
Taken the average of the upper, middle, and lower
measuring points of each vertical section, the contour of
the gas volume fraction is shown in Figure 6.
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In Figure 6, the following can be seen:
(1) At the air-inlet side and air-return side in the
working faces (such as #15–#95 supports), the gas
volume fraction of the section has the lowest value,
and its position gradually increases from about 2 m
from the coal wall to about 4.5 m from the coal
wall. This shows that the eﬀect of gas accumulation
from the coal wall and fulling coal increases is in
proportion with the increase in the airﬂow route,
while the inﬂuence of the airﬂow velocity at this
site and the gas emission from the goaf declines
gradually.
(2) At the air-inlet side in the working faces (such as
#15–#55 supports), the gas volume near the goaf side
is higher. The reason is that gas accumulations from
coal wall and fulling coal on these routes and the gas
emission from the goaf have little eﬀect on the crosssectional gas.

(3) At the air-return side of the working faces (such as
105#, 115# supports and its subsequent supports), the
gas volume near the coal wall is higher. The reason is
that the gas accumulation of the coal wall and fulling
coal on these routes has a great inﬂuence on the
cross-sectional gas and the air velocity at this site and
the gas emission from the goaf have little impact on
the cross-sectional gas.
(4) The volume fraction of gas at the air-return side is
signiﬁcantly higher than that at the air-inlet side.
This is because the gas emission from the coal wall,
caved coal, and goaf area is superimposed along with
the increase of the airﬂow route in the working face.

3.2.3. The Law of Gas Emission in Working Face. The work
surface has moved forward by an average of 3.2 m per day
since the working face was resumed on February 29, 2016.

4. Conclusions
(1) The inﬂuencing factors of gas emission quantity
and gas emission source in fully mechanized topcoal caving face have the characteristics of coal
seam gas content, gas permeability, attenuation
coeﬃcient, and other coal seam, along with
mining process technology, recovery rate, mining
intensity, propulsion speed, and air volume at the
working face. The distribution of gas emission in
the working face and the magnitude of gas
emission vary with time and space and have
multidimensional dynamics.
(2) The gas volume fraction at a certain point on the
cross section of the working face is determined by
the action of the gas source (coal wall, caved coal,
and goaf ) on the point and the air speed at that
point. Therefore, the gas distribution of the
working face presents diﬀerent characteristics on
the air-inlet side and air-return side of the working
face.
(3) Before the ﬁrst weighting, the absolute amount of gas
outﬂow in the working face increases with face
advancement, and gas drainage scalar and extraction
rate also increase. After the initial pressure, the
absolute emission volume and pumping volume of
gas peak for the ﬁrst time and gradually stabilize.
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When the basic roof is falling until March 16 (that is, when
the working face experienced ﬁrst weighting), the absolute
gas emission volume and gas drainage volume change with
working face progress, as is shown in Figure 7.
As can be seen from Figure 7, before the working face
experienced roof weighting for the ﬁrst time (March 16),
the absolute gas emission amount in the working face
gradually increases with the working face advancement,
along with the amount of gas scavenging and gas extraction
volume, with small ﬂuctuations in the local area. The absolute gas emission peaked at 52 m3/min (±3 m3/min) for
the ﬁrst time during the initial roof pressure on the working
face. This occurred because of basic roof caving and
weighting, which caused pressure relief of the adjacent
layer and surrounding rock into the goaf. After the initial
pressure, the absolute emission volume and drainage
volume of working face gas tend to be stable, and the
ﬂuctuation range is between 43 and 52 m3/min and 37–
45 m3/min, respectively, and it shows strong regularity with
the direct top cyclical slump. The daily average gas drainage
rate of the working face is similar to the regularity of the
daily gas drainage volume; it tends to be stable after the
initial pressure, and it has been maintained at more than
85%.
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Ultra-thick hard sandstone roofs present high thickness, poor delamination, and wide caving range. The strata pressure of the
working face during actual mining increases, having a signiﬁcant inﬂuence on the safe mining of the working face. Especially, in
the mining areas of western China, the fully mechanized mining faces with high mining height and high-strength mining are more
prominent. Understanding the fractures and stress evolution characteristics of the ultra-thick hard sandstone roof during actual
mining is of high signiﬁcance to control the dynamic pressure on the working face. In this paper, the typical ultra-thick hard
sandstone roof of the Xiaojihan coal mine was taken as an example. The structural and chemical composition characteristics were
analyzed. Besides, the fracture characteristics of ultra-thick hard roof during the working face mining were analyzed. Moreover,
the fracture structure consistency was veriﬁed through physical simulation and a ﬁeld measurement method. Finally, the stress
evolution laws in the ultra-thick hard sandstone roof fracture were studied through numerical simulation. The ﬁndings
demonstrated that (1) the ultra-thick hard sandstone roof was composed of inlaid coarse minerals, which had compact structure,
while the Protodyakonov hardness reached up to 3.07; (2) under the high-strength mining condition of fully mechanized mining
face with large mining height, the ultra-thick hard sandstone roof had the characteristics of brittle fracture, with a caving span of
12 m; (3) under the high-strength mining condition of fully mechanized mining face with large mining height, the ultra-thick hard
sandstone roof followed the stress evolution laws that were more sensitive to the neighboring goaf. Therefore, it was necessary to
reduce the fracture span or layering of ultra-thick hard sandstone roof through the manual intervention method adoption or
increase either the strength of coal pillar or supporting body, to resist the impact generated during ultra-thick hard sandstone
roof fracture.

1. Introduction
Coal still constitutes the main fossil fuel for energy production throughout the world. To reduce the index of death
rate per million-ton coal (DRPMT) in coal mines, the goal
achievement of a highly intensive production of modern coal
mines is an important approach. At present, coal mines,
both domestically and abroad, have been developed as largescale modern mines, with a capacity of tens of millions of
tons, in the mode of “one mine, one face.” In China, up to 36

pairs of mines exist, of tens of millions tons in capacity, while
34 pairs are under construction or being expanded. Most of
these mines are distributed in the mining areas within
western China, demonstrating the characteristics of highintensive mining, such as having working faces with large
mining height, high advance speed, and long advance distance [1]. Ultra-thick hard sandstone roof is a certain
geological condition, recently discovered but commonly
found during the high-intensive coal mining in western
China. This type of roof has several characteristics, such as
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high strength, high elastic modulus, undeveloped joint ﬁssures, high thickness, strong wholeness, and strong selfbearing capacity. Following coal mining, the roofs move and
sustain fracture, easily leading to stress concentration,
consequently causing strata behaviors, such as rib spalling,
severe deformation of tunnels, and abrupt increase of
support loading. Instantaneous caving of large areas of roofs
and roof weights severely threatens the production safety in
mines [2–5]. Large-scale coal bases in China are the
northeastern China, the north of Shanxi Province, the east of
Shanxi Province, the central part of Shanxi, the central part
of Hebei Province, the southwest of Shandong Province,
Huainan and Huaibei, Shendong, the north of Shaanxi,
Ningdong, Yunnan and Guizhou, as well as the west of
Henan Province. In the mining areas of Yulin, located at the
north of Shaanxi, Datong and Yangfangkou in the north of
Shanxi, Zaozhuang of Shandong province, Tonghua,
Hegang, and Qitaihe in northeast of China, and Jingyuan of
Huanglong [6–11], the problems regarding hard roofs are
ubiquitous, among which, the accidents of roof falls account
for approximately 70% of the accidents on the working faces.
The thick hard roof constitutes the root cause of strong mine
pressure. The mechanical properties of this type of roof as
well as the movement, deformation, damage, and fracture
during the working face mining determine the rock pressure
and sphere of inﬂuence for the entire stope. Therefore,
studying the fracture characteristics and stress evolution
laws of these roof conditions, during the high-strength
mining of fully mechanized mining face with large mining height, is of high signiﬁcance to control the mine
pressure on the working face and guarantee the production
safety on the working face.
Many studies on ultra-thick hard sandstone roof mining
exist both domestically and abroad. With focus on the
fracture mechanism of ultra-thick hard sandstone roof,
Wang [12] analyzed the instability mechanism of thick hard
roof in Tashan coal mine through the “key strata” theory,
while proposing the relationship between roof fracture and
abnormal gas emission at the working face. Besides, the
Reissner thick plate theory, the Vlasov plate theory [13], and
the long-beam theory [14] are often used to analyze the
initial and periodic fracture laws of the ultra-thick hard roof.
Relevant research techniques mainly include similar simulation, numerical simulation [15], microseismic monitoring,
and other methods. Wu [16] successfully analyzed the
variation of strata behavior and ﬁssure zone development
height in the stope prior to and following ultra-thick hard
roof fracture through the physical similar simulation
method. Lu [17, 18] analyzed the change law of microseismic
signals on the working face coal body prior to and following
ultra-thick hard roof fracture, which constituted important
reference data for the fracture monitoring of ultra-thick hard
roof. Yu [19] and Xu [20] obtained similar conclusions
through numerical simulations. The simulation results
demonstrated that, when approximately 350 m of working
face was mined, full mining was achieved, while severe strata
behaviors often appeared. In the aspect of processing
method for ultra-thick hard roof, the most commonly used
methods are the blasting method and the fracturing method.
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Guo [8] and Ning [10] successfully solved the problem of
severe strata behaviors, caused by ultra-thick hard roofs,
through the decompression blasting and deep-hole presplitting blasting methods, respectively. He [21] and Zheng
[22] relieved the early-warning of high strata pressure on the
working face, guaranteeing safe mining at the working face
through the hydrofracturing and sleeve fracturing methods,
respectively. Scholars, both domestically and abroad, conducted research on hard roofs, mostly from the perspectives
of mine pressure model, energy aggregation, and rock strata
movement, through the methods of numerical simulation
and theoretical analysis. However, insigniﬁcant attention
was paid to the fracture and stress evolution characteristics
of ultra-thick roofs under high-intensive mining. In this
paper, through the 11215 fully-mechanized mining face in
the Xiaojihan coal mine consideration as an example, the
roof fracture and stress evolution characteristics during
mining in the fully-mechanized mining face, under the
condition that the ultra-thick sandstone roof was near goaf,
were revealed through the methods of theoretical analysis,
similar simulation, numerical simulation, and ﬁeld measurement. This provided the important theoretical basis for
the overlying strata control and roadway support at the
working face under this condition.

2. General Situation of Engineering
2.1. Layout of Working Face. The Xiaojihan coal mine was
located approximately 20 km northwest of Yulin. The mine
ﬁeld was bounded by the north boundary of the Yuheng
mine area in the north, adjacent to the Xihongdun and
Hongshixia mine ﬁelds in the south, as well as connected to
Kekegai exploration area in the west and bounded by the
Yuxi River in east. The 11215 working face was located in
panel 11 of 2# coal bed in the well ﬁeld, laid out along the
coal bed in an inclined manner, with a strike length of
4888 m, an inclined length of 280 m and a mining area of
585600 m2. At the present stage, the 11213 working face
mining ended and in the 11215 working face the mine
reached the open-oﬀ cut position and goaf for the 11213
working face. The mining of the 11215 working face and its
layout are presented in Figure 1.
The 11215 working face mining had entered Area II. A
20 m-section coal pillar was laid out between the 11213
working face and the 11215 working area, when the surrounding rock on the air return way of 11215 working face
sustained severe deformation. Rib spalling and deformation
of hydraulic single prop occurred, which severely aﬀected
the normal production. The cross section of the air return
way for 11215 working face was rectangular, with a sectional
area of 3.8 × 5.5 m. The roadway excavation was conducted
along the bottom plate, with solid coal on one side and coal
pillar on the other side.
2.2. Occurrence of Coal-Series Strata. At the present stage,
the Xiaojihan coal mining was mainly focused on 2# coal, for
which the depth of the coal bed in the 11215 working face
was 173.98–460.36 m. The coal bed pitch was 1°∼3°, the coal

Advances in Civil Engineering

3

885

5

0

84

875

88

870
865
860
855

11203 working face

850

11205 working face

84

0

840

11207 working face
835

112011 working face

0
83
I area

11213 working face
II area

11215 working face

820
815

Figure 1: Mining engineering plane diagram.

bed thickness was 3.25∼5.04 m, and the average mining
height for the coal bed was 4.56 m. The working face mining
was conducted through the large-mining-height long wall
backward caving method. In the advancing direction of the
11215 working face, the drilling-hole detection was conducted and the geology columnar section of the working face
was obtained through analysis, as presented in Figure 2.
It could be observed from the geology columnar section
that the immediate roof was medium sandstone, of 6.5 m in
average thickness, with a color of gray white and a layered
distribution. The internal minerals presented angular shape
of dark color, displaying poorer sorting characteristics. The
main roof was divided into three parts: the lower part was
medium sandstone, the upper part was stratiﬁed siltstone,
and the middle part was stratiﬁed sandstone grit. The main
roof presented approximately horizontal layered distribution, with relatively high thickness, high strength, and good
stability. This led to diﬃcult fracture occurrence. Most
districts of the coal seam ﬂoor were mudstone with relatively
low strength, which was easy to generate heaving ﬂoor.
Through the entire borehole columnar section analysis, it
could be observed that the roof of 11215 working face
belonged to interbedding of sandstone and mudstone, in
which, the sandstone accounted for a high proportion. The
cumulative proportion of sandstone over 5 m of thickness
for a single layer exceeded 58.2%, and the cumulative
proportion of sandstone over 10 m of thickness exceeded
38.9%. It could be considered that the entire roof of the
working face was dominated by relatively intact sandstone,
while the main roof was felspar sandstone stratum of
19.79 m (ultra-thick sandstone of nearly 20 m).
2.3. Structure and Mechanical Characteristics of UltraThick Sandstone Roof. The density of the rock sample for

the thick sandstone roof was analyzed through SEM
(scanning electron microscope). The SEM pictures of the
main roof under conditions of diﬀerent resolutions are
presented in Figure 3.
It could be observed that the coarse-grained minerals
inside the sandstone roof mostly followed an inlaid distribution mode. The grains were high-sized with high crystallization. The structure was signiﬁcantly dense, and the
pores were not developed.
Through physical mechanics testing on the rock sample
for the sandstone roof, its physical mechanics parameters
were obtained, as presented in Table 1.

3. Assumption of Ultra-Thick Sandstone Hard
Roof Fracture
Figure 4 shows the diﬀerence of pressure distribution between complete and layered roof caving. Comparing roof
layered caving, the stress above roadway that has ultra-thick
roof is much higher, which causes the surrounding rock have
large deformation. When the 11215 working face mining
progressed to the position of open-oﬀ cut of 11213 working
face (entering the inﬂuence sphere of the goaf for 11213
working face), the goafs of 11215 and 11213 working faces
contact interconnected. At this time, the structures of the
stope roofs for the two working faces formed the “L-shaped”
space structure of the overlying rock with the bearing point
being in the goaf area and fracturing lines being in the side of
solid coal, as presented in Figure 5. It could be observed that
blue lines (inside the solid coal) denoted the fracturing lines
of roofs, while the red lines (in the goaf ) denoted the lines
formed through the bearing point connections of roof
fracturing in the goaf. Figure 6 presents the caving state of
the suspended roof in the goaf of the 11213 working face
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Thickness
(m)

Columnar

Key
bed

10.87

1.22

Rock name

Description of the rock

Feldspar
sandstoner

Gray-white block medium feldspar sandstone. Medium sorting, staggered bedding, roundness is sub-angular,
obvious pore contact.
Black semi-bright coal. Dark brown streaks, asphalt luster, stepped fractures, brittleness, medium hardness,
strip-like structure, layered structure. The coal and rock components are mainly bright coal, followed by dark coal,
and a small amount is mirror coal and silk coal. The coal seam is in obvious contact with the top and bottom plates.

1# coal

6.07

Siltstone

Light gray thick layered siltstone; horizontal bedding; obvious contact with the lower layer.

19.79

Feldspar
sandstoner

Gray-white block medium feldspar sandstone. Medium sorting, staggered bedding, roundness is sub-angular,
porous mud cementation, obvious contact with the lower layer.

6.53

Feldspar
sandstoner

Gray-white block ﬁne feldspar sandstone. Medium sorting, staggered bedding, roundness is sub-circular, porous
mud cementation, obvious contact with the lower layer.

0.53

Silty
mudstone

5.10

Dark gray medium thick layered silty mudstone; horizontal bedding; obvious contact with the lower layer.
Black semi-bright coal. Dark brown streaks, asphalt luster, stepped fractures, brittleness, medium hardness,
strip-like structure, layered structure. The coal and rock components are mainly bright coal, followed by dark coal,
and a small amount is mirror coal and silk coal. The coal seam is in obvious contact with the top and bottom plates.

2# coal

3.04

Silty
mudstone

Dark gray medium thick layered silty mudstone; horizontal bedding; obvious contact with the lower layer.

11.26

Feldspar
sandstoner

Gray-white block ﬁne feldspar sandstone. Medium sorting, staggered bedding, roundness is sub-circular, porous
mud cementation, obvious contact with the lower layer.

Figure 2: Composite borehole columnar section for 11215 working face.

(a)

(b)

(c)

(d)

Figure 3: Continued.
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(e)

(f )

Figure 3: SEM images at diﬀerent resolutions in the main roof: (a) 100X; (b) 250X; (c) 350X; (d) 500X; (e) 800X; (f ) 1000X.

Table 1: Physical and mechanical parameters of extra-thick sandstone roof.
Item
Parameters

Density (kg·m−3)

Broken expand coeﬃcient

2566

1.440

Strength (MPa)
Compression
Tensile
30.67
4.93

Cohesive
7.90

Frictional angle (°)
31.04

Roof completely caving

(a)

Roof layered caving

(b)

Figure 4: Lateral support pressure distribution of coal seam under diﬀerent roof caving forms: (a) roof completely caving; (b) roof layered
caving.
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(mined)

11213 haulage gate
20 m coal pillar
11215 air return

11215 working face

11215 haulage gate
11215 auxiliary
transport gateway

Figure 5: “L-shaped” overlying rock space structure.

Overburden
cracking

Overburden
fracture line

20 m coal
pillar

11213 gob

12

Medium-granular arkose

7

Light gray siltstone

20

Medium-granular arkose

6.5

Miliary arkose

Silty mudstone
11215
working face

11215 air
return

Figure 6: Suspended roof structure of the No. 11213 goaf aﬀected by mining of No. 11215 face.

subsequently to being aﬀected by the 11215 working face
mining.
It could be observed from the morphological characteristics of the “L-shaped” space structure of the overlyingrock that the stress above the structure transferred to solid
coal and the gangue at the goaf through supporting point.
Thereby, two areas of stress concentration formed in both
the goaf and solid coal sides. The “L-shaped” space structure
of the overlying rock could be interpreted as overlying-rock

structures in two working faces cooperatively moving in
crosswise dimension, forming high pressure arch, with the
inclined arch front and back feet being at a certain area
of this working face and the upper working face. In vertical dimension, the balanced structure developed upwards,
below which, was fracturing articulated structure. Periodic
fracture of the rock strata generated characteristics of periodic pressure appearance. The high rock stratum on the
balanced structure transferred gravity stress to the gangue in
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the goaf and the solid coal in working face, through layer-bylayer transmission. The instability of the balanced structure
would cause dynamic pressure.
When the 11215 working face mining was conducted
near the open-oﬀ cut position of the 11213 working face, the
synergic movement of overlying rocks in the two working
faces led to the “L-shaped” space structure formation,
causing stress concentration to form above the 20 m isolated
coal pillar set in-between the working faces. Therefore, severe surrounding rock deformation and dynamic pressure
phenomenon occurred at the end of the 11215 working face
and return air roadway. The roof above the coal pillar rotated
to the goaf of the 11213 working face, causing deformation of
nonproduction side (coal pillar side) on the air return
roadway of 11215 working face to far exceed the production
side (solid coal side).
The position calculation of the fracturing line on the roof
in the goaf of the 11213 working face was of high signiﬁcance
to determine the rational coal pillar width, isolate synergic
movement of overlying rocks on the neighboring goafs, and
control the roof weighting. The position of fracturing line for
the main roof in the working face could be obtained through
the elastic foundation beam model. Through the stress
conditions on the fractured roof strata, the model could be
simpliﬁed into the “cantilever-simply support” beam
structure in the direction along working face, as presented in
Figure 7.
The fractured rock length Lx can be calculated through
the following equation on the key strata theory basis:
Lx �

tan−1  β 2αM0 s + rQ0 / r2 M0 + αrQ0 
,
β

(1)

where
Q0 � qc L + Q − F,
M0 �
N�

qc 2
h
L + QL + N − FZ,
2
2
LQ
q L,
2(h − Δs) c

Q � qc L,

N
,
EI

r2 �

k
,
EI

M0

F

0

where α approximately equals to β, the corresponding value
can be taken as 0.09 m−1; Qc presents the uniformly distributed load imposed by the weight of main roof and its
upper bearing strata (8 times the mining height); h denotes
thickness of the main roof, which was 20 m; k denotes elastic
foundation coeﬃcient, of 500 MPa in value; E denotes the

x
N

Z
y

L

Q

Figure 7: Mechanical model of main roof suspension above coal
pillar after mining face.

elastic modulus of the main roof, of 55 GPa in value; I
denotes inertia moment for section of the main roof; F
denotes supporting force of the coal pillar; Z denotes the
apex distance from the action point of supporting force of
the coal pillar to the ﬁxed end; and L denotes the original
cantilever length in the main roof. According to the ultimate
span equation for the mechanical model of the simply
supported beam for the main roof,
���
R
(3)
L � 2h T ,
3q
where h denotes the main roof thickness, which is 20 m; RT
denotes the rock tensile strength of 5.96 MPa; q denotes the
uniformly distributed load, which is 8 times the mining
height, q � 0.9 MPa.
The hanging arch length of the main roof for the 11213
working face under the condition of ultra-thick sandstone
can be calculated as 59.4 m.
It was discovered through data statistics that, as the
supporting force of coal pillar F gradually increased, Lx
gradually decreased, signifying that the higher the supporting force of coal pillar to the main roof was, the shorter
the fracturing length of the main top was. Supposing the
ultimate limit state, the supporting force of coal pillar to the
main roof was 0; consequently, the fracturing length of the
main top as maximum. Through calculations, it could be
obtained that Lx(max) � 43.5 m.
From Figure 8, the fracturing length of the main top is
L x � L 1 + L2 + L3 ,

(2)

h
Δs � ,
6
s�

Q0

(4)

where L1 denotes the suspension length of the main roof in
the goaf, which is determined to be 15 m through ﬁeld
measurement; L2 denotes the coal pillar width, of 20 m in
this case; and L3 denotes the extended length of 8.5 m
through calculation. Through the width consideration of the
air return way of 5 m, the position of the main roof fracturing was approximately 3.5 m inside the coal.

4. Similar Simulation Testing and Detection of
Ultra-Thick Hard Sandstone Roof Fracture
In order to obtain the fracturing position and fracturing
characteristics of the roof for 11215 working face under the
neighboring goaf inﬂuence, similar simulation testing was
adopted to conduct research, as well as the fracturing position
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Lx
L3

11215 air return roadway

L2

L1

Coal pillar

11213 goaf

Figure 8: Main roof suspension state above the coal pillar after No. 11213 working face.

detection of the roof at the side of goaf in combination with
the hole-drilling method for mutual veriﬁcation.
A two-dimensional areal model was utilized as the
physical model. The scheme was the process simulation of
the ﬁrst mining inﬂuence, produced by 11213 working face
mining, and the second mining, produced by the 11215
working face mining, on 11215 air return way. Based on the
geological conditions and similarity parameters, the model
basic parameters were obtained and are presented in
Table 2.
From Figure 9, it could be observed that subsequent to
the 11215 working face mining, due to the inﬂuence of 11213
goaf, the immediate roof sustained caving and contacted the
bottom plate. At 34 m above the coal bed, apparent roof
bedding separation occurred, with signiﬁcant fracture development and the maximum height of fracture development reached up to approximately 256 m. At this time frame,
the fracturing angle at the left side above the coal pillar was
74°, and the hanging arch distance of immediate roof was
1.9 m, and for 20 m overlying rock, it was 7.5 m. The fracturing angle at the right side was 58°, the hanging arch
distance of immediate roof was 4.4 m, and for the 20 m
overlying rock, it was 17 m. Since the 11215 working face
excavated, the displacement of overlying strata is very large,
which reached up to 5900 mm (Figure 10).
In order to further prove the suspension state of the roof
in the neighboring goaf, the tunnel detection and the drilling
method was used. The boreholes were drilled from the 11215
air return way to the side of 11213 goaf. When the 11215
working face advanced to the inﬂuence sphere of 11213 goaf,
a group of fan-shaped boreholes was drilled into the 11215
air return way, as aforementioned. The drill site position is
presented in Figure 11, in which, the drill site was 518 m
from the 11213 open-oﬀ cut and 89m ahead of the 11215
working face.
The speciﬁc construction location of three detection
holes is as follows: the roadway sides of coal pillar in the air
return way of 11215 working face were 0.72 m, 0.1 m, and
0.1 m from the roof. The ﬁeld construction parameters are
presented in Table 3, and the site construction scheme is
presented in Figure 12.
Table 3 and Figure 12 present the hanging arch length L
of the initial roof and the boundary line for the roof fracture
and the fracturing angle; the following could be observed:

Table 2: Basic parameter table for physical similarity model.
Item
Model type
Model length
Model thickness
Model height
Height of coal
seam
Geometric
similarity ratio
Volume-weight
ratio
Stress ratio

Parameters
Item
Parameters
2D pane Excavation height
1.5 cm
Excavation
2.5 m
2.0 m
distance
0.3 m
Model boundary
25 cm
127.3 cm
Excavation steps
50
Single excavation
4 cm
1.5 cm
distance
Excavation
300 : 1
0.5 h
interval
1.667 : 1

Excavation time

25 h

501 : 1

Upper load

0

(1) The overlying rock, detected at 32 m of altitude range
above the coal pillar in the 11215 air return way was
ﬁne and the medium-grained sandstone. And, the
stratiﬁcation was not apparent, and the integrity was
relatively good.
(2) The overlying rock, detected at the 32 m altitude
range above the coal pillar in the 11215 air return
way, had suspended roof structure in the 11213 goaf.
The length of the hanging arch, detected through
three boreholes, was 9.5 m, 11.6 m, and 14.1 m.
(3) The detected fracturing lines of roof are presented in
Figure 9. The line formed by linking points A, B, and
C was initially regarded as boundary line of the roof
fracturing, in which, the fracturing line was 71°.

5. Fracture Stress Evolution of Ultra-Thick
Hard Sandstone Roof
According to geological conditions in the 11215 working
face, the UDEC was utilized to conduct research on the
fracture stress evolution of roof in the inclined direction of
the 11215 working face. The mechanical parameters of
coal/rock mass and their contact surfaces adopted in numerical simulation are given in Tables 4 and 5. Following
the 11213 working face mining, the overlying rock fracture
is presented in Figure 13(a). The detection lines were
arranged on the main roof of 20 m in thickness, while its
stress variation curves were obtained, as presented in
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Figure 9: Development ﬁgures of roof cracks in No. 11215 working face: the Chinese characters in (a) mean “physical similarity simulation
test of Xiaojihan coal mine”.
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Figure 10: Rock movement characteristics during excavation of working face: (a) the sinking curve of immediate roof; (b) the sinking curve
of main roof.

Drill site

11215 working face

11213 working face

Figure 11: Location map of No. 11215 working face.
Table 3: Construction parameters of borehole detection.
Number
1
2
3

Elevation angle
29
35
40

Horizontal angle
0
0
0

Hole depth (m)
45
40.5
50

Figure 13(c). Regarding the stress of the 11215 working
face, the closer the distance to the 11213 working face was,
the higher the stress of the main roof was, for which, the

Aperture (mm)
93
93
93

Distance (m)
1

Distance from the roof (m)
0.72
0.1
0.1

maximum occurred at 10 m on the left side of the air return
roadway. Under the inﬂuence of air return roadway, the
stress variation displayed hump shape. In the middle part of
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29° hole, 45 m final hole; 35° hole, 40.5 m final hole; 41° hole, 50 m final hole

14.1
C

11.6

Soft

13.8

Medium-granular
arkose

20

9.5

B

Position where the crack ends
Crack section
Position of the crack starting

A

Miliary arkose
6.5

0.7

°

71

1# rock separatrix

Crack development

Flushing fluid completely lost
(starting point)

41°

Soft
Hard

2# rock separatrix

35°
29°

Silty mudstone

Hard

3.9 1.8 3.5

3# rock separatrix

Entering the gob

11215 air return roadway

20

Figure 12: Lateral suspension roof shape detection hole above the coal pillar of the 11215 return airway.
Table 4: Mechanical parameters of coal and rock mass in numerical model.
Rock type
Thickness (m) Density (KN/m3) Elastic module (GPa) Poisson’s ratio Cohesion (MPa) Fractional angle (°)
Mudstone
6
18
9.8
0.32
1.4
20
Sandstone
14
22
15
0.28
11.4
23
Mudstone
12
19
10.2
0.32
1.4
20
Fine sandstone
12
20
16
0.29
5.9
30
Mudstone
3
19
10.2
0.32
1.4
20
Siltite
7
21
14.4
0.29
10.2
31
Mudstone
5
19
9.6
0.32
1.4
19
Medium-grained stone
23
26
15.2
0.30
7.9
30
Siltite
8
23
14.4
0.29
10.2
29
Medium-grained stone
19.8
25
15.2
0.33
7.9
31
Fine sandstone
7
23
16
0.33
5.9
31
Coal
4.5
14
2.2
0.30
4.8
13
Mudstone
3
18
9.8
0.32
1.4
20
Sandstone
11
24
14.2
0.28
11.0
23

Table 5: Mechanical parameters of contact surface of strata in the model.
Rock type
Normal stiﬀness (GPa) Shear stiﬀness (GPa) Cohesion (MPa) Frictional angle (°) Tensile strength (MPa)
Mudstone
1.0
2.2
0
10
0
Sandstone
2.6
5.8
0
22
0
Mudstone
0.8
2.0
0
10
0
Fine sandstone
3.5
7.4
0
23
0
Mudstone
0.8
2.2
0
10
0
Siltite
3.4
7.0
0
22
0
Mudstone
1.0
2.2
0
12
0
Medium-grained stone
3.6
7.4
0
22
0
Siltite
3.4
7.0
0
20
0
Medium-grained stone
3.6
7.4
0
22
0
Fine sandstone
3.5
7.0
0
23
0
Coal
0.5
2.0
0
16
0
Mudstone
1.0
2.2
0
12
0
Sandstone
3.2
6.8
0
22
0

coal pillar, the stress reached up to the maximum of
14.55 MPa.
Subsequent to the 11213 working face excavation
completion, the 11215 working face excavation was carried
out. Similarly, the detection lines were arranged on the main
roof, while its stress variation curves were obtained, as

presented in Figure 13(d). Following the 11215 working face
excavation, the overlying rock stress in the main roof was
basically zero. Also, the stress in the middle part of the
working face was higher was 13.5 MPa. Due to the goaf
inﬂuence in the 11213 working face, the stress above the coal
pillar ﬁrst increased and consequently decreased. Near the
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Figure 13: Roof breaking and stress evolution: (a) 11213 working face excavation; (b) 11215 working face excavation; (c) stress distribution
of the 11213 working face excavation; (d) stress distribution of the 11215 working face excavation.

position of 5 m from the goaf of the 11213 working face, the
stress reached the maximum of 49.1 MPa.

6. Conclusions
(1) Through ﬁeld measurement and laboratory test
analysis, it was discovered that the roof of 11215
working face in Xiaojihan coal mine belonged to the
interbedding of sandstone and mudstone as a whole,
in which, the sandstone played a main role. The roof
strata had good integrity, lower porosity, and high
density. The main roof was 19.79 m feldspar sandstone stratum (nearly 20 m ultra-thick sandstone).
(2) The working face side was simpliﬁed to “cantileversimply supported” beam structure. The force situation
of fractured stratum on the roof was analyzed through
the elastic foundation beam model. According to
calculation results, it could be obtained that the
fracturing line of the main roof in 11215 working face
was approximately 3.5 m within the coal.
(3) Through the methods combination of similar simulations and ﬁeld measurements of drilled holes, the
hanging arch lengths in the goaf of 6.4 m, 22.1 m, and

29.6 m, high above the coal bed, were determined to be
9.5 m, 11.6 m, and 14.1 m, respectively. Furthermore,
the fracturing angle of the main roof was determined
to be 71° through the same method combination.
(4) The overlying rock fracture and stress evolution laws
above the coal pillar prior to and following mining of
11215 working face under the inﬂuence of 11213 goaf
were simulated through the UDEC numerical simulation method. The simulation results demonstrated that the 11215 working face was highly
inﬂuenced by the 11213 goaf, whereas its lateral
supporting stress reached the maximum at the position of 5 m from 11213 goaf, consequently having
a signiﬁcant inﬂuence on the roadway deformation.
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In order to solve the diﬃcult problem of supporting roadway with large cross section and broken surrounding rock, the largesection inclined shaft of Pingdingshan Coal Mine is taken as the research instance. In this paper, a modiﬁed formula for the
Terzaghi ultimate bearing capacity of a foundation is established based on rock mass strength criteria. As per the engineering
practice, the maximum roof pressure of the inclined shaft is calculated to be 2.7 MPa, and the minimum pressure value from the
modiﬁed formula is only 0.3 MPa. In order to control the ﬂoor heave of the roadway, a U-type steel inverted arch and bolts support
scheme was designed. After calculating through the mechanical model of the inverted arch, its bearing capacity is 0.56 Mpa.
Through comparison and analysis of various supporting schemes, ﬁnally, the “U-type steel + inverted arch + pouring concrete +
backwall grouting” technology is selected, and the engineering practice shows that the supporting scheme can eﬀectively improve
surrounding rock stability.

1. Introduction
More and more large cross-section roadways need construction in mines in China, due to the need for high eﬃciency and high yield [1]. The stability control of the
surrounding rock of a large-section roadway becomes
a diﬃcult problem. With the development of mining engineering to deep wells, many large-deformation phenomena of surrounding rock have appeared. The research shows
that the disrepair rate of the roadway with a depth of 1000
meters is about 5 times to 15 times that with the buried depth
of 100 meters, and a large-deformation roadway in deep coal
mines needs to be renovated 3-4 times a year. And with the
increasing number of roadways crossing the gob, the supporting technology has been paid more and more attention
by mining scientists. For instance, Lu et al. proposed the
asymmetric U-type steel supporting scheme in the roadway
with asymmetrical loading, which provides satisfactory
supporting eﬀects [2]. Wang et al. established a two-dimensional equation for the force of U-type steel supporting
and put forward the concept of the best time for support [3].

For the deep roadway with fracture, it is more susceptible to
disturbance stress when critical stability occurs [4]; therefore, many scientists have studied the mechanical properties
and failure laws of fractured rock mass. Goodman and Shi
innovatively put forward the block theory, and it is considered that key to the stability of surrounding rock is to
excavate the key blocks on the surface [5]. The time eﬀect of
rock fragmentation is summarized by Tang [6]. Yoshinaka
et al. and Anagnostou pointed out that the failure deformation of soft and fractured surrounding rock has rheological properties [7–11]. Joseph proposed the relationship
between residual strength and peak strength of cracked
rock [12].
From the above research results, some progress has been
made in the study of surrounding rock deformation
mechanism, fractured surrounding rock characteristics, and
supporting technology of large-section fractured surrounding rock, but supporting technology research remains
challenging for large-section roadways; in particular, the
problem of calculating the roof pressure of broken surrounding rock in deep well is not solved. In this paper, the
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large-section inclined shaft of Pingdingshan Coal Mine is
taken as the research instance, and a modiﬁed formula for
the Terzaghi ultimate bearing capacity of a foundation is
established based on rock mass strength criteria, by means of
mechanical analysis, ﬁeld monitoring, and numerical simulation; the deformation and failure law of large-section
roadways in broken surrounding rock was studied and an
eﬀective supporting scheme has been put forward, which has
a certain reference to large-section roadway supporting.
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The inclined shaft of Pingdingshan Coal Mine is 1575 m
long, and its length in gob is 117 m. The roadway’s section is
6.33 m ∗ 4.665 m (width ∗ height), as shown in Figure 1, and
the net sectional area is 23.1 m2, so the inclined shaft belongs
to a large-section roadway. In order to detect the fracture
zone scope of the roadway, the detection recorder YTJ20 is
used in the engineering, and the detection results show that
the surrounding rock was damaged, as shown in Figure 2.
And the mineral composition of surrounding rock was
analyzed by X-ray diﬀraction, and there are a lot of clay
minerals, such as kaolinite and montmorillonite in surrounding rock, as shown in Table 1.

1900

300

2. Engineering Situation

Figure 1: Cross section of the roadway.

3. The Amended Terzaghi Theory Mechanical
Model of the Deep Roadway
Engineering practice shows that the lateral pressure coeﬃcient k has great inﬂuence on surrounding rock pressure,
but the selection of k value is very diﬃcult. In this paper,
based on rock mass strength criteria (Mohr–Coulomb criterion and Arnold Verruijt criterion), the lateral pressure
coeﬃcient k was calculated by the limit equilibrium method
and is shown in Figures 3 and 4.
Through simple mechanical derivation, the following
formula can be established:
β�

90°

− φ,

⎪
⎫
⎪
⎬
τ � C + kσ v · tan φ, ⎪
⎪
⎭
σ v � kσ v + 2τ · tan β.

(1)

So, the lateral pressure coeﬃcient k can be calculated by
σ − 2C · tan φ
k� v
.
(2)
σ v 1 + 2 tan2 φ
Then, based on the formula for the Terzaghi ultimate
bearing capacity of the foundation and the known boundary
conditions (z � 0 and σ v � p0 ), the following formula can be
established:
σv �

1 + 2 tan2 φ
2C · tan2 φ
ca1 − C +

tan φ
1 + 2 tan2 φ
2
· 1 − e−((tan φ)/(a1 (1+2 tan φ)))z 

+ p0

2
tan φ
e−((tan φ)/(a1 (1+2 tan φ)))z .
2
1 + 2 tan φ

(3)

Figure 2: Broken surrounding rock.

When the depth of the roadway is greater than 5a,
Equation (3) becomes
q�

1 + 2 tan2 φ
2C · tan2 φ
ca1 − C +
.
tan φ
1 + 2 tan2 φ

(4)

In engineering practice, the intermediate principal stress
has been proven to exist and has great inﬂuence on the
roadway’s roof pressure. But the intermediate principal
stress is not considered in formula (4), so in order to calculate the pressure of the roof more accurately, formula (4)
was improved by uniﬁed strength theory (UST) in this paper.
When the intermediate principal stress meets the condition that σ 2 ≤ ((σ 3 + ασ 1 )/(1 + α)), the principal stress F
can be calculated by the following formula:
bσ + σ 3
(5)
F � ασ 1 − 2
� στ .
1+b
When the intermediate principal stress meets the condition that σ 2 ≥ ((σ 3 + ασ 1 )/(1 + α)), then the following
formula is applied:
α
F�
bσ 2 + σ 1  − σ 3 � σ τ ,
(6)
1+b
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Table 1: The mineral ingredient of the inclined shaft.

Na0.3Al4Si6 O15(OH)64H2O
4.5

The mineral ingredient
Proportion (%)

σv

SiO2
7.5

Al2Si2O5(OH)4
79.4

σ3

A

Al2Si2O5(OH)4
3.7

(1 + b)sin φ
,
1 + b 1 − μτ  − bμτ sin φ

⎪
⎫
⎪
⎪
⎪
⎪
⎪
⎬
⎪
⎪
⎪
2(1 + b)C cos φ cot 45° + φω /2 ⎪
⎪
.⎪
Cω �
⎭
1 + b 1 − μτ  − 1 + b + bμτ sin φ

sin φω �

τ

B

Mg3Si2O5(OH)4
5.2

k0 σv

(9)

When the twin shear stress parameter meets the condition that μτ ≥ ((1 − sin ϕ)/2), then the following formula is
applied:

τ
σ1

Figure 3: The sliding surface under the state of limit equilibrium.

σ1 �

(1 + sin φ)(1 + b) − b 1 − μτ (1 − sin φ)
σ3
1 + bμτ (1 − sin φ)

(10)

2(1 + b)C cos φ
.
+
1 + bμτ (1 − sin φ)
A

τ
σ3
–c × c tanφ
–τ

β
k0σv

In the same way, sin φω and Cω can be calculated by the
following formula:
σv

σ1

sin φω �
B

(1 + b)C cos φ
Cω �
1 + bμτ (1 − sin φ)tan 45° + φω /2

Figure 4: Mohr–Coulomb criterion.

where b is a theoretical parameter of UST; σ τ is the tensile breaking point; and σ τ � ((2C cos φ)/(1 + sin φ)) · α is
the ratio of tension and pressure, in which α � (σ τ /
σ c ) � ((1 − sin φ)/(1 + sin φ)).
For ease in calculating the intermediate principal stress,
the twin shear stress parameter μτ is introduced in UST, so
the following formula can be obtained:
σ2 �

σ 1 + σ 3 1 − 2μτ  σ 1 − σ 3 
−
.
2
2

(7)

When the twin shear stress parameter meets the condition that μτ ≤ ((1 − sin φ)/2), the following formula can be
used:
σ1 �

(1 + sin φ) 1 + b − bμτ 
σ
(1 + b)(1 − sin φ) − bμτ (1 + sin φ) 3

(1 + b)sin φ
,
1 + b 1 − μτ sin φ − bμτ

(8)

2(1 + b)C cos φ
+
.
(1 + b)(1 − sin φ) − bμτ (1 + sin φ)
And then formula (8) is converted to σ 1 � ((1 + sin φω )/
(1 − sin φω ))σ 3 + ((2Cω cos φω )/(1 − sin ϕω )), in which
sin φω and Cω can be calculated by the following formula:

⎪
⎫
⎪
⎪
⎪
⎪
⎪
⎬
⎪
⎪
⎪
⎪
⎪
.⎪
⎭

(11)

The known parameters φω and Cω are plugged into
formula (4), respectively, and then the modiﬁed formula for
the Terzaghi ultimate bearing capacity of the foundation is
obtained:
q�

1 + 2 tan2 φω
2C · tan2 φω
ca1 − Cω + ω
.
tan φω
1 + 2 tan2 φω

(12)

In order to test the correctness of the modiﬁed formula,
it is applied to engineering practice in the construction of an
inclined shaft in Pingdingshan Coal Mine. The size of the
inclined shaft section is 6.33 m ∗ 4.665 m (width ∗ height),
the density of surrounding rock c � 2500 kg/m3 , the uniaxial compressive strength σ c � 53.18 MPa, the cohesion
C � 0.1 MPa, the internal friction angle ϕ � 30° , and the
depth of the roadway is 292 m, so it is a deep roadway.
The diﬀerent twin shear stress parameters (μτ) and the
UST parameter (b) are plugged into formulas (10) and (11),
respectively. φω and Cω can be calculated and then plugged
into formula (12). The roof pressure can be calculated in this
way by soft MATLAB.
As shown in Figure 5, when b � 0.4, and μτ � 0.1, the
maximum roof pressure of the inclined shaft is 2.7 MPa, and
the minimum pressure value is only 0.3 MPa; the calculated
data are in agreement with those observed in engineering
practice.
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Figure 6: U-type steel inverted arch supplemented by bolt,
reproduced from Peng et al. [13] (under the Creative Commons
Attribution License/public domain).

Figure 5: Relationship diagram of the roof pressure and UST
parameters.

3.1. Stability Analysis of the Inverted Arch. It is easy to cause
serious ﬂoor heave because of broken surrounding rock.
Many engineering practices show that the ﬂoor heave can be
eﬀectively controlled after bolt support is applied to the
roadway bottom and ﬂoor. In this paper, the U-type steel
inverted arch supplemented by bolts supporting scheme is
designed (Figure 6). Therefore, a mechanical model of the
inverted arch is determined to calculate its bearing capacity
(Figure 7), and the following formula can be obtained from
the mechanical equilibrium of the inverted arch:
2q1 + T � P0 × LX × LZ ,

2 × 0.15 × 2.7 × 103 + 600
� 0.56 MPa.
6.33 × 0.4

q1

py
p0

(13)

where LZ is the width of the inclined shaft along the long-axis
direction, LZ � 0.4 m; LX is the width of the roadway,
LX � 6.33 m; qd is the maximum roof pressure of the inclined
shaft, as shown in the Section 2, qd � 2.7 MPa; the width of the
U-type steel is 0.15 M, so q1 � 0.15 ∗ qd � 0.15 ∗2 .7 kN/m;
P0 is the ultimate bearing capacity of the inverted arch; and T is
the vertical tension of ﬂoor bolting.
In Figures 6 and 7, the bolts’ length is 2.4 m, and the
diameter is 22 mm, the resistance of each bolt is 200 kN, and
so the vertical tension of ﬂoor bolting is 600 kN. According
to the above known conditions, the bearing capacity of the
inverted arch can be calculated by formula (13):
P0 �

q1

(14)

From the experience of roadway ﬂoor support, the
stability of roadway ﬂoor rock can be achieved when the
reaction force is 0.2 MPa. Therefore, the design of the Utype steel inverted arch supplemented by bolts support is
reasonable.

4. Engineering Application
4.1. Support Parameters. After numerical simulation and
theoretical analysis, the supporting scheme “U-type steel +
inverted arch + pouring concrete + backwall grouting” is
applied in Pingdingshan Coal Mine. The support scheme has
the following steps: the ﬁrst step is to lay a metal mesh on the
roadway, and the nets’ grid is 40 × 40 mm and the diameter is

T
Lx

Figure 7: The mechanical model of the inverted arch, reproduced
from Peng et al. [13] (under the Creative Commons Attribution
License/public domain).

4 mm. The second step is to set up U36-type steel support
with the inverted arch, the spacing of U36-type steel support
is 500 mm, three interlocking beams are set between two
adjacent inverted arches, and three bolts are selected to be
fastened to the interlocking beams. The third step is to pour
intensity of C30 concrete, and the thickness is 500 mm. The
fourth step is backwall grouting, and the length of the
grouting hole is 4 m. The row and line space of the grouting
hole is 2000 mm × 1400 mm. The support parameters are
shown in Figure 8.
4.2. Supporting Eﬀect. Field observation is conducted in the
inclined shaft, the convergence of two sides is 40 mm, and
the convergence between roof and ﬂoor is 60 mm, as shown
in Figure 9; the deformation rate of roadway surrounding
rock tends to be stable in the later period. The roof of the
roadway is detected by the detection recorder, as shown in
Figure 10, and no large cracks and abscission layers were
found in the surrounding rock of the roadway roof. The
deformation has been controlled eﬀectively after supporting
in Pingdingshan Coal Mine, as shown in Figure 11.
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Figure 10: The detected map of roof surrounding rock.
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Figure 11: Supporting eﬀect of the inclined shaft. (a) U-type steel supporting before pouring concrete. (b) Final supporting.
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5. Conclusions
(1) Based on rock mass strength criteria (Mohr–
Coulomb criterion and Arnold Verruijt criterion),
the lateral pressure coeﬃcient k is calculated by the
limit equilibrium method, and the modiﬁed formula
for the Terzaghi ultimate bearing capacity of
a foundation is established; it is applied to the engineering practice of inclined shaft construction
in Pingdingshan Coal Mine, the maximum roof
pressure of the inclined shaft is 2.7 MPa, and the
minimum pressure value is only 0.3 MPa; the calculated results are in agreement with those observed
in engineering practice.
(2) U-type steel inverted arch supplemented by the bolt
support scheme was designed to control the ﬂoor
heave of the inclined shaft. A mechanical model of
the inverted arch is established; after calculation, the
ultimate bearing capacity of the inverted arch has
been achieved as 0.56 Mpa. Hence, the support
scheme can eﬀectively control ﬂoor heaving.
(3) A new support technology is designed based on the
modiﬁed Terzaghi formula in this paper, after the
supporting scheme “U-type steel + inverted arch +
pouring concrete + backwall grouting” is applied in
Pingdingshan Coal Mine; the surrounding rock
damage has been controlled eﬀectively, which has
a certain reference to large-section roadway
supporting.
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The “Three Under Mining” (mining under the buildings, the railways, and the waters) coal resources are stored in the central and
eastern China. Many large-scale mine disasters occurred due to overburden strata movement and surface subsidence. Longwall
mining with superhigh-water material backﬁlling technology has been improved eﬃciently to prevent the underground disasters
and protect the surface ecological environment. Since underground mine pressure behavior and overlying strata movement are
inﬂuenced by the backﬁlling strength and backﬁlling rates, rational design of backﬁlling parameters is key to realize the green
mining of deep buried coal seams. Based on the combination of geological and production conditions of a deep buried coal seam
with composite beam theory, the roof fracture distance was analyzed. The software of UDEC was used to simulate the overlying
strata movement laws aﬀected by the diﬀerent backﬁlling strength and backﬁlling rates. With the comparative analysis of the
vertical displacement movements and the vertical stress distributions, the reasonable ﬁlling rate and water volume fraction were
determined to be 90% and 95%, respectively. According to the ﬁeld experiments, the underground dynamic load was low enough
for the safe mining, and the village building can be kept in a stable state with the application of the backﬁlling technology. The
research results in a scientiﬁc basis for the coordinated development between the safe and eﬃcient mining of deep buried coal
resources and protection of the surface ecological environment.

1. Introduction
The “Three Under Mining” (mining under the buildings,
the railways, and the waters) coal reserves have been
reached 13.79 billion tons in China, and the coal resources
under the buildings are over 8.76 billion tons. The coal
mines located in the central and eastern China mining areas
are mostly accompanied by the congregate village buildings. As a result, the mining of the “Three Under Mining”
coal resources is restricted by the protection of surface
ecological environment [1, 2]. Additionally, with the tens or
almost one hundred years of exploitation, many central and
eastern coal mines have entered into deep buried coal

seams mining (elevation over 800 m), which leads to a series issues, such as high geo-stress, high water pressure,
high ground temperature, and high gas pressure [3–6].
Many in situ experiments show that longwall mining with
backﬁlling technology is an eﬃcient way to prevent the
underground disasters and protect the surface ecological
environment [7]. However, the ﬁeld application eﬀects and
reliabilities are aﬀected by many factors, including backﬁlling strength and backﬁlling rates.
Domestic and overseas scholars have carried out a series
of studies on the backﬁlling technology and overlying strata
movement laws. Mkadmi et al. [8] used the SIGMA/W ﬁnite
element code to simulate the characteristics of the rock-
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backﬁll interface inﬂuence on the magnitude of the stresses
in backﬁlled stopes. Mohamed et al. [9] simulated the inﬂuence of ﬁlling gables on the long-term stability of gypsum
cylinders in order to prevent the collapse of surface buildings
and infrastructure. Kostecki and Spearing [10] used the
FLAC3D software to analyze the plastic ﬂow characteristics
of coal pillars and compared the shear strength, tensile
strength, and the inﬂuence of mine space constraints on the
strength of coal pillars. In China, hydraulic backﬁlling, solid
waste backﬁlling, paste-like backﬁlling, and superhigh-water
material (SHWM) backﬁlling have been employed in many
underground coal mines. The ﬁeld observations indicate that
(1) the hydraulic backﬁlling technology has a good surface
subsidence control eﬀect, but it has no general applications
due to complicated system and high cost [11]. (2) The
backﬁlling rate of the solid waste backﬁlling technology has
increased to 85%, which beneﬁts long-term stability for
surface subsidence. However, it cannot meet the requirement of large area longwall mining due to high investment, lack of solid waste material [12]. (3) Paste-like
backﬁlling technology has high security, high mining rate,
and good surface subsidence control eﬀect, and is environment friendly, which also has many disadvantages, such
as high initial investment and high production cost [13]. (4)
Superhigh-water material backﬁlling technology has many
prominent advantages besides low initial investment, low
production cost, simple backﬁlling process, easy operation,
and good backﬁlling material mechanics, which are of great
help to high-eﬃcient mining and eﬀective surface subsidence control [14, 15]. For the research of overlying
movement laws, Li et al. [16] applied the elastic foundation
thin plate theory to presenting that the elastic foundation
coeﬃcient is the key factor aﬀecting the movement and
deformation of overburden during backﬁlling mining. Jia
et al. [17] carried out a physical simulation experiment of
superhigh-water material (SHWM) backﬁlling technology,
which illustrated the laws of overburden migration and
surface subsidence. Yang et al. [18] analyzed the inﬂuence of
diﬀerent backﬁlling strength and backﬁlling rates on the
overburden movement and deformation. The research
studies mentioned above can shed light on revealing the
overlying strata movement laws of longwall mining in deep
buried coal seams.
Based on the typical geological and production conditions of AB Coal Mine, the theoretical analysis, numerical
simulation, and in situ measurement were comprehensively applied to uncover the overlying strata movement
laws of longwall mining in deep buried coal seams with
SHWM backﬁlling technology. The reasonable parameters,
including backﬁlling rates and water volume fraction, are
determined to guarantee the safe and eﬃcient mining of
deep buried coal resources and protection of the surface
ecological environment.

2. Engineering Background
AB Coal Mine is located in Shandong Province, an eastern
China mining area. The No. 3 coal seam, mined in the CG1302
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working face, has an average thickness of 3.0 m. The geological
structure is simple in the longwall panel, the advancing length
of the CG1302 working face is 1030 m, and the inclination
length is 110 m. The ground elevation is about +47 m; the
underground elevation is about −776.7 m, and thus, the buried
depth is over 820 m, which means high geo-stress, high water
pressure, high ground temperature, and high gas pressure
increasingly emerge during longwall mining. The coal seam
comprehensive histogram and UDEC numerical simulation
model are shown in Figure 1. The mechanical parameters of
the rock layer are illustrated in Table 1.
More than 1790 village buildings are concentrated on the
surface of AB Coal Mine, which is a typical “Three Under
Mining.” To achieve the goal of the safe and eﬃcient mining
of deep coal resources and the protection of the surface
ecological environment, the longwall mining with SHWM
backﬁlling technology was applied in the CG1302 working
face. When the working face advances, the backﬁlling
package will be hung up and injected with mixed SHWM in
the goaf immediately behind the hydraulic support. After the
mixed SHWM solidiﬁed, the mined out roof will be supported by the SHWM backﬁlling and the left coal pillars. The
backﬁlling technology procedure and ﬁeld application are
shown in Figure 2.

3. Theoretical Analysis
The roof, hanging in the goaf after the working face advancing, has a load composed by both self-weight and the
overlying strata load. The interaction between the overlying
strata forms a composite beam structure, according to the
combined beam theory [19], and the overburden load is
qn 1 �

E1 h31 c1 h1 + c2 h2 + · · · + cn hn 
,
E1 h31 + E2 h32 + · · · + En h3n

(1)

where (qn )1 is the load that acts on the ﬁrst layer with the
consideration of the nth layer, MPa; En is the elastic modulus
of the nth layer, MPa; Hn is the thickness of the nth layer, m;
and cn is the bulk density of the nth layer, MN/m3.
According to the combined beam theory, the load that
acts on the immediate roof is calculated to be 0.141 MPa, and
the load that acts on the main roof is 0.289 MPa. Before the
ﬁrst fracturing of the roof, the coal wall behind the open-oﬀ
cut and in front of the working face forms a ﬁxed beam
structure, as shown in Figure 3.
According to the elastic mechanics theory, the maximum
shear stress emerges in the center of the end-ﬁxed beam.
According to the maximum tensile stress criterion of the
rock, the length before the fracture is [20]
�������
[σ] 1
(2)
L ≤ 2h
− .
q
5
When the roof is fractured, the safety factor is n, and the
length before the fracture is
������
[σ] 1
(3)
Ls ≤ 2h
− ,
nq 5
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No.

Thickness (m)

1

9.0
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2

16.0
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3
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Lithology description
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Figure 1: Coal seam comprehensive histogram and UDEC numerical simulation model.
Table 1: Mechanical parameters of coal seam and overlying strata.
No.
1
2
3
4
5
6

Lithology
Fine sandstone
Mudstone
No. 3 coal seam
Siltstone
Sandy mudstone
Medium sandstone

Density
(kg·m−3)
2597
2529
1540
2575
2500
2660

Bulk modulus
(GPa)
7.2
7.5
5.8
5.8
5.7
7.0

Tensile strength
(MPa)
3.13
1.38
1.25
1.90
0.21
1.03

where Ls is the roof stability length, m; [σ] is the roof tensile
strength, MPa; n is the safety factor; and q is the load acts on
the roof, MPa.
When the roof beam fracturing, the maximum bending
deﬂection equation for the center section is
ωmax �

ql4
,
384EI

(4)

where ωmax is the maximum bending deﬂection; I is the
moment of inertia, m4; I � bh3 /12, b is the beam width, m
and h is the beam height, m; and l is the length of the hanging
roof, m.
After the ﬁrst fracture of the roof strata, the beam
structure is in a state of one end ﬁxed and another end
hanged, forming a cantilever beam structure. The safe length
of the cantilever beam before fracture is [21]
�����������
5h2 [σ] + qh2
(5)
l≤
,
15q
where l is the period weighting length of roof strata, m.
According to the mechanical parameters of coal and rock
strata of the CG1302 working face, most of the rock strata
have large thickness and damage due to brittle failure.

Shear modulus
(GPa)
4.9
3.0
1.2
3.6
3.4
4.2

Cohesion
(MPa)
12.0
12.0
3.0
17.0
1.3
13.0

Friction angle (°)
36
26
33
40
30
44

Therefore, the safety factor n can be determined to be 1.2. As
a result, the ﬁrst roof weighting lengths of the immediate
roof and the main roof are 29.7 m and 63.0 m, and the period
roof weighting lengths are 9.5 m and 20.3 m, respectively.
In addition, with the consideration of the maximum
vertical bending values of the immediate roof and the main
roof are 0.26 m and 0.48 m, and the residual expansion coeﬃcient of the rock is 1.15 and the maximum bending value of
the main roof can reach 0.48 m and become fracture while the
backﬁlling height reaches 1.53 m. The critical backﬁlling rate
to prevent main roof fracturing is 51.0%, and the immediate
roof will fracture if the backﬁlling rate is less than 91.3%.

4. Numerical Simulation of Overlying Strata
Movement Laws
4.1. Establishment of the Numerical Simulation Model.
The software of UDEC (Universal Distinct Element Code)
was applied to analyzing the overlying strata movement
laws. As shown in Figure 1, the numerical model has a length
and a height of 240 m and 120 m, respectively. According to
the geological conditions, the upper boundary stress is set to
17.86 MPa to simulate the weight of the overlying strata. The
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Figure 2: SHWM backﬁlling procedure and its application. (a) SHWM backﬁlling for the “Three Under Mining.” (b) Procedure of SHWM
backﬁlling technology. (c) Field experiment of SHWM backﬁlling technology.

simulated longwall mining face advancing from 50 to 190 m
with a total mining length of 140 m. The ZC7000/19/40 type
hydraulic support is used in the CG1302 working face, the
supporting strength is 0.67 MPa, and the support length is
4 m. The simulation contents include the vertical displacement movement laws, the plastic zone development characteristics, and the vertical stress evolutions mechanism,
which vary with diﬀerent roof manage modes, including roof
caving and backﬁlling.
4.2. Numerical Simulation Results
4.2.1. Vertical Displacement Movement Laws. As shown in
Figure 4, (1) the immediate roof is bended when the working

face advances 30 m, and then fractured and caved into goaf
when the working face advances 35 m. (2) The main roof is
fractured when the working face advances 60–70 m. (3) After
the backﬁlling in the goaf, the immediate roof is not fractured when the working face advances 35 m and 70 m, and
the vertical displacement is less than 0.3 m.
To predict the surface subsidence under diﬀerent ﬁlling
rates, a survey line, used to monitor the vertical displacement, was set on the top of the UDEC numerical simulation
model. As shown in Figure 5, in the condition of nonbackﬁlling, the maximum vertical displacement was above
0.95 m. With the increase of ﬁlling rate from 40% to 90%, the
vertical displacement decreased from 0.76 m to 0.22 m. It can
be predicted that the surface subsidence will be eﬀectively
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Figure 4: Vertical displacements of overlying strata in diﬀerent roof management methods. (a) Nonbackﬁlling excavation 30 m.
(b) Nonbackﬁlling excavation 35 m. (c) Backﬁlling excavation 35 m. (d) Nonbackﬁlling excavation 60 m. (e) Nonbackﬁlling excavation 70 m.
(f ) Backﬁlling excavation 70 m.

controlled by the increase of the ﬁlling rate, not less than
90%.
4.2.2. Plastic Zone Development Characteristics. As shown in
Figure 6, (1) in the condition of nonbackﬁlling, the plastic
zones development increases explicitly in the immediate roof
and the main roof when the working face advances from 30 m
to 70 m: the maximum height of the plastic zone development
in the central goaf increases from 28 m to 40 m while the
working face advances from 60 m to 70 m. (2) When zones
ﬁrst emerge in the overlying strata around the working face,
the immediate roof, the main roof, and the overlying strata

start to bend and fracture in proper order. Additionally, the
plastic failure zone formed a shape similar to “reverse funnel”
above the goaf. (3) In the condition of backﬁlling, the plastic
zones have no signiﬁcant change when the working face
advances from 35 m to 70 m; the plastic zones only occurred
within the immediate roof, and the plastic damage degree was
not large enough to break the main roof.
4.2.3. Vertical Stress Evolutions Mechanism. As shown in
Figure 7, (1) a “butterﬂy wings” shape vertical stress accumulation area was formed both in front of the working face
and behind the open-oﬀ cut, and the stress-relaxed area was
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Figure 6: Plastic zones development in diﬀerent roof management methods. (a) Nonbackﬁlling excavation 30 m. (b) Nonbackﬁlling
excavation 35 m. (c) Backﬁlling excavation 35 m. (d) Nonbackﬁlling excavation 60 m. (e) Nonbackﬁlling excavation 70 m. (f ) Backﬁlling
excavation 70 m.

developed overlying the goaf. (2) In the condition of nonbackﬁlling, the concentrated vertical stresses in front of the
working face were about 45 MPa, 48 MPa, and 54 MPa, with
the concentrate rates of 2.32, 2.48, and 2.78, when the
working face advances 30 m, 35 m, and 60 m, respectively.
The large concentrated vertical stress means huge elastic
deformation energy was involved around the working face,
which is likely to incur rock burst accidents and threaten
the miners’ life. (3) After the backﬁlling in the goaf, the

concentrated vertical stress had no such signiﬁcant increase
compared to nonbackﬁlling, because the backﬁlling body in
the goaf supported the bended roof and shared the mininginduced vertical stress, which played a signiﬁcant eﬀect to
decrease the stress concentrate rate around the goaf and
prevent the rock burst disasters.
As shown in Figure 8(a), in the case of nonbackﬁlling,
the peak values of the vertical stress, distributed in front
of the longwall mining face, were 44.5 MPa, 54.0 MPa,
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60.0 MPa, and 59.2 MPa when the working face advances
30 m, 60 m, 90 m, and 120 m, respectively. Due to the immediate roof, the main roof fracturing, and caving into the
goaf, caused by the longwall mining, the vertical stress was
gradually increasing with the increase of advancing length,
and then reached a stable state. As shown in Figure 8(b), in
the case of the working face advancing length of 140 m with
the application of superhigh-water ﬁlling in the goaf, the
peak values of the vertical stress were 44.0 MPa, 47.2 MPa,
57.1 MPa, and 60.5 MPa when the ﬁlling rates were 90%,
70%, 40%, and 0, respectively. As the ﬁlling rate increases,
the peak value of the vertical stress in front of the coal wall
decreases gradually. It can reveal that the better control of
both coal wall splitting and roadway surrounding rock
deformation would be achieved through increasing the
ﬁlling rate. As shown in Figure 8(c), the peak values of the
vertical stress were 39.7 MPa, 43.6 MPa, 45.3 MPa, and
49.7 MPa when the water volume fractions were 91%, 93%,
95%, and 97%, respectively. Simultaneously, there were only
low peak stress changes while the water volume fraction
varies from 93% to 95%. Considering the superhigh-water
material costs and the pipeline delivery eﬃciency, the proper
water volume fraction was determined to be 95%.

5. Field Experiments and Measurements
5.1. Ground Pressure Measurements. The ﬁlling rate of 90%
and the water volume fraction of 95% were used in the

exploitation of the CG1302 working face. During the
longwall mining with SHWM backﬁlling technology,
a real-time digital ground pressure monitor was set up in
the front column of the hydraulic support, which can
capture the changes of the load acted on the hydraulic
support. For example, the support resistance observations
of the 53# hydraulic support are shown in Figure 9.
According to the ﬁeld measurement data, the average and
maximum working resistances of the hydraulic support
were 19.7 MPa and 36.0 MPa, and the roof weighting
criterion was determined to 28.1 MPa. Figure 9 also indicates that the average period roof weighting length of
the immediate roof is 9.6 m, which is verifying the reasonable of the theoretical analysis (9.5 m). With the application of the backﬁlling technology with a ﬁlling rate of
90%, only the immediate roof has been fractured and
caved into the goaf, and the dynamic load coeﬃcient of the
working face was low enough for the safe mining of the
deep buried coal seam.

5.2. Surface Subsidence Measurements. To evaluate the eﬀect
of SHWM backﬁlling technology for controlling the surface
subsidence, a total of 8 observation lines were arranged in
the corresponding ground positions of CG1301 and
CG1302. There are 17 measuring points in the survey lines,
from C1 to C17, respectively.
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Figure 8: Concentrated vertical stress curves vary with excavation length and ﬁlling rate. (a) Diﬀerent excavation length. (b) Diﬀerent ﬁlling
rate. (c) Diﬀerent volume fraction of water.

As shown in Figure 10, the maximum cumulative dynamic subsidence of the C line was less than 200 mm, which
is consistent with the numerical simulation results. The
surface subsidence measurements results indicate that the
village building can be kept in a stable state even aﬀected by
the underground longwall mining-induced overlying

movements. It can be concluded that the goal of the safe and
eﬃcient mining of deep buried coal resources and protection
of surface ecological environment would be realized for the
“Three Under Mining” coal resources with the application of
SHWM backﬁlling technology and reasonable ﬁlling parameters design.
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6. Conclusions
(1) High geo-stress, high water pressure, high ground
temperature, and high gas pressure increasingly
emerge during longwall mining in deep buried coal
seams. Longwall mining with superhigh-water material backﬁlling technology is one of the high-eﬃcient
ways to prevent the underground disasters and protect the surface ecological environment.
(2) The software of UDEC was applied to analyze the
overlying strata movement laws. In the nonbackﬁlling
conditions, the large concentrated vertical stress
means a huge elastic deformation energy was involved
around the working face, which was likely to cause
rock burst accidents and threaten the miners’ life. In
contrast, the backﬁlling played a signiﬁcant eﬀect to
decrease the stress concentrate rate around the goaf
and prevent the rock burst disasters.
(3) With the comparisons of the vertical displacement
movements and the vertical stress distributions, the
reasonable parameters were determined, such as the
ﬁlling rate of 90% and the water volume fraction of
95%, which were carried out in the ﬁeld experiments.

(4) According to the ﬁeld measurement data, the underground dynamic load was low enough to enable
the safe mining, and the village building can be kept
in a stable state with the application of the backﬁlling
technology. The aim of the safe and eﬃcient mining
of deep buried coal resources and protection of
surface ecological environment would be achieved
for exploiting the “Three Under Mining” coal
resources.
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Determining the optimal extrication location of the high extraction roadway can improve the gas extrication eﬀect of highly gassy
mine and solve the problem of gas concentration overrun at the upper corner, which is of great signiﬁcance to safety and eﬃcient
mine production. According to the actual situation of mine, the gas gushing amount in the goaf, pressure diﬀerence at both ends of
the working face, the 3D porosity, and permeability distribution of the caving zone and ﬁssure zone were obtained by ﬁeld
measurement and numerical calculation. Through theoretical calculation, the proper extraction site of a high-position alley was
determined. On this basis, the optimal extraction site of a high-position alley was determined by numerical analysis of the gas
extraction eﬀect at diﬀerent sites. The results show that as the perpendicular distance between high-position alley and goaf ﬂoor
increases, the gas extraction amount increases ﬁrst and then decreases. The concentration of extraction gas gradually increases,
and the increasing trend is gradually diminished. With the increase of the horizontal distance between the air return way and the
high-position alley, the gas extraction amount and gas extraction concentration increase ﬁrst and then decrease. The optimal
extraction site of a high-position alley should be 39 m vertically away from the goaf ﬂoor and 30 m horizontally away from the air
return way.

1. Introduction
Gas disaster has long been a key factor threatening safety
mine production of China; in particular, the gas in goaf
severely aﬀects the safety condition of coal face [1]. The high
suction roadway-based goaf gas extrication technology
enjoys advantages including high concentration and large
extrication amount of gas, which is widely used in a highly
gassy mine as an eﬀective method to reduce gas emission at
a high gassy face and prevent gas overrun at the upper corner
and air return way [2, 3]. In addition, the extrication eﬀect of
the high suction roadway is closely related with factors such
as extrication location of the high suction roadway and
sealing quality of the gas drainage hole.

To determine the optimal extrication location of the high
suction roadway, researches have conducted large amounts
of researches [4–13]. Li Qingbo and Li Wenzhou analyzed
the arrangement mechanism, method, and eﬀect of the high
suction roadway under speciﬁc geological and mining
conditions based on the goaf overlying rock movement law
and gas ﬂow distribution law [4]. Li et al. introduced a gas
relief-pressure controlling technology using the high suction
roadway along the primary coal face of a certain high gas
mine and analyzed and determined the reasonable arrangement parameters of the high suction roadway along the
roof [5]. Li et al. determined the suitable layer for 13-1 high
suction roadway of the Xieqiao coal mine through combining theoretical analysis and actual eﬀect investigation [6].

2
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Ding et al. and Liu et al. conducted numerical simulation
analysis of the high suction roadway-based gas extrication
system using the Fluent software and determined the vertical
height and oblique position of the high suction roadway
[3, 7]. The combination method of theoretical analysis and
numerical simulation has become a current major research
approach. However, former scholars never consider permeability distribution and gas discharge source location
during numerical simulation, which leads to poor reliability
of simulated results. Regarding above problems, this paper
determined the actual permeability distribution and gas
discharge source location of the Wangzhuang mine 9101
workface as well as reasonable boundary conditions.
Moreover, the optimal extrication location of the high
suction roadway of the Wangzhuang mine 9101 workface
was determined using the combined method of theoretical
calculation and numerical simulation.
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2. Test Working Face Profile
9101 working face is located at the north of the Xiandu
agricultural ecological garden of the Xinming village. In the
mine, the east of 9101 workface is 81/2# pulley roadway,
the west of 9101 workface is 3D seismic prospecting fault,
the south of 9101 workface is 9102 design working face, and
the north of 9101 workface connects Jiang river coal pillar.
The ground elevation at the site where 9101 workface is
located is 903 m∼917 m, and the workface elevation is
285 m∼525 m. The workface is arranged along the coal
seam, with a slope length of 335 m, transport roadway
length of 1404 m, wind roadway length of 1657 m, and
U-shaped ventilation. The thickness of the coal seam is
5.85 m, and mean obliquity of the coal seam is 10°C, which
indicates it is a gently inclined coal seam, with mediumhard overburden rocks. The all-roof caving method is
adopted as the roof control method.

3. Goaf Mathematical-Physical Model and
Boundary Condition
3.1. Goaf Mathematical-Physical Model. Assume that the
stope ﬂuid is the incompressible ﬂuid, goaf is the isotropous
porous medium, and goaf gas ﬂow is in line with the linear
permeation law, i.e., Darcy’s law [8]; the viscous resistance
coeﬃcient and inertial resistance factor remain unchanged
at Z direction. According to the above assumption, the
mathematical model of goaf air ﬂow mainly includes the
mass conservation equation, Navier–Stokes equation, and
composition transfer equation.
Mass conservation equation:
zu zv zw
+
+
� 0.
zx zy zz
Navier–Stokes equation:

(1)

where ρ is the density; u, v, and w are the velocity components
in the direction of X, Y, and Z, respectively; μ is the dynamic
viscosity coeﬃcient; p is the pressure on a ﬂuid microelement;
and Su , Sv , and Sw are the generalized source terms in the
conservation of momentum equation, respectively.
Composition transfer equation:
z ρcs u z ρcs v z ρcs w
+
+
zx
zy
zz
�

z
zρc
z
zρc
z
zρc
Ds s  + Ds s + Ds s  + Ss ,
zx
zy
zz
zx
zy
zz
(3)

where cs , ρcs , and Ds are the volume concentration, mass
concentration, and diﬀusion coeﬃcient of the component
S, respectively, and Ss is the formation rate of the microelement.
The standard k − ε model was used to describe the law of
gas turbulent ﬂow in the working face in this paper, and its
governing equations are as follows:
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where σ k � 1.0, σ ε � 1.3, c1 � 1.44, c2 � 1.92, Gk is the
generation of turbulent kinetic energy caused by velocity,
and μt is the turbulent viscosity.
3.2. Goaf Physical Model. According to the empirical equation, the model can calculate the height range of the caving
zone as 17.55∼23.4 m and the height range of the ﬁssure zone
as 49.48∼60.68 m. For the convenience of model establishment
and mesh generation, the height of the goaf physical model
was determined as 60 m. The dimensions of the workface,
goaf, and high suction roadway (arranged along the goaf,
located within the ﬁssure zone of roof damage, interiorly
dislocated with the air return roadway by certain distance,
and supported by the bolting net) were determined
according to the actual situation, as shown in Table 1.
Given that the maximum height of the caving zone of
9101 workface is 23.4 m and the maximum height of the
ﬁssure zone is 60.68 m, the high suction roadway will be
easily deformed and losing extrication ability if the arrangement height of the high suction roadway is less than
23.4 m; if the distance between the high suction roadway and
the goaf ﬂoor is too large, the gas permeability of the
overlying rock will be poor, and the extrication amount of
gas will be less. Therefore, the 5 high suction roadways are set
30 m horizontally away from the return air roadway, and
vertically high above the goaf ﬂoor by 25 m, 32 m, 39 m,
46 m, and 53 m, respectively.
Given that the goaf boundary abscission rate of the high
suction roadway side close to the return air roadway was low,
no large amounts of channels are formed for gas transport;
when the horizontal distance between the high suction
roadway and the return air roadway is too large, the goaf
caving rocks will be gradually compacted, the abscission rate
will be reduced, and goaf gas concentration will be decreased
also. Therefore, the 5 high suction roadways are set 39 m
vertically high above the goaf ﬂoor, and horizontally away
from the return air roadway by 20 m, 30 m, 40 m, 50 m, and
60 m, respectively.
Based on the physical model dimension of the workface
and the location arrangement parameters of the high suction
roadway, it can determine the workface physical model
under the high suction roadway extrication condition, as
shown in Figure 1. (Due to the space limit, hereby below only
presents the high suction roadway physical model with
a horizontal distance of 30 m and a vertical distance of 39 m).
3.3. Setting Boundary Conditions of the Workface.
According to the gas emission quantity of Wangzhuang
mine 9101 workface during the period of stoping, as well as
the goaf permeability distribution law and ﬁeld test data, the
model boundary conditions can be set as follows:
(1) The inlet of the inlet air roadway is the velocity-inlet,
with a mean air speed of 2.59 m/s.
(2) The outlet of the return air roadway is the pressureoutlet, with a diﬀerential pressure of −130 Pa; the outlet
of the high suction roadway is the pressure-outlet, with
a negative extrication pressure set as −13 kPa.

3
Table 1: Dimension of the 9101 workface physical model.
Dimension
Workface
Goaf
High suction roadway
Inlet and return air
roadway

Length (m)
335
300
290

Name
Width (m)
5
335
4.5

Height (m)
5
60
3

30

5

4.5

(3) Goaf gas is emitted from the ﬂoor, lower neighboring
coal seam, and surrounding rock, wherein the gas
emission quantity is predicted as 28.33 m3/min using
a diﬀerent-source forecast method.
(4) Goaf permeability: analyze the overlying rock
property, mining method, and support form of
Wangzhuang mine 9101 workface. Simulate the
deformation condition of the goaf overlying rock
using UDEC numerical simulation software. Conduct
comparative analysis of deﬂections of rock stratums.
The 3D porosity distribution laws of the caving zone
and the ﬁssure zone of Wangzhuang mine 9101
workface can be obtained according to the porosity
calculation equation (as shown by Formulas (5)–(9).
During Fluent simulation, goaf porosity and permeability were written using UDF function.
h1 − 12.5
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⎧
⎪
;
z ≤ h1 ,
⎪
⎪
h1
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪ h2 − h1 − 5.8;
h1 < z ≤ h2 ,
⎪
⎪
⎪
⎨ h2 − h1
n �⎪
(5)
⎪
⎪
h3 − h2 − 8
⎪
⎪
;
h2 < z ≤ h3 ,
⎪
⎪
⎪ h3 − h2
⎪
⎪
⎪
⎪
⎪
⎪
⎪
h − h − 3.8
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;
z > h3 ,
h4 − h3
h1 � 18.7 + 0.08972e0.01998(300−x)−3.397 − 4.198
× a1 y4 + b1 y3 + c1 y2 + d1 y + 0.8641,
h2 � 23.6 + 0.03324e0.01892(300−x)−1.782 − 3.122
× a2 y4 + b2 y3 + c2 y2 + d2 y + 0.4094,
h3 � 31 + 0.04821e0.0161(300−x)−1.094 − 2.465
× a3 y4 + b3 y3 + c3 y2 + d3 y + 0.0013,
h4 � 34.95 + 0.04821e0.0161(300−x)−1.094 − 2.465
× a3 y4 + b3 y3 + c3 y2 + d3 y + 0.0013,

(6)

(7)

(8)

(9)

where a1 � −1.855e−10, b1 � 1.244e−7, c1 � −3.125e−5;
d1 � 3.480e−3; a2 � −7.594e−10, b2 � 5.098e−7, c2 �
−1.286e−4, d2 � 1.443e−2; and a3 � −6.752e−10,
b3 � 4.527e−7, c3 � −1.313e−4, and d3 � 1.8590e−2.
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Figure 1: Goaf physical model of fully mechanized face.

4. Determination of the Optimal Extrication
Location of the High Suction Roadway
4.1. Determination of the Optimal Vertical Distance between
the High Suction Roadway and the Goaf Floor
4.1.1. Vertical Distance between the High Suction Roadway
and the Goaf Floor by Theoretical Calculation. The vertical
distance between the high suction roadway and the goaf
ﬂoor is related to the mining method, overlying rock
property, and coal bed pitch. According to Table 2, it can
approximately calculate the location of the high suction
roadway at the vertical direction [9].
As shown in Table 2, the coal seam thickness of
Wangzhuang mine 9101 workface is 5.85 m; the average coal
bed pitch is 10°C, showing that it is a coal seam with gentle
dip; the overlying rock is moderately hard, and the all-roof
caving method is adopted as the major roof management
method. The ratio of the moderate arrangement height of the
high suction roadway and the mine height is 5∼12, which
means the suitable arrangement height of the high suction
roadway is 29.25 m∼70.2 m. However, as this range of height
is too large, which should be subjected to the numerical
simulation method to ﬁnally determine the vertical distance
between the high suction roadway and the goaf ﬂoor.

4.1.2. Determination of the Optimal Vertical Distance between the High Suction Roadway and the Goaf Floor.
Based on the reasonable physical model and boundary
conditions, the gas extrication eﬀect was simulated using
Fluent software under constant horizontal distance between
the high suction roadway and the return air roadway, and
the vertical distance between the high suction roadway and
the goaf ﬂoor is 25 m, 32 m, 39 m, 46 m, and 53 m, respectively. The concentration and scalar of the extricated gas
are shown in Figure 2.

Through analyzing Figure 2, it can be concluded that
when the horizontal distance between the high suction
roadway and the return air roadway is constant, the scalar of
extricate gas ﬁrst increases and then decreases with the
increase of the vertical distance between the high suction
roadway and the goaf ﬂoor and reaches the largest value of
16.74 m3/min when the vertical distance is 39 m. After the
vertical distance between the high suction roadway and the
goaf ﬂoor is larger than 39 m, the increasing tendency of the
gas concentration signiﬁcantly decreases. Based on theoretical calculation, the suitable arrangement height of the
high suction roadway is 29.25 m∼70.2 m, and the vertical
distance between the high suction roadway and the goaf
ﬂoor is 39 m which is within the theoretical calculation
range. The application of the high suction roadway is to
extricate more goaf gas of high concentration and reduce gas
emission quantity at the upper corner, so as to solve the
problem of gas overturn, and use high concentration gas to
generate electricity. According to such a principle, it can be
determined that the optimal vertical distance between the
high suction roadway and the goaf ﬂoor is 39 m, and in this
situation the gas concentration at the upper corner is
0.732%, which is an underspeciﬁed value of 1% prescribed in
the coal mine safety rules.

4.2. Determination of the Optimal Horizontal Distance
between the High Suction Roadway and the Return
Air Roadway
4.2.1. Determination of the Horizontal Distance between the
High Suction Roadway and the Return Air Roadway by
Theoretical Calculation. In setting the distance between
the high suction roadway and the return air roadway,
i.e., horizontal projection distance, the high suction roadway
should be located within the ﬁssure zone after suﬃcient
pressure relief, and also the high suction roadway should not
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Table 2: Moderate arrangement height of the high suction roadway.

Overlying rock hardness

Gentle dip
Gentle dip
Gentle dip
Gentle dip
Moderate dip
Steep dip
Steep dip
Steep dip

Hard
Medium hard
Soft
Weathering soft
Medium hard
Hard
Medium hard
Medium hard

20

Roof management method
All
All
All
All
All
All
All

16

18

12
16
8
14
12
25

roof caving
roof caving
roof caving
roof caving
roof caving
roof caving
roof caving
Filling

Ratio of moderate arrangement height and
mining height (H/M)
6∼18
5∼12
3∼9
2∼7
5∼12
7∼16
5∼6
—

L

20

4
32
39
46
Vertical distance between high extraction
roadway and goaf floor/m

Gas concentration (%)

Pure gas flow/m3 (min)

Coal bed pitch

0
53

High extraction roadway
L′

∆L

H
β

Pure gas flow
Gas concentration

α

Coal seam

Figure 3: Proﬁle perspective drawing of high suction roadway
arrangement.

Figure 2: Extrication eﬀect under diﬀerent vertical distances between the high extraction roadway and the goaf ﬂoor.

be damaged. In addition, the horizontal projection distance
should not exceed 1/3 of the stope face length, as shown in
Figure 3, which can be calculated as follows:
S � ΔL + L′ ,
1
ΔL � × X/3 − L′ ,
3
L�

H
,
tgβ

(10)

H
L′ �
,
tgα
where S is the horizontal projection distance between the
high suction roadway and the return air roadway, m; ΔL is
the boundary distance of the high suction roadway after
suﬃcient pressure relief, m; L′ is the horizontal projection
length which guarantees that the high suction roadway is not
damaged, m; L is the horizontal projection length away from
the return air roadway without pressure relief, m; X is the
workface length, m; α is the roof rock collapse angle, 68°; and
β is the pressure-relief angle of the roof rock, which is
generally larger than the collapse angle by 3°∼4°.
Using the above equations, it can be calculated that the
vertical distance between the high suction roadway and
the goaf ﬂoor is 39 m, the horizontal projection length L′
which guarantees that the high suction roadway is not
damaged is 15.76 m, and the boundary distance of the high
suction roadway ΔL after suﬃcient pressure relief is 31.99 m.

In addition, the horizontal projection distance between
the high suction roadway and the return air roadway is
111.67 m, which does not exceed 1/3 of the workface length.
The horizontal projection distance range between the high
suction roadway and the return air roadway is 15.76 m∼
111.67 m. However, such a range is too large and should be
subjected to the numerical simulation method to further
determine the horizontal distance between the high suction
roadway and the return air roadway.
4.2.2. Determination of the Optimal Horizontal Distance
between the High Suction Roadway and the Return Air
Roadway. Based on the reasonable physical model and
boundary conditions, the gas extrication eﬀect was simulated using Fluent software under constant vertical distance
between the high suction roadway and the goaf ﬂoor, and
the horizontal distance between the high suction roadway
and the goaf ﬂoor is 20 m, 30 m, 40 m, 50 m, and 60m, respectively. The concentration and scalar of the extricated gas
are shown in Figure 4.
Through analyzing Figure 4, it can be concluded that
when the vertical distance between the high suction roadway
and the return air roadway is constant, both scalar and
concentration of extricate gas ﬁrst increase and then decrease with the increase of the horizontal distance between
the high suction roadway and the return air roadway and
reach the largest value of 16.74 m3/min and 13.20% when the
horizontal distance is 30 m. After the vertical distance between the high suction roadway and the goaf ﬂoor is larger
than 39 m, the horizontal projection distance range between

20

20

15

15

10

10

5

5

0
20

30
40
50
Vertical distance between high extraction
roadway and goaf ﬂoor/m

0
60

Gas concentration (%)
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Pure gas flow/m3 (min)

6

Pure gas ﬂow
Gas concentration

Figure 4: Extrication eﬀect of the high extraction roadway under
diﬀerent horizontal distances between the high extraction roadway
and the return air roadway.

the high suction roadway and the return air roadway is from
15.76 m to 111.67 m, and the horizontal distance between the
high suction roadway and the return air roadway is 30 m,
which is within the theoretical calculation range. The application of the high suction roadway is to extricate more
goaf gas of high concentration and reduce gas emission
quantity at the upper corner, so as to solve the problem of gas
overturn, and use high concentration gas to generate electricity. According to such a principle, it can be determined
that the optimal horizontal distance between the high
suction roadway and the return air roadway is 30 m, and in
this situation the gas concentration at the upper corner is
0.732%, which is an underspeciﬁed value of 1% prescribed in
the coal mine safety rules.

5. Field Verification
The high extraction roadway of Wangzhuang mine 9101
workface was laid out according to the data. Gas drainage
data of the high extraction roadway were monitored in June
2013. The gas extraction concentration is 11.4%∼13%, and
the average value is 12.28%; the average gas concentration in
the upper corner is 0.69%. Therefore, the ﬁeld test results are
in good agreement with the numerical simulation results. It
also veriﬁes the correctness of the numerical simulation
method and results.

6. Conclusions
(1) The scalar of gas extricated by the high suction
roadway ﬁrst increases and then decreases with the
increase of the vertical distance between the high
suction roadway and the goaf ﬂoor and reaches its
maximum value of 16.74 m3/min when the vertical
distance is 39 m; the concentration of the extricated
gas is gradually increasing; however, the increasing
trend will be signiﬁcantly decreased after the vertical
distance between the high suction roadway and the
goaf ﬂoor is larger than 39 m.
(2) Both scalar and concentration of the gas extricated
by the high suction roadway ﬁrst increase and then
decrease with the increase of the horizontal distance

between the high suction roadway and the goaf ﬂoor
and reach their maximum values of 16.74 m3/min
and 13.20% when the horizontal distance is 30 m.
(3) Combining the theoretical calculation results and
numerical simulation results, it can be concluded
that the optimal extrication location for the high
suction roadway of Wangzhuang mine 9101 workface is vertically 39 m above from the goaf ﬂoor and
horizontally 30 m away from the return air roadway.
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The point load test (PLT) is intended as an index test for rock strength classiﬁcation or estimations of other strength parameters
because it is economical and simple to conduct in the laboratory and in ﬁeld tests. In the literature, calculation procedures for
cylinder cores, blocks, or irregular lumps can be found, but no study has researched such procedures for half-cylinder cores.
This paper presents the numerical model and laboratory tests for half-cylinder and cylinder specimens. The results for halfcylinder and cylinder specimens are then presented, analysed, and discussed. A correlation of failure load between half-cylinder
and cylinder specimens is established with a suitable size suggestion and correction factor. It is found that the failure load
becomes stable when half-cylinder specimens have a length/diameter ratio higher than 0.9. In addition, the results show that
the point load strength index (PLSI) of half-cylinder cores can be calculated using the calculation procedures for diametral
testing on cylinder cores, and it is necessary to satisfy the conditions that the length/diameter ratio be higher than 0.9 and the
failure load be multiplied by 0.8.

1. Introduction
The point load test (PLT) is one of the primary tests to be
applied during earthwork engineering practices, such as
slope stabilization works, tunnelling construction, and the
design of mining support and foundation [1]. The PLTcan be
performed either in the ﬁeld or in the laboratory since the
test equipment is portable and specimens can easily be
prepared for testing. For these reasons, the PLT is a more
practical, time-saving, and economical method compared to
the uniaxial compressive strength (UCS) test.
The PLT is based on breaking a rock specimen, which is
subjected to an increasingly concentrated point load applied
through a pair of conical platens [2]. Failure load, rock size,
rock shape, and loading mode are used to calculate the point
load strength index (PLSI or Is(50) ) [3, 4]. The PLSI is an
important strength parameter index for the classiﬁcation of
rock strength [4–7], determination of UCS [1–4, 8–14], and
estimation of strength anisotropy [4, 11, 15–17].

In general, rock specimens of PLT can be applied to cores
(the diametral and axial tests), spheres, blocks, and irregular
lumps. The rock specimens come in diﬀerent shapes. Chau
and Wei [18] and Russell and Wood [19] reported on
theoretical analyses of spheres subjected to PLT. Several
researchers reported the PLT of irregular lumps, but the
results were very diﬀerent for diﬀerent rock types, and the
data of tests were scattered. Wong et al. [1] studied the PLT
of volcanic irregular lumps. Yin et al. [14] studied the PLT of
granitic irregular lumps. Hobbs [20] studied the PLT of coal
measure rocks and Portland limestone irregular lumps.
Hiramatsu and Oka [21] investigated the stress state in an
irregular test piece subjected to point load. Panek and
Fannon [22] studied the size and shape eﬀects in PLT of
irregular lumps. Many researchers have studied the PLT of
cylinder cores. Khanlari et al. [17] studied the PLT of
metamorphic rocks from the cylindrical punch. Chau and
Wong [23] studied the PLT (axial tests) of specimens from
borehole rock cores. Palchik and Hatzor [24] studied the
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point load strength of cylindrical porous chalks. Tsiambaos
and Sabatakakis [25] presented laboratory testing of cylindrical sedimentary rocks under point loading. Fener et al.
[26] carried out the PLT on eleven Nigde rocks. Fener and
Ince [27] studied the point load strength of cylindrical
specimens on granitic rocks. Consequently, diametral and
axial tests of cores are generally preferred for results compared to the PLT of irregular lumps. Thus, the shapes of rock
specimens can be diﬀerent, but calculation procedures of
PLSI are diﬀerent for diﬀerent shapes.
The testing and calculation procedures for PLSI have
been standardized by the International Society for Rock
Mechanics (ISRM) [3] and have been widely adopted.
Failure load, rock size, rock shape, and loading mode aﬀect
the point load strength (Is) value; therefore, Is has been
proposed to correct for a standard size of 50 mm (Is(50) ).
ISRM (1985) [3] suggests Is(50) below:
Is(50) � F × Is �

P
De 0.45
×

 ,
50
D2e

(1)

where F is the size correction factor (F � (De /50)0.45 ), Is is
the point load strength (Is � P/D2e ) in MPa, P is the failure
load in kN, and De is the equivalent core diameter in mm.
Depending on the specimen shape and loading direction, De
varies.
When the specimen of the core is diametrally loaded, De
is deﬁned as
De � D,

(2)

where D is the distance between two contact points in mm.
Under this condition, D is the diameter of the cylinder cores.
When the specimen of the core is axially loaded, or the
specimen consists of blocks or irregular lumps, De is deﬁned
as
4WD
(3)
D2e �
,
π
where W is the smallest specimen width of a plane through
the contact points in mm.
Although many researchers have studied the relationship
between failure load and Is(50) for diﬀerent rock types, rock
sizes, rock shapes, and loading modes, no study exists on
half-cylinder cores. In this study, the numerical model and
laboratory tests were carried out on the cylinder and halfcylinder specimens, and the correlations between the cylinder and the half-cylinder specimens were investigated. The
main objective of the research reported in this paper is to
determine Is(50) of the half-cylinder cores.

2. Half-Cylinder Cores
In the design phase of the mining method, it was necessary to
take several factors into consideration. The mechanical
parameters of the rock were the basis index for evaluating
the stability and caveability and determining the management method of stope ground pressure and the structural
parameters of stope. Therefore, we obtained the detailed
rock mechanics parameters in the mining design phase,

which were signiﬁcant in making the choice in the design of
mining methods. However, there was no mining excavation
engineering in the mining design phase, and a large number
of rock specimens could not be obtained. The Luoboling
Copper-Molybdenum mine was used in the design phase,
and block caving was determined initially. One major
problem for the mine was determining how to get more
detailed rock mechanics parameters and their distribution to
guide the mining engineering design.
A total of 176 boreholes were completed at the exploration stage of the Luoboling Copper-Molybdenum mine.
The cylinder core was cut into two pieces (the half-cylinder
cores); one piece was analysed to determine the composition
and content of the copper-molybdenum, and another piece
was kept aside. Therefore, half-cylinder cores were kept
(Figure 1). The purpose of this study was to determine the
PLSI of rock using these half-cylinder cores.
First, 18 granodiorite specimens of the half-cylinder core
were taken in the same borehole. According to the size
requirements of ISRM, the loading direction of PLT was
along the radial direction of the half-cylinder core specimens. The specimens after the break are shown in Figure 2.
Second, according to the calculation procedures of ISRM, we
removed two test values of the fracture surfaces which
passed through only one loading point, and we deleted the
two highest and lowest values from the 16 valid values. Then,
the mean value of Is(50) was calculated using the 12
remaining values.
The loading direction of half-cylinder specimens was
along the radial direction, and the shape was not a cylinder.
Therefore, we adopted two calculation procedures for the
half-cylinder cores. Method 1 (M1) was based on the calculation procedure of diametral PLT on cylinder cores,
formulae (1) and (2). Method 2 (M2) was based on the
calculation procedure of PLT on irregular lumps, formulae
(1) and (3). Figure 3 shows results by M1 and M2. According
to M1, Is1(50) � 4.526 MPa, and the coeﬃcient of variation
(CV) (the standard deviation to the mean) was calculated as
CV1 � 0.242. According to M2, Is2(50) � 2.444 MPa, CV2 �
0.442. There was a big diﬀerence in Is(50) and CV for M1 and
M2. However, CV1 was less than CV2, and the measured
value of W was not accurate to subjective experience and
external factors. Therefore, if the relationship between the
cylinder and half-cylinder cores was determined in PLT, the
test process could be simpliﬁed and test eﬃciency could be
improved.

3. Numerical Model
Point load tests in the ﬁeld or laboratory are timeconsuming, labourious, and lack reproducibility. In addition, because the rock specimens had multiple fractures and
porosities, the variation coeﬃcients of the test results were
large. However, the numerical model ensured the consistency of mechanical properties.
The numerical simulation was carried out using the
distinct element method (DEM) [28]. The dynamical
equation of the DEM was established using Newton’s laws of
motion. The spherical particle was the basic element in the

Advances in Civil Engineering

3

(a)

(b)

Figure 1: Half-cylinder cores.

(a)

(b)

Figure 2: The half-cylinder cores after breaking under PLT.
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DEM. Particles interacted at pairwise contacts by means of
an internal force and moment. Contact mechanics were
embodied in particle-interaction laws that updated the internal forces and moments. The DEM model provided
a synthetic material consisting of an assembly of rigid grains
that interacted at contacts, and it included both granular and
bonded materials. Moreover, it was possible to create
bonded materials with half-cylinder and cylinder cores.

6

Is(50) (MPa)

5
4
3
2
1
0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Test specimen number
M1
Mean of M1

M2
Mean of M2

Figure 3: The results of Is(50) using various calculation procedures.

3.1. Contact Models. In this study, the half-cylinder and
cylinder specimens of the numerical model were built
through the ﬂat-joint model (FJM) in DEM [29]. The ﬂatjoint model could be applied to hard rock by introducing
a polygonal grain structure to provide rotational restraint
arising from intergranular interlock [29–31].
Each spherical particle element carries a contact force
(F(e) ). The element contact forces produce a statically
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equivalent force (Fc ) at the centre of the interface given by
[29]
Fc �  F(e) .

(4)

∀e

The element contact force (F(e) ) is decomposed into
(e)′
a normal and a shear force (F(e)
n and Fs ) [29]:
⎨ 0,
⎧
F(e)
n �  σ dA � ⎩
e
kn g(e) A(e) ,
′
(e) ⌢(e)′
� F(e)
F(e)
s − ks A Δδ s ,
s

unbonded and g(e) ≥ 0,
otherwise,

(5)
where σ is the interface normal stress, kn is the normal
stiﬀness, g(e) is the gap at the element centroid, A(e)
is the
⌢(e)′
area of each element, ks is the shear stiﬀness, and Δδ s is the
eﬀective portion of the relative shear-displacement increment
at the element centroid.
The element normal and shear stresses (σ (e) and τ (e)′ ) are
given by [29]
F(e)
n
,
A(e)
��
�
��F(e)′ ���
� s �
� (e) .
A

σ (e) �
τ (e)

′

(6)

The shear strength τ (e)
c follows the Coulomb criterion
with a tension cutoﬀ [29]:
(e)
τ (e)
tan ϕ,
c � c−σ

(7)

where c is the bond cohesion and ϕ is the friction angle.
If the element was bonded and the tensile-strength limit
(σ c ) was exceeded (σ (e) > σ c ), then the bond broke owing to
tension, and a tension fracture was generated. If the shear(e)′
strength limit (τ (e)
| > τ (e)
c ) was exceeded (|τ
c ), then the
bond broke in shear, and a shear fracture was generated.
3.2. Parameters of the Numerical Model. There is no mining
excavation engineering in the Luoboling CopperMolybdenum mine now, but mine carried out the UCS
laboratory test for some rock types in the engineering
geological investigation phase. The mechanical properties of
diﬀerent rock types are listed in Table 1. As seen from
Table 1, the mechanical properties of the same rock types
also have a big diﬀerence. In this paper, the main purpose
was to determine the relationship between cylinder and halfcylinder cores in PLT, and calculate Is(50) of the halfcylinder cores. And Is(50) was constantly being used as
a determination of UCS; therefore, the UCS of rock was
a mainly considered factor in PLT. At the same time, in
order to reduce the complexity of the DEM micromechanical parameter calibration, we selected three kinds of
rock as shown in Table 1 (number 2 porphyritic granodiorite, number 3 granodiorite, and number 10 granodiorite
porphyry) as the calibration objects.
The DEM [28] of structures in rock or soil required
calibration of the FJM parameters of materials using UCS tests

[2, 32–38]. To simulate rocks with diﬀerent UCS and PLSI, the
tensile strength and cohesion of the FJM parameters were
varied, while other parameters were kept constant.
The properties of the rock samples, such as UCS,
Young’s elastic modulus, and Poisson’s ratio, were obtained through UCS tests. Figure 4 shows the stress-strain
curves with three parameters (p1, p2, and p3) during the
UCS tests. Figure 5 shows the load curves with three parameters (p1, p2, and p3) during the PLT, and the diameter
of the cylinder specimen is 50 mm. The parameters of FJM
with the properties of the rock are calibrated using UCS
tests and PLT and are listed in Table 2. The ratios between
UCS and Is(50) were 21.76 (p1), 23.80 (p2), and 22.47 (p3),
which conﬁrmed the suggested values (the ratio between
UCS and Is(50) varies between 20 and 25) given by ISRM
(1985). Comparing Tables 1 and 2, the micromechanical
parameters (p1, p2, and p3) in Table 2 correspond to the
mechanical properties (number 2 porphyritic granodiorite,
number 3 granodiorite, and number 10 granodiorite
porphyry) in Table 1.
3.3. Microfractures under the PLT. The specimen was composed of bonded particles and failed under the point load. A
combination of tensile and shear failure occurred in the selected
bonded contacts and resulted in the failure of the specimen, and
tension fractures or shear fractures were generated in the
specimen. For example, the parameter of the numerical model
was p1, and the distance D between two contact points was
30 mm. Figure 6 shows the fracture models of the half-cylinder
(the length/diameter ratio is 2) and cylinder specimens (the
length/diameter ratio is 1.2) under the point load.
As seen from Figure 6, the shear fractures generate around
the two contact points at the beginning of loading. As loading
increases, the tension fractures generate beyond a certain
distance from the two contact points, and the number of
tension fractures increases dramatically. The results are shown
in Figure 6; the numbers of tension fractures and failure load of
the half-cylinder specimens are higher than those of the cylinder specimen, but the number of shear fractures of the halfcylinder specimen is very close to that of the cylinder specimen.
This was because the cross-sectional area of the half-cylinder
specimen was larger than that of the cylinder specimen when
they had the same D. To investigate the correlations of the
failure load between cylinder and half-cylinder specimens, we
carried out the PLTof the cylinder and half-cylinder specimens
using the numerical model.
3.4. PLT of Cylinder Specimen. Diameters of boreholes were
mainly 75 mm at the exploration stage of the Luoboling
Copper-Molybdenum mine. Therefore, the diameters of the
cylinder cores were from 50 mm to 70 mm. The cylinder
cores were cut into two pieces (the half-cylinder cores) and
so the radii of the half-cylinder core were 25–35 mm. And
a large amount of the half-cylinder cores was 25–28 mm in
radius that based on ﬁeld measurement. According to the
above analysis, the diameters of the cylinder specimens were
determined. The diameters of the cylinder specimens were
18 mm, 22 mm, 26 mm, 30 mm, 34 mm, 38 mm, and 50 mm,
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Table 1: The mechanical properties of diﬀerent rock types.

Number
1
2
3
4
5
6
7
8
9
10
11

Rock type
Granodiorite
Porphyritic granodiorite
Granodiorite
Granodiorite
Porphyritic granodiorite
Granodiorite porphyry
Granodiorite
Granodiorite
Granodiorite porphyry
Granodiorite porphyry
Granodiorite porphyry

Sample depth (m)
696.6–701.7
873.2–885.4
423.7–430.5
729.4–739.4
855.5–861.3
851.0–863.0
471.0–478.0
477.8–483.0
503.8–507.9
531.5–534.8
463.1–474.6

UCS (MPa)
67.0
89.6
55.7
103.8
93.5
99.6
24.2
43.4
90.8
28.4
71.6

Young’s elastic modulus (GPa)
33.7
43.7
42.9
41.5
38.8
40.7
41.0
61.0
36.0
44.8
33.5

Poisson’s ratio
0.24
0.22
0.21
0.21
0.23
0.21
0.20
0.25
0.21
0.21
0.24

1E8
9E7
8E7

Stress (Pa)

7E7
6E7
5E7
4E7
3E7
2E7
1E7
0
0.0

5.0E – 4 1.0E – 3 1.5E – 3 2.0E – 3 2.5E – 3 3.0E – 3 3.5E – 3
Strain
p1
p2
p3

Figure 4: The stress-strain curves.

1.2E4
1.0E4

Load (N)

8.0E3
6.0E3
4.0E3
2.0E3
0.0

5.0E3

1.0E4

1.5E4
2.0E4
Cycle steps

2.5E4

3.0E4

p1
p2
p3

Figure 5: The point load test curves.

and the length/diameter ratios were 1.2, according to the
suggestion of ISRM (1985). Figure 7 shows the failure load
against diﬀerent diameters on the cylinder specimens with

three parameters. According to Figure 7, the failure load
increases with the increase in diameters of cylinder specimens. Then, we used formulae (1) and (2) to calculate Is(50) ,
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Table 2: Parameters applied to the numerical model.
Description
Particle radius (mm)
Particle density (g/cm3)
Eﬀective modulus (GPa)
Normal-to-shear stiﬀness ratio
Friction angle (°)
Friction coeﬃcient
Tensile strength (MPa)
Cohesion (MPa)
UCS (MPa)
Young’s elastic modulus (GPa)
Poisson’s ratio
Failure load of PLT (kN)
Is(50) (MPa)

Particle-based properties

FJM parameters

Properties

p1
2∼3
2.70
15.00
0.36
52.00
0.50
1.00
20.00
90.54
43.87
0.21
10.40
4.16

Specimen

30000

30000

25000

25000

20000

20000

Number

Number

p3
2∼3
2.70
15.00
0.36
52.00
0.50
0.30
5.80
28.31
44.30
0.20
3.14
1.26

35000

35000

15000
10000

1000

2000

Specimen

15000
10000

Tension fractures

Shear fractures

5000
0

p2
2∼3
2.70
15.00
0.36
52.00
0.50
0.70
12.00
55.70
43.28
0.21
6.59
2.64

Tension fractures
Shear fractures

5000
3000
4000
Load (N)

5000

6000

0

0

1000

(a)

2000

3000
Load (N)

4000

5000

(b)

Figure 6: The fracture models of (a) half-cylinder specimens and (b) cylinder specimens.
12000

Table 3: Is(50) of the cylinder specimens.

Failure load (N)

10000

Diameter (mm)

8000
6000
4000
2000
0

15

20

25

30
35
40
Diameter (mm)

45

50

55

p1
p2
p3

Figure 7: Results of the failure load with various diameters on the
cylinder specimens.

and the results are listed in Table 3. As seen from Table 3, the
results of Is(50) corresponding to diﬀerent diameters were
very close under the same parameters, and the CV of the

18
22
26
30
34
38
50
Mean
Standard deviation
CV

p1
Is(50) (MPa)
4.16
4.06
4.10
4.32
4.14
4.11
4.16
4.15
0.08
0.02

p2
Is(50) (MPa)
2.78
2.64
2.80
2.57
2.49
2.76
2.63
2.67
0.11
0.04

p3
Is(50) (MPa)
1.32
1.18
1.43
1.16
1.20
1.34
1.26
1.27
0.09
0.07

results were 0.02 (p1), 0.04 (p2), and 0.07 (p3). These results
also show that the numerical model of PLT was feasible.
3.5. PLT of Half-Cylinder Specimens. Is(50) was aﬀected by
diﬀerent failure loads, rock sizes, rock shapes, and loading
modes. For the PLT of the half-cylinder specimens, the
loading direction of PLT was only along the radial direction,
and the length/diameter ratio and the distance D between
two contact points were calculated. D was the radius of the
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7000

Load-top

D = radius

Length

Failure load (N)

6000
5000
4000
3000
2000
1000

Diameter

0

Load-bottom

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2
Length/diameter ratio

Figure 8: The numerical model of half-cylinder specimens.

half-cylinder specimens. Figure 8 shows the sizes and numerical model of the half-cylinder.

3.5.2. Inﬂuence of the Distance D between Two Contact Points
for Failure Load. To determine the inﬂuence of the distance
D between two contact points (the radius of the half-cylinder
specimen) for the failure load, the numerical PLT of the halfcylinder specimen was conducted. Figure 10 shows the curves
of the distance D with the failure load under the three parameters, when the radii of the half-cylinder specimens are
18 mm, 22 mm, 26 mm, 30 mm, 34 mm, 38 mm, and 50 mm
and the length/diameter ratios are 1. According to Figure 10,
the failure load increases with the increase of the distance D.

4. Laboratory Tests
To verify the accuracy and reliability of the numerical model,
laboratory tests were carried out on granitic rock and
sandstone. The selected granitic rock and sandstone had the
same lithology and no obvious discontinuities. According to
the results of the numerical model, the size parameters of the
specimens were determined and are listed in Table 4.
According to Table 4, the specimens of the cylinder and halfcylinder were taken, and the number of tests per specimen
was ﬁxed at 10. Figure 11 shows the specimens of granitic rock and sandstone after failure and the PLT of the
laboratory tests.

=
=
=
=

30mm-p2
22mm-p3
26mm-p3
30mm-p3

Figure 9: The results of the failure load with the length/diameter
ratio.

14000
12000
Failure load (N)

3.5.1. Inﬂuence of the Length/Diameter Ratio for Failure
Load. To obtain the stable value of the failure load for the
half-cylinder specimens, the numerical PLT of the halfcylinder specimen was conducted. Figure 9 shows the results of the failure load with the length/diameter ratio under
the three parameters of the numerical model, when the radii
of the half-cylinder specimens were 22 mm, 26 mm, and
30 mm. According to Figure 9, the failure load increases ﬁrst
and then tends to stabilize with the increase in the
length/diameter ratio. The values of the failure load become
stable when the length/diameter ratio was higher than 0.9.

D
D
D
D

D = 22mm-p1
D = 26mm-p1
D = 30mm-p1
D = 22mm-p2
D = 26mm-p2

10000
8000
6000
4000
2000
0

15

20

25

30

35
40
D (mm)

45

50

55

p1
p2
p3

Figure 10: Results of the failure load with the distance D.

Table 4: Size parameters of the laboratory tests.
Specimen
Cylinder

Half-cylinder

D (mm)
50
40
25
50
40
25
25
25
25
25

Length (mm)
60
50
30
110
90
70
55
45
35
25

Length/diameter ratio
1.200
1.250
1.200
1.100
1.125
1.400
1.100
0.900
0.700
0.500
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Sandstone

Granitic
(a)

(b)

(c)

(d)

Granitic

Sandstone

Figure 11: Laboratory point load tests: (a) the half-cylinder specimens, (b) PLT of the half-cylinder specimens, (c) the cylinder specimens,
and (d) PLT of the cylinder specimens.
18000
16000

Length/diameter ratio = 1.1

Failure load (N)
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6000
4000
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0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0
Length/diameter ratio

Length/diameter ratio = 0.5

Test data of granitic
Test data of sandstone

Figure 13: The results of the failure load with the length/diameter
ratio from the laboratory tests.

Figure 12: The failure surface of the half-cylinder specimens.

The directions of failure surface of the half-cylinder
specimens were along the axial direction (as shown in
Figure 12, where the length/diameter ratio is 0.5), when the
length/diameter ratio was relatively small. With the increase
of the length/diameter ratio, the directions of failure surface
were along diﬀerent directions (as shown in Figure 12 where
the length/diameter ratio is 1.1). Thus, it can be seen that the
length played a major role in the failure load when the
length/diameter ratio was relatively small.

We processed the test according to the calculation
procedures of ISRM. Figure 13 shows the test results of the
length/diameter ratio with the failure load. Figure 14
shows the test results of the distance D with the failure
load.
As seen from Figure 13, the calculation values of the
failure load become stable when the length/diameter ratio is
higher than 0.9. According to the results of Figure 14, the
failure load increases with the increase of the distance D, and
the failure loads of the half-cylinder specimens are larger
than the cylinder specimens under the same D and lithology
conditions.
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(a)
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Figure 14: The results of the failure load with the distance D from the laboratory tests: (a) granitic and (b) sandstone.
1.00

5. Conclusions and Discussion

0.95
0.90
0.85
Ratio

In this study, the PLT of half-cylinder specimens was investigated. For this purpose, the numerical model and
laboratory tests were conducted on the cylinder and halfcylinder specimens. We determined the size (the
length/diameter ratio) of the half-cylinder specimens and
the correlation between cylinder and half-cylinder specimens. According to Figures 9 and 13, the value of the
length/diameter ratio needs to be higher than 0.9 in the PLT
of the half-cylinder specimens. The failure load ratios between cylinder and half-cylinder specimens are presented in
Figure 15, with the same distance D and lithology conditions. The average of ratios is 0.793 (approximately 0.8), and
the CV is 0.048. The results show that Is(50) of the halfcylinder cores could be calculated by formulae (1) and (2),
and it was necessary to satisfy the conditions that the
length/diameter ratio be higher than 0.9 and the failure load
value be multiplied by 0.8. According to the above conclusions, Is(50) of half-cylinder cores in Figure 2 is recalculated, and we remove two test values that the
length/diameter ratio of specimens is less than 0.9. The
calculation result of Is(50) is 3.698 MPa, and the CV is 0.187.
In conclusion, we determined Is(50) by PLT of the halfcylinder cores.
The advantage of PLT for half-cylinder cores is that we
combined Is(50) with ore body information. The ore body
was achieved by the chemical analysis of drilling cores,
and we selected some drilling cores that intersected with
the ore body. We carried out the PLT for these drilling
cores. According to the ISRM suggestions and the ﬁndings
of the half-cylinder cores, the values of Is(50) were calculated. Based on Is(50) and the position coordinates of the
cores, we built the spatial distribution maps (Figure 16)
using the method of inverse distance weight. Figure 16 can
be used as an index for the classiﬁcation of the rock
mass strength and a reference for mining engineering
design.

0.80
0.75
0.70
0.65
0.60
0.55
0.50

15

20
p1
p2
p3

25

30

35
40
D (mm)

45

50

55

60

Granitic
Sandstone
Ratio = 0.8

Figure 15: Ratio of the failure load against distance D with various
forms of numerical models and laboratory tests.

Data from the numerical model or laboratory tests
exhibit some scatter. The scatter of data is due to the algorithm of DEM in the numerical model. In the dynamic
simulation of DEM, the selected timestep is very small, and
the velocity and acceleration of the particles are constant in
a timestep. The movement of particles only aﬀects the
particles that are directly contacted. The contact forces
acting on the particle or wall are determined by the directly
contacted particles. In the numerical model of PLT, the
load of the specimen is imposed by giving the two load
points a constant velocity. The value of the load is calculated from the mean of the two load points in a timestep.
However, the particles that are in contact with the two load
points are diﬀerent in a certain timestep during the point
loads (the concentrated loads). In other words, the contact
states between particles and load points are diﬀerent.
Accordingly, the contact forces at the two points are different (as shown in Figure 17). However, the diﬀerence
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Figure 16: The spatial distribution map of Is(50) .
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between the two contact points is relatively small at the
same timestep. The results of the numerical model are still
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cracks or anisotropic nature of specimens. The cracks may
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In this study, cracks and joints in specimens are not
considered either in the numerical models or in the laboratory tests. The cracks and joints in specimens will aﬀect the
failure load and the failure surface under the point load,
which should be examined in future studies.
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When inducing cracks, soundless cracking agents (SCAs) do not generate vibration, harmful gas, dust, nor ﬂying rock fragment, making
them suitable for hard rock roof breaking, rock burst prevention, oil or gas reservoir stimulation, and building demolition. In this study,
SCA-induced crack initiation and propagation in diﬀerent stress conditions were modelled using a modiﬁed cohesive element method.
A new traction-separation law for describing rock compressive shear strength was proposed. The crack length and direction in bidirectional isobaric and unequal stress ﬁelds were analyzed in detail. The crack initiation pressure and the incremental ratio of crack
length to SCA expansion pressure were proposed as two indicators to evaluate the diﬃculty in rock breaking in deep underground.
Results indicate that (1) the modiﬁed cohesive element method used in this study is feasible to model crack propagation in deep rocks;
(2) the maximum expansion pressure of SCAs depends on rock elastic modulus and geostress ﬁeld and should be measured under
a condition similar to deep underground prior to SCA borehole spacing design; when using the SCAs with a maximum expansion
pressure of 100 MPa in 600 m underground, the suggested borehole spacing is less than 220 mm; and (3) σ 3 dominates the crack
initiation pressure while the principal stress ratio σ 3/σ 1 and notch direction control the direction of crack propagation.

1. Introduction
The morphology, direction, and propagation length of
artiﬁcially induced cracks are the important parameters for
rock or concrete fracturing projects [1–3]. The common
methods of rock and concrete breaking include rock blasting
[4, 5], diamond wire cutting [6], controlled blasting [7],
hydraulic fracturing [8], and SCAs [9]. SCAs are hopeful to be used in hard rock roof breaking in coal mines
(Figure 1(a)), rock burst prevention in metal mines, oil or
gas reservoir stimulation (Figure 1(b)) [10], and building
demolition [11, 12]. In addition, SCAs are good prospects for
rock breaking in subsea tunnel projects as they do not
generate vibration, harmful gas, dust, and ﬂying rock
fragments when inducing cracks [11, 13].
SCAs primarily consist of calcium oxide (CaO) and some
other additives such as magnesium (MgO), aluminum oxide
(Al2O3), and silicon dioxide (SiO2). CaO is the main

constituent of SCA. When adding water into SCAs, the
hydration reaction between water and CaO generates calcium hydroxide (Ca(OH)2) and expands in volume. The
main role of the additives is to control the hydration process.
In general, SCAs are ﬁlled into boreholes to expand and push
the borehole wall [14, 15]. The expansion induces radial
compressive stress and tangential tensile stress in the surrounding rock. It is commonly believed that tangential
tensile stress is the main factor of crack initiation and
propagation. Thus, diﬀerent multihole arrangement patterns
create diﬀerent rock crack morphologies to meet various
engineering requirements.
SCAs originated in the 1970s, and since then, many
researchers have studied its rock breaking mechanisms.
SCA-induced stress distributions under diﬀerent borehole
sizes, rock strengths, and temperatures were studied by
Laefer et al. [16] and Mateus and Araújo [17] independently.
Dar et al. [18] proposed the optimal spacing of the SCA
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Figure 1: (a) Schematic of SCA application in hard rock breaking in coal mine. (b) CT scanning images of SCA-induced fractures in shale
[10].

borehole for breaking marble. De Silva et al. [19] summarized
SCA utilities in actual rock breaking projects and put forward
its feasible usage in oil formation stimulation. Hanif and AlMaghrabi [20] developed a SCA application for the granite and
marble processing industry. Arshadnejad et al. [21] investigated the crack propagation pathway induced by multihole ﬁlled with SCAs. Zhongzhe et al. [22] and Jana [23]
proposed a method to determine optimal SCA borehole
spacing. Tang et al. [11] analyzed SCA-induced crack initiation
and propagation in heterogeneous materials using the RFPA
software and proposed that SCA expansion pressure depends
on stiﬀness and conﬁning pressure of the surrounding rock.
Tang et al. [24] investigated its feasibility to improve coal
permeability. Temperature eﬀect on SCA expansion pressure
was also studied numerous times [15, 25–27]. For deep rock
projects, the initiation, direction, and length of SCA-induced
cracks are inﬂuenced by stress ﬁeld. However, very few studies
focused on the eﬀects of geostress ﬁeld on SCA-induced crack
initiation and propagation.
Crack propagation modelling issues in rock have been
addressed by many studies. Many numerical methods have
been performed to model fracture propagation in rock,
such as the solid element deletion method [28], the extended ﬁnite element method (XFEM) [29], the virtual
crack closure technique (VCCT) [30], the cohesive element
method [31], the discrete element method (DEM) [32],
the smoothed particle hydrodynamics method (SPH) [33],
and the discontinuous deformation analysis (DDA)
method [34]. The solid element deletion method, as its
name suggests, simulates crack propagation by deleting
solid elements, so it cannot accurately model contact and
slip behaviors between crack surfaces. XFEM is usually
used to model brittle crack propagation, but it is diﬃcult to
simulate coalescence and branching between a large
number of cracks in rock mass. When using VCCT, the
location of initial crack is usually required, and besides, it is
only able to simulate crack propagation along a prespeciﬁed cracking path. Therefore, VCCT is not suitable for
modelling rock fracturing. The cohesive element method

avoids stress singularity in crack tip by adopting a nonlinear damage zone around the crack tip, resulting in good
numerical convergence. Compared to the other methods
mentioned above, the cohesive element method can also
simulate complex contacts and interactions between cracks
after rock fracturing.
This study aims to investigate the characteristics of
SCA-induced crack propagation in rock under diﬀerent
stress conditions. As shown in Figure 2, the notch direction
is a signiﬁcant parameter for controlling the location of
crack initiation and direction of crack propagation, so the
notch direction was also considered in this study. This paper
developed a modiﬁed cohesive element method that uses
rock compressive shear strength to model SCA-induced
crack initiation and propagation. This study is of signiﬁcance to deepen the understandings of the characteristics
and mechanism of SCA-induced crack propagation in deep
underground.

2. Methodology for Modelling Crack
Propagation in Rock
2.1. Cohesive Element Method. Based on the cohesive element method, crack initiation and propagation can be
simulated using the ﬁnite element method. As shown in
Figure 3(a), the 2D zero-thickness cohesive element has 4
nodes and 2 integration points. Its geometric thickness is
zero, but its constitutive thickness, used to calculate its
deformation stiﬀness, is not equal to zero. The traction forces
on the top and bottom faces induce the relative separation
displacement between them, and the relative separation
displacement components in local 1 direction and 2 direction (Figure 3(a)) represent crack opening and slipping,
respectively.
Figure 3(b) illustrates the process of generating zerothickness cohesive elements in a solid element mesh. The
algorithm used was written in the Python programming language and implemented as an ABAQUS plugin.
By executing the plugin, cohesive elements are generated
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Figure 2: Schematic of notches around the SCA borehole.

at every solid element interface; therefore, the ﬁnal
model consists of solid elements (the yellow elements)
and cohesive elements (the blue elements). A solid element and its neighboring cohesive element share two
common nodes, and the two adjacent cohesive elements
share one node. Crack initiation and propagation are
represented by the damage and failure of cohesive elements. Rock elastic-plastic deformation is dominated by
solid elements.
The mesh should be ﬁne and irregular to avoid mesh
structure eﬀect on crack propagation paths and to improve
crack propagation randomness. In this study, the irregular
mesh was generated using the advancing front technique.
The ﬁnal mesh model is shown in Section 4.3.
2.2. Initial Stiﬀness of Cohesive Element. As shown in Figure 4(a), when two solid elements are in series, their total
stiﬀness Ko can be calculated by
1
K
� s,
Ko �
1/Ks  + 1/Ks  2

(1)

where Ks is the initial stiﬀness of the solid element.
When embedding one cohesive element between
two solid elements, the new total stiﬀness Ko′ can be
calculated by
Ko′ �

1
Ks
�
,
1/Ks  + 1/Kc  + 1/Ks  2 + Ks /Kc 

(2)

where Kc is the initial stiﬀness of the cohesive element.
According to Equations (1) and (2), the total stiﬀness of
the ﬁnite element model is aﬀected by embedding cohesive
elements. To avoid this eﬀect, Ks must be much greater than
Kc in Equation (2).
The relationship between element stiﬀness K and elastic
modulus E is

E
K� ,
h

(3)

where h is the constitutive element thickness. For a solid
element, h is the same as its geometric thickness. For a zerothickness cohesive element, h is not equal to its geometric
thickness (that is, zero). Equation (3) indicates that the
constitutive thickness of a cohesive element must be much
smaller than the geometric thickness of a solid element to
not inﬂuence the global mesh stiﬀness. In this study, the
elastic modulus of cohesive element and solid element are
the same, and the initial constitutive thickness of cohesive
element hoc is one thousandths of the constitutive thickness
of solid element hs.

3. Damage Initiation and Evolution of
Cohesive Element
The damage initiation and damage evolution of cohesive
elements are described by the traction-separation law [31].
Crack opening and slipping are caused by tractions on the
top and bottom faces of cohesive elements including tensile
and shear stresses. In this study, tensile stress and tensile
displacement are represented by positive values, whereas
compressive stress and compressive displacement are ﬂagged as negative values. As shown in Figure 5, once the
traction exceeds the strength, the cohesive element begins to
damage, and its stiﬀness decreases as separation displacement increases. When the cohesive element is completely
damaged, its stiﬀness reduces to zero, indicating forward
crack propagation. The traction-separation law can be divided into three stages: elastic stage, damage initiation stage,
and damage evolution stage.
3.1. Linear Elastic Traction-Separation Equation. It is assumed that traction-separation behavior in the elastic stage
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Figure 3: (a) Schematic of zero-thickness cohesive element. (b) Process of generating zero-thickness cohesive elements at every solid
element interface.

Ks

normal traction (along the local 2 direction in Figure 3(a))
and shear traction (along the local 1 direction in Figure 3(a)),
respectively. The elastic relationship between nominal
stresses and nominal strains is represented as

Ks
Kc

Ks

Ks

(a)

t �

Figure 4: Schematic of (a) two solid elements in series and (b) two
solid elements and one cohesive element in series.

obeys the linear elastic law which is the relationship between nominal stresses and nominal strains. Nominal
stresses are force components divided by original area at
each integration point of a cohesive element, whereas
nominal strains are separations divided by initial constitutive thickness, given by
δ
⎣ ⎤⎦ � 1 ⎡
⎣ n ⎤⎦,
⎡
hoc δs
εs

ts

 �

En 0
0 Es



εn
εs

,

(5)

where En and Es are the tensile and shear elastic moduli,
respectively.

(b)

εn

tn

(4)

where εn and εs are the nominal tensile and shear strain
components, respectively, and δn and δs are the corresponding separation displacement components, respectively.
The nominal traction stress vector t consists of two
components in 2D problems: tn and ts, which represent

3.2. Damage Initiation. In deep underground surrounding
a SCA borehole, stress ﬁeld is aﬀected by the SCA’s expansion pressure and crustal stress ﬁeld. Rock shear strength
usually increases with conﬁning pressure; therefore, compressive shear strength characteristics are crucial for crack
propagation modelling.
3.2.1. Compressive Shear Damage Criterion (tn < 0).
When tn < 0, the damage initiation of cohesive elements is
assumed to obey the Mohr–Coulomb criterion. The damage
criterion function is given by
 
ts  � S − tn tan ϕ, tn < 0,
(6)
where S is the pure shear strength (i.e., the cohesion) of rock
and φ is the friction angle. In the tn-ts plane, Equation (6) is
plotted as two radials, as illustrated in Figure 6.
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Figure 5: Schematic of the cohesive zone around the crack tip and the traction-separation law for the cohesive element.

tn
T

2

+

ts
S
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2

= 1, tn ≥ 0
S

φ
|ts| = S – tn tanφ, tn < 0

tn T

O

Figure 6: Damage criterion in the tn-ts plane.

3.2.2. Tensile-Shear Damage Criterion (tn ≥ 0). The cohesive
element begins to damage when the nominal stress ratios in
the quadratic interaction function below reaches 1. This
criterion is represented as
t 2 t 2
 n  +  s  � 1,
T
S

tn ≥ 0,

(7)

where T is the tensile strength of cohesive elements. For rock
materials, T is usually smaller than S. Therefore, Equation (7)
represents a semiellipse in the tn-ts plane, as shown in
Figure 6. Equation (7) describes the mixed mode of tensile
and shear stresses that causes damage initiation.
3.3. Damage Evolution. It is assumed that a linear softening
evolution appears after damage initiation. A scalar damage
variable, D, represents the overall damage in one cohesive
element and captures the combined eﬀects of all the active
damage mechanisms. D is zero initially and then gradually
evolves from 0 to 1 upon further loading. The stress components of the traction-separation law are aﬀected by the
damage according to the following equation:
tn � (1 − D)tn ,
⎪
⎧
⎪
⎨
t � tn ,
⎪
⎪ n
⎩
ts � (1 − D)ts ,

tn ≥ 0,
tn < 0,

(8)

where tn and ts are the stress components predicted by the
elastic law at the current strains, as illustrated in Figure 7.

Note that the tensile stiﬀness is degraded when tn ≥ 0 but
unchanged when tn < 0.
The mixed mode happens when cohesive elements
undergo normal and shear tractions simultaneously. To
describe damage evolution of this mode, an eﬀective displacement δm [35] is deﬁned as
�����������
2
(9)
δm � 〈δn 〉2 + δs  ,
where the operator 〈〉 is deﬁned as
〈λ〉 � 

λ,
0,

λ ≥ 0,
λ < 0.

(10)

Therefore, δm is equal to |δs | when δn < 0 (i.e., tn < 0).
According to Equations (4) and (5), tractions at the
damage initiation point are calculated by
E
⎪
⎧
⎪
ton � n δon ,
⎪
⎪
hoc
⎨
(11)
⎪
⎪
Es o
⎪
o
⎪
⎩ ts � δs ,
hoc
where ton and tos are the normal and shear stress components
at the damage initiation point, respectively, and δon and δos are
normal and shear displacement components at the damage
initiation point, respectively (Figure 7).
The mode mixity ratio β is deﬁned as
 
δ 
(12)
β� s .
〈δn 〉
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Figure 7: The concept of damage variable D.

According to Equation (9), the eﬀective displacement at
the damage initiation point, δom , is given by
�����������
2
(13)
δom � 〈δon 〉2 + δos  .
According to Equations (12) and (13), δon and δos can be
represented by β and δom as
δom
⎪
⎧
⎪
⎪
,
δon � �����
⎪
⎪
⎪
1 + β2
⎪
⎨
⎪
⎪
βδom
⎪
o
⎪
⎪

�����
δ
,
�
⎪
⎪ s
⎩
1 + β2

(14)

where δom can be obtained by substituting Equations (11) and
(14) into (6) and (7), and solving for δom gives
������������
1 + β2
⎪
⎧
⎪ h TS
⎪
, tn ≥ 0
⎪
oc
2
⎪
En S2 + β2 E2s T2
⎪
⎨
(15)
δom � ⎪
�����
⎪
2
⎪
⎪
h
S
1
+
β
⎪
oc
⎪
⎩
,
tn < 0
βEs + En tan ϕ
Equation (15) indicates that δom changes with β, which is
indirectly determined from the damage initiation criteria.
For cohesive elements under tensile-shear loading, the
most used damage evolution law is the power law criterion
[35], given by
α



α

GI
G
 +  II  � 1,
GIC
GIIC

tn ≥ 0,

(16)

where GI and GII are tension and shear energy components,
respectively, and GIC and GIIC are I-mode and II-mode fracture
energies, respectively. When GI and GII satisfy Equation (16),
the damage variable D reaches 1. GI and GII are calculated as
δf
⎪
⎧
⎪
⎨ GI � 0n tn dδn ,
f
⎪
⎪
⎩ G � δs t dδ ,
II
s
0 s

(17)

where δfn and δfs are the tensile and shear displacement
components at the complete damage point.

GIC and GIIC are the area of triangle O-ton -δfn and
o f
O-ts -δs , respectively (Figure 7), and are calculated
⎪
⎧
En δon δfn
⎪
⎪
G
�
,
⎪
IC
⎪
⎨
2hoc
⎪
⎪
⎪
Es δos δfs
⎪
⎪
.
⎩ GIIC �
2hoc

triangle
by

(18)

According to Equations (9) and (12), δfn and δfs can be
represented by β and δfm :
⎧
⎪
δfm
f
⎪
⎪

�����
,
�
δ
⎪
n
⎪
2
⎪
⎪
1
+
β
⎨
⎪
⎪
⎪
βδfm
⎪
f
⎪

�����
δ
,
�
⎪
⎪
⎩ s
1 + β2

(19)

where δfm is the eﬀective displacement at the complete
damage point. When α � 1, δfm is obtained by substituting
Equations (18) and (19) into (16), given by
δfm

�

2hoc GIC GIIC 1 + β2 

.
δom En GIIC + β2 Es GIC 

(20)

Under compressive shear loading, according to Equation
(12), β tends to inﬁnity. Thus, δfm can be solved by letting
β → ∞ in Equation (20), which is given by
δfm � lim

β⟶∞

� lim

β⟶∞

2hoc GIC GIIC 1 + β2 
δom En GIIC + β2 Es GIC 
2hoc GIC GIIC
δom En GIIC + β2 Es GIC 

(21)

2hoc GIC GIIC β2
+ lim o
2 o
β⟶∞ δ E G
m n IIC + β δm Es GIC
�0+

2hoc GIC GIIC 2hoc GIIC
� o
.
δom Es GIC
δ m Es

For the linear softening evolution, D is expressed as
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o
δfm δmax
m − δm 
f
o
δmax
m δ m − δ m 

,

(22)

is the maximum eﬀective displacement value
where δmax
m
attained during loading. As shown in Figure 8, the loading
history refers to the loading path (Path 1) or the reloading
path (Path 2).
D is calculated using Equation (22), and then the stresses
are updated by substituting D into Equation (8). Figure 9
illustrates the traction-separation law when considering
compressive shear strength characteristics. The damage
initiation and evolution laws were written in the Fortran
programming language as a UMAT subroutine.

4. Numerical Simulation Procedure
4.1. Mechanical Properties of Rock. The mechanical properties used in this study were obtained from laboratory tests.
The rock samples are medium-grained sandstone obtained
from the roof of coal seam No. 22 in the Burtai coal mine in
the Ordos Basin, China. The elastic modulus and Poisson’s
ratio were measured by uniaxial compression tests, the
tensile strength was obtained from Brazilian split tests, the
cohesion and friction angle were tested by triaxial compression tests, and the mode-I and mode-II fracture energies
were determined by three-point bending tests and fourpoint shear tests, respectively. Table 1 lists the mechanical
properties. Note that the elastic modulus Eo, cohesion c,
friction angle φo, and tensile strength st of the solid elements
are equal to the elastic modulus En, pure shear strength S,
friction angle φ, and tensile strength T of the cohesive
elements.
4.2. SCA Expansion Property. The variation of SCA expansion pressure over time can be measured in a conﬁned
state. As shown in Figure 10, SCAs are put into a thickwalled steel cylinder tube, and then the SCA expansion
property will be reﬂected on the outer surface deformation
of the cylinder tube. According to the literature [9] and [24],
for any point (ρ, θ, and z) in the cylinder tube, its stress state
is calculated by
2

2

2

2

2

2

r ρ −R 
R ρ −r 
⎪
⎧
⎪
⎪
σ ρ � 2 2 2 Pin − 2 2 2 Pex ,
⎪
⎪
R
−
r
ρ
ρ (R − r )
(
)
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
2 2
2
2 2
2
⎪
⎪
⎨ σ θ � r ρ + R Pin − R ρ + r Pex ,
ρ2 (R2 − r2 )
ρ2 (R2 − r2 )
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
τ � 0,
⎪
⎪ ρθ
⎪
⎪
⎪
⎪
⎪
⎩
σ z � Pin ,

(23)

where σ ρ, σ θ, and σ z are the stress components along the
radical, tangential, and axial directions, respectively; R and r
are the inner and outer radii of the steel cylinder tube; and
Pin and Pex are the pressures of the inner surface and outside
surface.

Path 1

Traction

D�

7

Path 2

O

δmo δmmax δmf
Separation

Figure 8: Schematic of the concept of δmax
m .

According to Equation (23), the stress components
on the outside surface of the steel cylinder tube are calculated by

⎪
⎧
σ ρ ρ�R � −Pex ,
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪ 
⎪
2r2
R2 + r2
⎪
⎪
⎪ σ θ ρ�R � 2 2 Pin − 2 2 Pex ,
⎪
⎨
R −r
R −r
(24)
⎪
⎪
⎪

⎪

⎪
⎪
τ ρθ ρ�R � 0,
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪

⎪
⎩ σ 
z ρ�R � Pin .
According to the generalized Hooke law, the tangential
strain component is
σ θ − ]σ ρ
εθ �
,
(25)
Ep
where Ep is the elastic modulus of the surrounding materials.
By substituting Equation (24) into Equation (25), Pin can
be obtained as
Pin �

R2 − r2
R2 + r2
ε
E
+
− vPex .


θ
p
2r2
R 2 − r2

(26)

Equation (26) shows that Pin is inﬂuenced by both Ep and
Pex. Borehole expansion pressure changes with Pex, so the
SCA expansion property measured under Pex � 0 is not
suitable for numerical simulation when ground stress ﬁeld is
taken into account.
According to Tang et al. [11] and De Silva et al. [9], the
SCA expansion process is assumed to be a static process
because SCAs usually take 20 h or longer to reach its
maximum expansion pressure. Therefore, the loading rate of
expansion pressure has very few eﬀects on the mechanical
response of its surrounding materials. In this study, the
expansion pressure was applied to the borehole wall using
a static loading process from 0 MPa to 150 MPa.
4.3. Mesh Model. In fact, SCA boreholes must have an
opening that allows it to expand freely along the axial direction. The free expansion behavior along the axial
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Figure 9: Illustration of the whole traction-separation law considering rock’s compressive shear strength characteristics.
Table 1: Rock mechanical properties used in this study.
Mechanical parameters
Elastic modulus of the solid element, Eo (GPa)
Poisson’s ratio of the solid element, v
Cohesion of the solid element, c (MPa)
Friction angle of the solid element, φo (°)
Tensile strength, st (MPa)
Elastic modulus of the cohesive element, En (GPa)
Shear modulus of the cohesive element, Es (GPa)
Pure shear strength of the cohesive element, S (MPa)
Tensile strength of the cohesive element, T (MPa)
Equivalent friction angle of the cohesive element, φ (°)
Mode-I fracture energy, GIC (Pa·m)
Mode-II fracture energy, GIIC (Pa·m)

Values
10.16
0.28
18.3
35.0
3.97
10.16
3.91
18.3
3.97
35.0
103
154

ρ

order to reduce computation complexity in ABAQUS, a 2D
model was used, which is equivalent to a 3D model by setting
an out-of-plane dimension. As shown in Figure 11, the mesh
is a 500 mm × 500 mm square. The SCA borehole diameter is
30 mm, and the distance between the two notch tips is
56 mm. The mesh, initially made of 193413 triangular elements, was generated using the advancing front technique,
and then 273441 zero-thickness cohesive elements were
embedded into the mesh.
The bottom of the model was ﬁxed in the vertical direction. The maximum principal stress σ 1 and the minimum
principal stress σ 3 were applied in both the vertical and
horizontal directions, respectively. The numerical simulation consists of two steps: ﬁrst, σ 1 and σ 3 were applied to the
corresponding model boundaries, and the geostatic stress
was equilibrated. Then, SCA expansion pressure was
gradually applied to the borehole wall from 0 MPa to
150 MPa.

SCAs
r
R
Steel cylinder tube
z

4.4. Test Schemes. A series of numerical tests were carried
out to study the characteristics of SCA-induced crack initiation and propagation under diﬀerent stress conditions
and notch directions. Stress conditions were categorized into
σ 1 � σ 3 � 0 MPa (free boundary conditions where the rock
sample is not ﬁxed and not loaded with any external forces),
σ 1 � σ 3 ≠ 0 MPa (bidirectional isobaric stress ﬁeld), and
σ 1−σ 3 � 5 MPa (bidirectional unequal stress ﬁeld), as shown
in Table 2, where θ is the angle between notch direction and
σ 1 direction (Figure 2).

Figure 10: Schematic of how SCA expansion pressure is measured
in a thick-walled steel cylinder tube.

5. Numerical Simulation Results
and Discussion

direction is not what mainly causes rock fracturing, so the
interaction between SCAs and surrounding rock along the
axial direction was neglected in this study. Additionally, in

5.1. Crack Characteristics under the Free Boundary
Conditions. To predict crack propagation using the cohesive
element method, the characteristics of SCA-induced crack
propagation under the free boundary conditions were
computed ﬁrst. The numerical results were compared with
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Figure 11: The mesh model.

Table 2: The stress loading conditions (unit: MPa).
Notch conditions
No notches
θ � 0°, 45° and 60°
θ � 0°, 45° and 90°

Loading conditions
σ1 � σ3
σ1 � σ3
σ1 − σ3 � 5

(σ1, σ 3)
(0,0)
(5,5)
(5,0)

(7.5,7.5)
(7.5,2.5)

(10,10)
(10,5)

(12.5,12.5)
(12.5,7.5)

(15,15)
(15,10)

(17.5,17.5)
(17.5,12.5)

(20,20)
(20,15)

S, max. principal
(avg: 100%)
20.000E + 06
19.000E + 06
Stress concentration
at crack tip

18.000E + 06
17.000E + 06
16.000E + 06
15.000E + 06
14.000E + 06
13.000E + 06
12.000E + 06

(a)

(1)

(2)

11.000E + 06
10.000E + 06

(4)

(3)

9.000E + 06
8.000E + 06
7.000E + 06

Crack

6.000E + 06
5.000E + 06
4.000E + 06
3.000E + 06
2.000E + 06
1.000E + 06
0.000E + 00
(b)

(c)

Figure 12: The SCA-induced crack characteristics of the experiment results and that of the numerical results under the free boundary
conditions. (a) and (b) show the experiment results of Tang et al. [10]. (c) shows the numerical results.
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Figure 13: Crack characteristics under σ 1 � σ 3 � 10 MPa and under diﬀerent notch conditions. (a) θ � 0°; (b) θ � 45°; (c) θ � 60°. P is the SCA
expansion pressure.

the laboratory results of Tang et al. [11], as shown in
Figure 12. Figures 12(a) and 12(b) show the test results
from two diﬀerent samples by Tang et al. [11]. The cracks
inside the samples are similar to those on the surfaces of the
intact rock samples, which is conﬁrmed by Tang et al.’s
results [24]. This is because in each of their tests [11, 24], at
least one end of the SCA borehole was unrestricted, so the
SCA expansion pressure along the axial direction was released and unable to aﬀect the intact rock samples.
However, if a rock sample contains obvious natural fractures, the SCA-induced cracks inside it may be diﬀerent
from those on its surface. The eﬀect of natural fractures on
SCA-induced cracks is not considered in this study and will
be addressed in the future. Figure 12 shows that the crack
angles are signiﬁcantly diﬀerent for the two experiments
but similar in the numerical results. The crack angle difference in Figures 12(a) and 12(b) is due to diﬀerent
mineral grain and natural microfracture distribution. The

simulations in this study did not focus on the mesoscopic
heterogeneity of rock materials. The diﬀerence between the
results of the simulation and that of the experiment is due
to the rock parameters used, but both results show three
main cracks in each sample. In ABAQUS, tensile stress is
positive. In Figure 12(c), tensile stress concentrates around
the crack tips, and the cracks propagate gradually as expansion pressure increases. Generally, the crack propagation characteristics simulated by the cohesive element
method is similar to those in the experimental results in the
literature [11], which suggests that the cohesive element
method based on the modiﬁed traction-separation law can
model SCA-induced crack initiation and propagation.
5.2. Crack Characteristics in Bidirectional Isobaric Stress
Fields. The numerical results of crack propagation under
σ 1 � σ 3 � 10 MPa conditions are illustrated in Figure 13.

11

Crack length (mm)

400
300
200
100
0

0

30
60
90
120
Expansion pressure of SCAs (MPa)
5MPa
7.5MPa
10MPa

150

12.5MPa
15MPa

40

15

σ1 = σ3

35

12

30
9
25
6
20
3

15
10
2.5

The slope of P-l fitting line, al (mm/MPa)

500

Expansion pressure for crack initiation, P0 (MPa)

Advances in Civil Engineering

5.0

7.5

10.0 12.5 15.0 17.5
Conﬁning stress (MPa)

20.0

0
22.5

17.5 MPa
20 MPa

(a)

(b)

Figure 14: (a) The variations of crack length with increasing SCA expansion pressure under diﬀerent bidirectional isobaric stress ﬁelds. (b)
Variations of crack initiation pressure P0 and the slope of P-l linear ﬁts al as conﬁning stress increases.
Table 3: The P-l linear ﬁt equations under the conditions of σ 1 � σ 3.
Conﬁning stress (MPa)
5
7.5
10
12.5
15
17.5
20

P-l linear ﬁtting equations
l � 11.908P − 197.95429
l � 7.09694P − 144.0286
l � 5.33562P − 129.77332
l � 4.12966P − 122.09284
l � 3.52583P − 122.94985
l � 2.71927P − 99.53406
l � 2.18073P − 82.53101

Adjusted R2
0.94012
0.95673
0.96778
0.96812
0.97831
0.9667
0.97728

Expansion pressure of crack initiation, P0 (MPa)
16.6236
20.2945
24.3221
29.5647
34.8712
36.6032
37.8456
S, max. principal
(avg: 100%)

P = 8.05MPa

σ1 = 5
σ3 = 0

P = 47.7MPa

σ1 = 10
σ3 = 5

P = 87.1MPa

σ1 = 15
σ3 = 10

P = 132MPa

σ1 = 20
σ3 = 15

+7.68e
+6.00e
+5.60e
+5.20e
+4.80e
+4.40e
+4.00e
+3.60e
+3.20e
+2.80e
+2.40e
+2.00e
+1.60e
+1.20e
+8.00e
+4.00e
+0.00e

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

06
06
06
06
06
06
06
06
06
06
06
06
06
06
05
05
00

(a)
S, max. principal
(avg: 100%)
P = 11. 7 MPa

σ1 = 5

σ3 = 0

82.8°

σ1 = 10

P = 58.6 MPa

σ3 = 5

P = 102 MPa

65.5°

P = 150MPa

53.9°

58.5°

σ1 = 15
σ3 = 10

(b)

Figure 15: Continued.
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Figure 16: Variation of the SCA-induced crack direction with respect to (a) σ 1 and σ 3 and (b) σ 3/σ 1 when θ � 45°.

There are three main cracks under the free boundary conditions, but only two main cracks in the bidirectional isobaric stress ﬁeld where the SCA-induced cracks are initiated
at the notch tips and the crack directions are roughly parallel
to the notch direction. Crack length gradually increases with
the SCA expansion pressure P. According to Figure 13, the
extent of tensile stress concentrations around the crack tips
also increase as the cracks propagate. At the beginning of
crack propagation, the tensile stress concentrations only
appear around the crack tips. However, as P increases, the
crack openings and borehole diameter expand, causing
bulge and tensile stress concentration in the middle of the
boundaries.
To apply SCAs in deep underground, the spacing
of SCA boreholes, which depends on the crack length l,
is crucial, so further analysis of the relationship between
P and l under diﬀerent stress conditions should be

undertaken. P-l linear ﬁt in diﬀerent bidirectional isobaric
stress ﬁelds is plotted in Figure 14, and the corresponding
equations are listed in Table 3. According to Figure 14, it is
obvious that in each stress ﬁeld, SCA-induced crack length
increases with its expansion pressure. The SCA crack
initiation pressure P0 is a proper parameter for evaluating
SCAs’ rock breaking ability (the higher the P0, the more
diﬃcult it is to break rock). Under the free boundary
conditions, P0 is only approximately 4–6 MPa [11]. Under
σ 1 � σ 3 � 5 MPa, P0 is 16.6236 MPa. However, when
σ 1 � σ 3 � 20 MPa, P0 increases to 37.8456 MPa, which is
approximately 6.3–9.5 times that under the free boundary
conditions.
The slope of the P-l linear ﬁt (unit: mm/MPa) al is the
incremental ratio of crack length to SCA expansion pressure.
As shown in Figure 14(b), al decreases as conﬁning stress
increases. The lower the al, the more diﬃcult it is to break
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Figure 17: Variations of the crack length versus SCA expansion pressure under diﬀerent stress and notch direction conditions. (a) θ � 0°; (b)
θ � 45°; (c) θ � 90°.

rock. The reduction rate of al gradually slows down as
conﬁning stress increases. l is approximately 500 mm under
P � 60 MPa and σ 1 � σ 3 � 5 MPa, but 50 mm under the same
P but σ 1 � σ 3 � 20 MPa. Overall, the results suggest that the
bidirectional isobaric stress ﬁeld does not signiﬁcantly aﬀect
the crack direction, but can signiﬁcantly aﬀect crack initiation pressure P0 and crack length l.
According to Equation (26), the maximum SCA expansion pressure depends on the rock elastic modulus and
geostress ﬁeld, so it should be measured in a condition

similar to deep underground before designing borehole
spacing. According to Figure 14, at 600 m underground
under 100 MPa of maximum expansion pressure (vertical
stress of approximately 15 MPa), SCA borehole spacing
should be smaller than 220 mm.
5.3. Crack Characteristics in Bidirectional Unequal Stress
Fields. The crack characteristics under the conditions of
σ 1–σ 3 � 5 MPa are shown in Figure 15. When the notch
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Table 4: The P-l linear ﬁt equations under the conditions of σ 1–σ 3 � 5 MPa.

Notch direction, θ (°)
0

45

90

Stress condition (MPa)
(5,0)
(7.5,2.5)
(10,5)
(12.5,7.5)
(15,10)
(17.5,12.5)
(20,15)
(5,0)
(7.5,2.5)
(10,5)
(12.5,7.5)
(15,10)
(17.5,12.5)
(20,15)
(5,0)
(7.5,2.5)
(10,5)
(12.5,7.5)
(15,10)
(17.5,12.5)
(20,15)

P-l linear ﬁtting equations
l � 127.54345P − 704.87343
l � 20.40528P − 201.65121
l � 11.65431P − 183.93688
l � 7.56828P − 150.47596
l � 5.61437P − 142.98323
l � 4.60247P − 142.83603
l � 3.70937P − 131.56198
l � 87.80175P − 705.51258
l � 17.68538P − 231.72743
l � 9.49899P − 176.70845
l � 6.35449P − 150.48197
l � 5.23749P − 159.45243
l � 4.10701P − 142.96515
l � 3.35472P − 132.33265
l � 22.25843P − 69.97357
l � 7.89522P − 163.5916
l � 5.82953P − 153.31147
l � 4.51084P − 138.39713
l � 3.53828P − 120.16012
l � 2.86423P − 106.77622
l � 2.23186P − 84.21847

direction θ � 0° (Figure 15(a)), the cracks are roughly parallel
to the σ 1 direction in each stress ﬁeld. However, when
θ � 45°, although the stress diﬀerence is just 5 MPa in each
2ﬁeld, the crack direction is signiﬁcantly diﬀerent (Figure 15(b)). When σ 1 � 5 MPa, the angle between the crack
direction and σ 3 direction θc is 82.8°, whereas it is 65.5°,
58.5°, and 53.9° when σ 1 � 10 MPa, 15 MPa, and 20 MPa
respectively. Figure 16 illustrates the variations of θc with
respect to the stress ﬁeld when θ � 45°. Figure 16(a) shows
that the crack direction rotates gradually from the σ 1 direction to the notch direction as both σ 1 and σ 3 increase. In
Figure 16(b), it is worth noting that θc decreases linearly as
the stress ratio σ 3/σ 1 increases. When σ 3/σ 1 approaches 1,
θc � 45°, indicating that the crack direction tends toward the
notch direction. Conversely, when σ 3/σ 1 approaches 0, the
crack direction tends to the σ 1 direction. Their linear relationship is
θc � 83.61466 − 38.69622

σ3
.
σ1

(27)

When θ � 90°, four cracks are initiated, two of which
(named cracks N) appear at the notch tips, and the other two
(named cracks M) appear at the center of the SCA borehole
wall, as shown in Figure 15(c). Whether cracks can continuously propagate depends on the stress ﬁeld. Cracks N
only propagate continuously along the σ 1 direction when
σ 3 � 0; however, as σ 1 and σ 3 increase, only cracks M can
grow parallel to the notch direction. According to the above
results under the conditions of θ � 45° and θ � 90°, it can be
concluded that the crack propagates roughly along the σ 1
direction when σ 3 is close to zero; however, as σ 3/σ 1 increases, both the notch direction and stress ﬁeld aﬀect the
direction of crack propagation.

Adjusted R2
0.80767
0.86493
0.94212
0.95267
0.96422
0.95935
0.97198
0.86615
0.89638
0.96058
0.9683
0.98428
0.9775
0.96648
0.31616
0.95204
0.95795
0.96233
0.96753
0.96722
0.98777

Crack initiation pressure, P0 (MPa)
5.5265
9.8823
15.7827
19.8825
25.4674
31.0346
35.4675
8.0353
13.1028
18.6029
23.6812
30.4444
34.8100
39.4467
3.1437
20.7203
26.2991
30.6810
33.9600
37.2792
37.7346

Figure 17 shows the relationship of P-l in diﬀerent bidirectional unequal stress ﬁelds and under diﬀerent notch
conditions. Under the condition of θ � 45°, generating
200 mm cracks requires approximately 13 MPa of expansion
pressure when (σ1, σ 3) � (5 MPa, 0 MPa), compared to
100 MPa when (σ1, σ 3) � (20 MPa, 15 MPa). Figures 15 and
17 show that P gradually increases with respect to σ 3 when
cracks of the same length are generated. Compared with the
numerical results under the σ 1 � σ 3 conditions, it can be
concluded that σ 3 is the main factor aﬀecting the crack
initiation pressure P0, while both the stress ratio σ 3/σ 1 and
notch direction control crack direction.
The corresponding P-l linear ﬁt equations are listed in
Table 4. Figure 18 shows the variations of P0 and al versus σ 3
when σ 1 − σ 3 is kept constant at 5 MPa. According to Figure 18, P0 increases with σ 3 under all notch direction
conditions; P0 increases with θ under all stress conditions.
The SCA expansion pressure required for crack initiation
that lowers as the notch direction tends toward the σ 1 direction. When θ � 0° and θ � 45°, the trends of P0-σ 3 curves
are approximately linear, but when θ � 90°, the trend ﬂatlines
as σ 3 > 12.5 MPa. Under all notch conditions, al is inversely
proportional to σ 3. The results suggest that crack generation
becomes more diﬃcult as σ 3 and θ increase.

6. Conclusions
To better understand the mechanism of SCA-induced crack
propagation in deep underground, crack initiation and
propagation under diﬀerent stress conditions were modelled
using a modiﬁed cohesive element method. A new tractionseparation law for describing rock compressive shear
strength was proposed. Crack length and crack direction in
bidirectional isobaric and unequal stress ﬁelds were analyzed
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Figure 18: The variations of crack initiation pressure P0 and the
slope of P-l linear ﬁt al versus σ 3 under diﬀerent notch direction
conditions.

in detail. According to the numerical results, the following
conclusions are drawn:
(1) The crack morphology modelled using the modiﬁed
cohesive element method is similar to that of the
experimental results, indicating that the method
proposed in this study can model SCA-induced crack
initiation and propagation.
(2) The crack initiation pressure P0 and the incremental
ratio of crack length to SCA expansion pressure al
can be used as useful indicators to evaluate the
diﬃculty to break rock in deep underground. High
P0 and low al make rock breaking more diﬃcult.
(3) The maximum expansion pressure of SCAs depends
on the elastic modulus and geostress ﬁeld of the rock
and therefore should be measured under conditions
similar to deep underground before designing SCA
borehole spacing, which should be less than 220 mm
at 600 m deep with a maximum SCA expansion
pressure of 100 MPa. To break rock more eﬀectively,
borehole spacing should be reduced under higher
stress condition.
(4) σ 3 is the main factor that aﬀects the crack initiation
pressure P0. Both the stress ratio σ 3/σ 1 and notch
direction control the direction of crack propagation.
When the notch direction is oblique with the σ 1
direction at 45°, the angle between the crack and the
σ 3 direction θc decreases linearly as σ 3/σ 1 increases,
and their linear relationship is
σ
θc � 83.61466 − 38.69622 3 .
(28)
σ1
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A multilevel independent spatial modal analysis of ﬂame propagation characteristics of a deﬂagration in a speciﬁc pipeline was
performed using the proper orthogonal decomposition (POD) method, in order to research the evolution process of the explosion
which is closely related to ﬂame propagation speed and front rupture pressure. The CFD results indicated that the full-order
calculation results well agreed with the normal combustion propagation characteristics of premixed methane-air for the ﬂame
propagation with the unbroken thin layer. The POD analysis results showed that the static temperature gradient of the 1st order
mode of initial and subsequent stages both exhibited a range of continuity change from left to right, and the frontal curvature of
the cooling area decreased as the ﬂame propagated in all stages. The number of the low-temperature interval regions displayed an
expanding form of a staircase with the increase of the mode order, especially for subsequent ﬂame in which the interval areas
became more and more slender. Moreover, the level of information content in the multilevel modal space was mostly concentrated
in the ﬁrst 3 modes, especially in the 1st order mode, and the ﬂame propagation pattern at the initial stage was more complicated
than the subsequent based on the relational information content features.

1. Introduction
The underground mining is the mostly major style of China,
in which the wicked environments and geological conditions
with complex and varying situation often induce such grave
disastrous accidents. The deﬂagration heads the list of those
events, resulting in the destruction of the coal mine ventilation system and the spread of toxic and harmful gases, even
inducing that multiple subsurface explosions [1]. The personal security of the staﬀ related and later relief eﬀorts are
both dangerously threatened in the complicated circumstances. Therefore, in order to eﬀectively prevent and control
these accidents of deﬂagration, the domestic and overseas
scholars have taken many studies about the involved explosion mechanism [2].

Xu et al. [3] investigated the propagation property of
deﬂagration in the roadway with a square cross section of
7.2 m2 via an experimental test. The results showed that the
length of the ﬂame zone was longer than the area of gas
accumulation in the explosive evolution and such ratio of
diﬀerences was up to three to six times. There was a delay
interval before the pressure value of monitoring points
increased to a maximum value along the propagation path of
deﬂagration. Cheng and Lin [4] studied the inﬂuence upon
the ﬂame transmission regular pattern in deﬂagration for
tube furcation and pointed out that the additional turbulent
ﬂow was produced under the condition of the branch tube,
leading to improve the ﬂame transmission speed in the
explosion. Lin et al. [5] carried out the experimental research
of the inﬂuence of barriers for ﬂame transmission and
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explosion wave in deﬂagration. The results indicated that the
barriers had a signiﬁcant impact to the ﬂame transmission
and explosion wave, in which the velocity of ﬂame transmission took a sharp increase in the situation with barriers,
reaching its maximum value of 20 times L/D ratio. The
reason is that the transmission of ﬂame and the turbulent
extent of explosive ﬂow can mutually promote each other in
the existence of barriers, even resulting in shock wave of
explosion to enhance the destructive power in the coal mine
tunnels. Li and Gui [6] discussed the ﬂame transmission of
deﬂagration and its acceleration mechanism by experimental
and numerical analysis. The results showed that the temperature gradients of front of the ﬂame changed quickly but
smoothly in back regions and also manifested that there was
a positive feedback for turbulent combustion caused by
barriers. Liang and Zeng [7] built a computational model of
deﬂagration to a constant volume bomb through modifying
the SENKIN code of CHEMKIN III chemical kinetics
package. Using such model, they studied the mole fraction
proﬁles of reactants and the sensitivity of the reaction
mechanism of deﬂagration. The analysis results illustrated
that the induced explosion time was prolonged, in which the
mole fractions of reactant species such as CH(4) and O(2)
and catastrophic gases such as CO, CO(2), and NO were all
decreased when water had been added to the mixed gas.
Furthermore, the sensitivities of reactions to species of
CH(4) and CO(2) were also depressed with the water
fraction increasing. Lukashov [8] proposed the sequential
use of two mathematical models to compute the deﬂagration
of a coal mine. One of the models was applied to obtain the
propagation of air shock waves and another for the computation of the air distribution in the mine situation. The
given approach can more precisely estimate the situation of
explosion in the mine and identify the regions aﬀected by
shock waves and the distributed explosion products. Nie
et al. [9] conducted the experimental study of a rectangular
explosion test pipe to substantially suppress the shock waves
of deﬂagration for coal mines. The results demonstrated that
the foam ceramics can buﬀer the explosion overpressure by
up to ﬁfty percent and the interconnected micronetwork
structure of the foam ceramics can help us to quench the
ﬂame of explosion. Yu et al. [10] experimentally investigated
the eﬀects of the hollow-square obstacle in deﬂagration by
constructing a semiconﬁned transparent chamber. The research showed that the triangular hollow-square obstacle
caused the highest turbulent intensity, ﬂame propagating
velocity, and overpressure, whereas the lowest values were
for the circular hollow square. Pei et al. [11] discussed the
synergistic inhibition eﬀect of nitrogen and ultraﬁne water
mist for deﬂagration in a ventilated pipe. The experimental
data displayed that propagation speed and overpressure of
the peak ﬂame declined signiﬁcantly with the increase of
fraction of nitrogen and spraying time of water. However,
the explosion inhibition eﬃciency was gradually decreased
as the continuous increase for water mist and nitrogen.
Liu and Jia [12] established the overpressure prediction
model for deﬂagration shock wave using the theory of
explosion similarity, and the model was well veriﬁed by
means of relevantly experimental data. Other domestic and

Advances in Civil Engineering
international research progress can be found in the literatures [13–17].
Although scholars have carried out a variety of studies
for deﬂagration, the traditionally experimental and numerical analysis are still limited for the further investigation
of the mechanism of deﬂagration. In the research of the
deﬂagration mechanism, the ﬂame propagation pattern is
a very important feature, which can greatly aﬀect the speed
of ﬂame propagation and the membrane rupture pressure to
ﬂame front. Therefore, it is necessary to employ more advanced method to study such morphological changes of
explosion ﬂame. In this paper, the proper orthogonal decomposition (POD) method is used to research the evolution process of combustion explosion propagation in
a pipeline. The paper has ﬁve more sections. The basic
theories of deﬂagration and POD method are introduced in
Sections 2 and 3. And the CFD model and the data interface
program are developed in Section 4. The numerical results
are discussed in Section 5, and some conclusions are drawn
in the last section.

2. Physical and Mathematical Models for
Deflagration in a Pipeline
It is an essential part to the analysis of deﬂagration in the
underground passage of a mine, which includes the physical
model and the description of mathematics, respectively.
2.1. Physical Model. In the light of such deﬂagration theory
[18], there are two courses of the burning explosion in
a pipeline, including the initial ignition stage of hot products
and subsequent propagation stage for premixed reactants for
coal mine gas in the underground operation channel. The
essential process of an entire explosion can be understood as
the propagation of combustion and shock waves from ignition and burning new premixed gas areas to the regions of
unburned-premixed areas. The physical model of deﬂagration in the pipeline is shown simplistically in Figure 1.
It is worth noting that the deﬂagration process is in an
ideal condition without obstacles in the coal mine passage.
For more complicated situations, one can refer to the literatures [19, 20].
2.2. Mathematical Model. The deﬂagration inside the
pipeline is a rapid reaction process of combustion, in which
the related equations of control should be satisﬁed, including
the mass conservation equation, momentum conservation
equation, energy conservation equation, and the chemical
composition equilibrium equation. The description of turbulence follows the standard k − ε model, which is shown in
the following equations:
z
z
z
μ zk
ρkui  �
(ρk) +
μ + t 
 + Gk + Gb − ρε
σ k zxj
z
zxi
zxj
− YM + Sk ,
(1)
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Figure 1: Physical model of deﬂagration process in the pipeline.

3
3.1. Discrete-Type Proper Orthogonal Decomposition. The
deﬂagration parameter values of a series of discrete points,
obtained by the full-order numerical method under the same
transient moment conditions, are arranged in a speciﬁc
order to obtain the required sample vector g(x, tm ). The
corresponding form is as follows:
g x, tm 
T

�  g x1 , tm  g x2 , tm  · · · g xn , tm  · · · g xN , tm   ,

and

(4)

z
z
z
μ zε
ρεui  �
(ρε) +
μ + t 

σ ε zxj
zt
zxi
zxj
+ C1ε

ε
ε2
Gk + C3ε Gb  − C2ε ρ + Sε .
k
k
(2)

According to the above transport equations, the turbulence kinetic energy, k, and its rate of dissipation, ε, can be
obtained, respectively. Gk represents the generation of
turbulence kinetic energy due to the mean velocity gradients,
and Gb is the generation of turbulence kinetic energy due to
buoyancy. YM represents the contribution of the ﬂuctuating
dilatation in compressible turbulence to the overall dissipation rate. Those C1ε , C2ε , and C3ε are constants. σ k and σ ε
are the turbulent Prandtl numbers for k and ε.
The turbulent viscosity, μt , is computed by combining
the turbulence kinetic energy and dissipation rate [21], in
which the values of the model constants have been determined from experiments for fundamental turbulent ﬂows
including frequently encountered shear ﬂows like boundary
layers, mixing layers, and jets as well as for decaying isotropic grid turbulence.
The conservation equations for chemical species takes
the following general form, which predicts the local mass
fraction of each species, Yi , through the solution of a convection-diﬀusion equation for the species:
⇀
z
⇀
(3)
ρYi  + ∇ · ρ v Yi  � −∇ · J i + Ri + Si ,
zt

where N is the total number of discrete points in such
a physical model.
The sample matrix G can be formed by arranging the
sample vectors in the sequence of time evolution, in which
the size of this sample matrix is worthy for further discussion, especially for the time dimension:
G �  g x, t1  g x, t2  · · · g x, tm  · · · g x, tM  , (5)
where M is the total number of sample vectors, also named
the total number of snapshots in a large number of related
studies.
Under the same number of snapshots, mathematical
transformations and decompositions are needed in order
to ﬁnd the best orthogonal basis functions in discrete
form. Therefore, the covariance matrix should be calculated ﬁrst [23]:
C � GT G.

(6)

It is worth noting that such C is a real symmetric matrix
and has nonnegative eigenvalues. Therefore, the problem of
ﬁnding the optimal orthogonal basis function is transformed
into the solution of the following eigenvalues:
CH[r] � λr H[r] ,

(7)

where H[r] is the rth eigenvector for the deﬂagration parameter, and the quantity λr is the eigenvalue corresponding to the rth-order POD mode of explosion ﬂow
parameter:
T

where Ri is the net rate of production of species i by chemical
reaction and Si is the rate of creation by addition
from the
⇀
dispersed phase plus any deﬁned sources. J i is the diﬀusion
ﬂux of species i, which arises due to gradients of concentration and temperature [22].

3. Proper Orthogonal
Decomposition for Deflagration
The POD method can quantitatively analyze the essential
information of the ﬂow at multiple levels so that the main
features of the ﬂow can be more accurately captured for
further analysis. The method is generally divided into continuous type and discrete type. However, the discrete POD
method is more commonly used because of the diﬃculty in
obtaining the analytical basis function in practical research.
Therefore, only the discrete POD method is introduced here,
combining deﬂagration parameters in a pipeline.

H[r] �  hr t1  hr t2  · · · hr tm  · · · hr tM   .

(8)

The rth-order POD mode of the explosion ﬂow ﬁeld can
be deﬁned by
gr (x) �

1 M [r]
 h tm g x, tm ,
Mλr m�1

(9)

where such eigenvalue corresponding to each eigenvector is
sorted in decreasing order for the information content
contribution to the explosion ﬂow ﬁeld. Therefore, the major
ﬂow characteristics of deﬂagrations can be extracted using
low-order POD ﬂow modes, in order to analyze the most
important ﬂow essential information.
3.2. Deﬁnition of Information Contribution for Deﬂagration in
a Pipeline. The quantitative analysis of the multilevel ﬂow
features of the POD method is mainly reﬂected in the feature
value level corresponding to the feature projection direction.

4

Advances in Civil Engineering

The global average information content to explosion ﬂow
may be described as
M

E�

0
0

M

1
λ � E ,
2 r�1 r r�1 r

where E is the global average pulsating information content
for a burning explosion ﬂow ﬁeld, Er is the information
content of one speciﬁed such ﬂow mode, and λr is the eigenvalue of the corresponding spatial mode.
In the light of Equation (10), there are two quantitative
indicators of the information content of the explosion ﬂow
mode, deﬁned as follows:
λ
ηr � M r ,
m�1 λm
(11)
rm�1 λm
κr � M
,
m�1 λm
where ηr refers to the single-order contribution of information content for the rth order mode and κr represents
the cumulative contribution of information content for the
modes up to order r. That quantities ηr and κr are representative of quantitative indicators obtained upon averaging
the pulsating energy contribution for the velocity-type parameters in the physical ﬁeld.
In this investigation, such propagation characteristics of
deﬂagration in the designated barrier-free pipeline were
studied, making use of the discrete-type POD method based
on the results of full-order numerical calculation. Therefore,
it is necessary to introduce the corresponding CFD model
for the explosion ﬂow.

4. CFD Model for Deflagration in the Pipeline
In order to improve the eﬃciency of full-order numerical
computations, the two-dimensional ﬂow area was adopted,
combined with a layout strategy of the isotropic structured
grid. The length of the pipe model is 18 m, and the width is
0.2 m. The rectangular channels were 9.5 percent methaneair premixed gas ﬁlled, ignoring the pipe thickness.
4.1. Grid Layout for the Pipeline. There are 30 points in the
width direction and 2700 points in the length direction,
which is a total number of 81000 with quadrilateral elements
in such domain. The CFD model is shown in Figure 2.
4.2. Initial and Boundary Conditions. For the CFD model of
uniform premixed deﬂagration, the four boundaries of the
numerical calculation area are all set to the adiabatic wall,
with room temperature 300 K. The relative roughness of the
walls are all set to 0.05 mm and the related roughness height
in such rough wall formulation is set to 0.02, taking into
account the actual coal mining channel situation. In addition, the heat ﬂux per unit area of the wall is set to 0, and the
species boundary condition for CH(4), O(2), CO(2), CO,
and H(2)O are designated as zero diﬀusive ﬂux type.
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Figure 2: Grid layout of deﬂagration for the pipeline.

The initial gas mixture state included the temperature of
300 K, the pressure of a standard atmosphere, and both
velocities speciﬁed to be zero along X and Y directions.
When methane-air premixed gas concentration is 9.5 percent, the mass fraction of each component was 5.3 percent of
CH(4), 21 percent of O(2), 73.7 percent of N(2), and both
0 percent of H(2)O and CO(2), respectively. For the stability
and reliability of subsequent calculations, the computation
of 50 time steps under this condition was performed and
checked.
Then, the model needs to set ignition initial conditions
for deﬂagration. According to the thermal ignition theory,
the region of high-temperature gas can be set as the ignition
zone during the explosion simulation. Here, the left end of
the pipeline was set to the ignition position, and the temperature of the local area and the mass fraction of each
component at the beginning of the ignition were the temperature of 1400 K, both 0 percent of CH(4) and O(2), 73.7
percent of N(2), 14.5 percent of CO(2), and 11.8 percent of
H(2)O, respectively.
It is worth noting that, in order to be closer to the actual
situation, the initial ignition area is set to a smaller semicircular area. Its center coordinates are (0, 0.1) with radius
0.02 m, which corresponds to the center of the left end of the
channel.
4.3. Interface Program to Realize POD-CFD Analysis. In
order to achieve POD multilevel analysis of ﬂame propagation patterns of deﬂagration in the pipeline, an interface
program for the POD-CFD calculation of the speciﬁed ﬁeld
variable was developed to enable subsequent analysis using
full-order CFD numerical calculation results. The logical
framework of the interface program is shown in Figure 3.
The interface program consists of three parts. (1) It is
data structure conversion which is for binary output ﬁles
generated by high-conﬁdence CFD code. (2) In this step, the
secondary conversion of the basic data for POD analysis is
realized by the in-house Matlab code. Among them, the
homology processing corresponding to the data structure is
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(1) Using built-in macrofunctions in Tecplot
software to implement loop calling

CFD binary
output files

ASCII data
structure for
specified variable

(2) Using the self-developed Matlab code to
achieve the second conversion

Visualization of
analysis results

Data form of selfdeveloped POD
program

(3) Employing the Tecplot templates and
Matlab functions

Figure 3: Interface program of data structure for the POD-CFD
calculation.

included. (3) Tecplot template and related Matlab functions
were used to visualize the POD analysis results. Among
them, for the built-in related macrofunctions, the corresponding subroutine for loop calling is developed.

5. Analysis of Numerical Results
5.1. Full-Order Computational Results for Pipeline Explosion.
According to the condition settings of deﬁnite solution of
deﬂagration, combining such methane combustion reaction
equations, the results were manifested at the diﬀerent
characteristic moments for the main reaction phase upon the
ﬂame propagation in Figure 4.
In the light of Figure 4, the development trend of the
initial static temperature ﬁeld and the subsequent propagation of the ﬂame are coherently presented based on advancement of deﬂagration time. The average speed of ﬂame
propagation for the unbroken thin layer is approximately
0.47 m/s, which meets the normal combustion propagation
characteristics of premixed methane-air. In order to more
clearly characterize the ﬂame propagation process in the
early stage of an explosion, the following analysis is performed in conjunction with Figure 5.
According to the ﬂame propagation pattern of Figure 4,
the average ﬂame propagation velocity between the adjacent
monitoring moments can be calculated. The corresponding
situation is shown in Figure 5. Due to the energy excitation
that initiates the ignition, the average ﬂame propagation
velocity at the relevant initial stage is faster. In the later stage
of stable ﬂame propagation, the corresponding average axial
propagation velocity is kept within 0.5 m/s.
In Figure 6, the nonblue area on the left indicates that the
gas has started to burn rapidly and the maximum static
temperature has reached more than 2400 K. The blue area on
the right indicates that the original premixed gas has not yet
started to burn and is only aﬀected by the disturbance of the

left-side explosion combustion shock wave, and the temperature is relatively low.
Moreover, after the left-hand premixed gas is ignited, the
static temperature rises rapidly and forms a spherical ﬂame.
Over time and with the special setting of the above ignition
zone, the combustion ﬂame gradually appears hemispherical
to the right in the pipeline, which speciﬁcally corresponds to
the time points of 1, 2, and 3. At the same time, considering
the constraints of the upper and lower walls of the pipe itself
and the reﬂection eﬀect, the axial velocity of ﬂame propagation is much greater than the radial velocity. Due to the
diﬀerence of the axial and radial propagation speeds, the
combustion ﬂame gradually stretches and lengthens in the
axial direction and turns into an ellipsoidal shape. As the
ﬂame propagates, the curvature of the ﬂame front and the
highest local static temperature both decrease in the pipeline,
obviously corresponding to time points 4 to 7.
For subsequent ﬂame propagation characteristics, shown
in Figure 4, the local maximum static temperature regions
corresponding to time points 8, 9, and 10 are further reduced
during the ﬂame spread. In order to intuitively reﬂect the
changing characteristics of subsequent ﬂame propagation
speeds, the time points of equal time intervals were used,
from 11 to 25. Due to the impacts of the combustion shock
wave and wall surface, it clearly shows that, as the ﬂame
continues to propagate backwards in the pipeline, its speed
of propagation continues to decrease, and the curvature of
the ﬂame front is still decreasing in Figure 7, especially for
the time points 23 and 25. In addition, the change regions of
the high static temperature gradient are also concentrated
near the thin layer of the ﬂame front for the diﬀerent followup moments of combustion.
5.2. POD Analysis for Computational Results. In order to
understand deeply the morphological characteristics of the
ﬂame propagation for deﬂagration in the pipeline, the POD
method is used here, speciﬁcally for the initial stage of explosive combustion and typical subsequent propagation stages.
For the initial stage of POD analysis, the start time of the
sample data is the time corresponding to the time point 1 in
Figure 4, that is, the time of the explosion combustion at
0.001 s. Then, taking 0.001 s as the equal time interval, a total
of 600 full-order numerical transient solutions were selected
in the order of the evolution of the explosion time to form
the sample matrix for the initial phase analysis.
For the analysis of such stably subsequent propagation of
ﬂame, the initial time is selected as the 13 time point shown
in Figure 4, the time interval is still set to 0.001 s and the
same total of 600 full-order transient solutions. The sample
matrix is in the same form as the initial stage. Because the
follow-up ﬂame propagation patterns of deﬂagration have
high similarity with each other, no other subsequent stages
are selected for POD correlation analysis here.
The dimensionless ﬂame propagation modes in the
pipeline in the initial stage for the ﬁrst 9 orders are manifested in Figure 8, and the subsequent ﬁrst 9 orders dimensionless modes are shown in Figure 9.
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Figure 4: Flame propagation process of deﬂagration upon static temperature in the pipeline.
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Figure 5: Flame propagation velocity of deﬂagration in the pipeline.

According to Figure 8, the static temperature gradient of
the 1st-order mode of initial stage exhibits a wide range of
continuity changes from left to right, and the cooling gradient intensiﬁes as the rightward propagation distance increases. Furthermore, as the ﬂame propagates backward, the
frontal curvature of the cooling area decreases. The 2nd and
3rd modes both begin to show a low-temperature interval
area in the right direction of the pipeline, and the left parts of
such 2nd and 3rd modes exhibit the characteristics of

opposite changes with orthogonality. From the 4th mode,
the increase in the number of static temperature variation
interval area in the pipeline occurs. With the increase of the
mode order, the number of the interval regions shows an
expanding in the form of a staircase, in which the 4th and 5th
modes are 2 low-temperature interval regions, and the 6th
and 7th orders are 3 such interval regions, as well as the 8th
and 9th orders are 4 low-temperature interval regions. It is
obvious that the ranges of the low-temperature interval and
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Figure 7: Flame propagation characteristics of deﬂagration in the
subsequent stages.

Mode 8
Mode 9

cooling areas gradually decrease from the 4th to the 9th
order. The right-most static temperature change regions of
the 4th and 5th orders are represented by orthogonality
correspondence, while the 6th, 7th, and 8th and 9th orders
have similar characteristics.
According to Figure 9, the subsequent ﬂame propagation
frontal morphology can be decomposed into multiple levels
of independent spatial existence. The 1st-order mode still
shows continuous gradient cooling characteristics; however,
because the subsequent ﬂame propagation front has
a smaller impact range than the initial stage of combustion,

Figure 9: Flame propagation of the subsequent stage for the dimensionless at the ﬁrst 9 diﬀerent modes.

the 1st-order mode static temperature variation range is also
smaller than the initial stage of the same order mode.
The 2nd-order mode has a low-temperature interval
region, and it displays the orthogonality of the region
corresponding to the right part of the 1st-order mode. The
3rd-order mode has a high-temperature cooling region after
the low-temperature interval area. It is very interesting that
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Figure 10: Single-order content information contribution for the ﬁrst 50 modes in the initial stage of ﬂame propagation.
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Figure 11: Single-order content information contribution for the ﬁrst 50 modes in the subsequent stage of ﬂame propagation.

the total number of low-temperature interval and hightemperature cooling regions increases linearly as the
mode order heightens from the 3rd to the 9th order. The
further observations found that such 2 kinds of interval areas
become more and more slender with the increase of the
mode order.
To further analyze the quantitative eﬀect of these multilevel independent spatial modalities on the overall ﬂame
propagation morphological characteristics, according to
such formula (11), the single-order content information
contribution level of initial explosion and subsequent
combustion propagation stages were both obtained, shown
separately in Figures 10 and 11.
In the light of Figure 10, the inﬂuence of the 1st-order
mode information ratio in the initial combustion stage is
almost 50 percentage; therefore, it has the greatest impact on

the overall ﬂame propagation pattern. The 2nd-order to the
9th-order modes also have an important inﬂuence on the
integral ﬂame propagation shape, in which the smallest
modal eﬀect ratio of 9th order has exceeded 1.2 percentage;
especially for the 2nd and 3rd modes, they approximately
reached 10.4 and 6.69 percentages, respectively. The inﬂuence of such 50th-order is relatively negligible, only about
0.08 percentage.
Then, with the analysis of Figure 11, the multilevel spatial
modal information in the subsequent propagation stage is
generally consistent with the distribution of the inﬂuence
characteristics in the initial stage. However, the proportion of
the 1st-order modal information exceeds 78.3 percentage,
which is obviously higher than the inﬂuence of the same order
proportion in the initial stage. Moreover, the levels of the 2ndorder to the 9th-order modal information content all are
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Figure 12: Cumulative content information contribution for the ﬁrst 50 modes in the initial stage of ﬂame propagation.
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Figure 13: Cumulative content information contribution for the ﬁrst 50 modes in the subsequent stage of ﬂame propagation.

lower than the same order modes of the initial stage, respectively. For the 50th-order mode, the information content
is also signiﬁcantly lower than the initial explosion stage.
The modal cumulative content information contribution
characteristics of the initial explosion stage and subsequent
propagation stage are shown in Figures 12 and 13, respectively. For the ﬁrst 9 modes, the latter 93.7 percentage is
signiﬁcantly higher than the former 81.89 percentage. To the
ﬁrst 50 modes, the latter 97.39 percentage is still higher than
the former 95.54 percentage.
Based on the above information content analysis, the
level of information content in the multilevel modal space
of deﬂagration is mostly concentrated in the ﬁrst 3 modes,
especially for the 1st-order mode. Moreover, the modal
information content concentration level of such subsequent

propagation stage is higher than the initial explosion stage.
Therefore, it shows that the ﬂame propagation pattern at
the initial explosion stage is more complicated than the
subsequent stage, and for more detailed research, the initial
stage needs to involve more high-information content
modalities, not only the ﬁrst 9 modes.

6. Conclusions
A multilevel independent spatial modal analysis of the ﬂame
propagation characteristics of a deﬂagration in a speciﬁc
pipeline was performed, using such proper orthogonal decomposition method. In order to implement the POD-CFD
deﬂagration analysis, an interface program was developed,
which can realize the conversion from the CFD binary

10
output ﬁles to the POD calculation basic data structure and
also includes those visualizations of numerical results.
The full-order numerical calculation results manifested
that the local maximum static temperature exceeded 2400 K
in the initial stage of the explosion combustion, and the
combustion ﬂame gradually stretched and lengthened in the
axial direction and turns into an ellipsoidal shape because of
the diﬀerence of the axial and radial propagation speeds in
the pipeline. Moreover, the curvature of the ﬂame front and
the highest local static temperature both decreased as the
ﬂame propagated. For subsequent ﬂame propagation
characteristics, the local maximum static temperature regions were further reduced and the corresponding speed of
propagation and the curvature of the ﬂame front continued
to decrease, especially for the late stage of combustion. In
general, the full-order calculation results well agreed with
the normal combustion propagation characteristics of
premixed methane-air for the ﬂame propagation with the
unbroken thin layer. Therefore, the above numerical calculation results are reasonable and eﬀective.
The POD analysis results showed that the static temperature gradient of the 1st-order mode of the initial stage
exhibited a wide range of continuity changes from left to
right and the frontal curvature of the cooling area decreased
as the ﬂame propagated backward. The higher modes all
showed the low-temperature interval area in the right direction of the pipeline and some of them with opposite
changes in orthogonality. The number of the lowtemperature interval regions displayed an expanding in
the form of a staircase with the increase of the mode order.
For the subsequent ﬂame propagation frontal morphology,
the 1st-order mode still showed continuous gradient cooling
characteristics; however, the 1st-order mode static temperature variation range is smaller than the initial stage of
the same order mode. The further observations found that
the interval areas became more and more slender with the
increase of the mode order. According to the modal information content analysis, the level of information content
in the multilevel modal space of deﬂagration is mostly
concentrated in the ﬁrst 3 modes, especially for the 1st-order
mode, and the ﬂame propagation pattern at the initial explosion stage is more complicated than the subsequent stage.
Furthermore, this type of interface program is also
suitable for POD analysis of deﬂagration in pipelines with
obstacles, which is a next plan for further analysis of deflagration. Due to the inﬂuence of the obstacle on the ﬁne
structure of the deﬂagration ﬂame in the pipeline, it will
cause secondary deﬂagration with the coal dust cloud and
strengthen the turbulence of the internal ﬂow ﬁeld of the
ﬂame, thereby accelerating the propagation of the ﬂame in
the pipeline. Therefore, it is necessary to make a deeper
analysis of the relevant situation. In the subsequent analysis,
the interface program with practical value of engineering
analysis will also be further developed.
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The complexity, high energy consumption, and diﬃculty in controlling of extra-long highway tunnel have always been
problematic in the civil engineering ﬁeld. The objective of this study is to discuss controllable circulatory ventilation (CCV)
considering these issues. By calculating the equations of consumed air volume (CAV), diluting smoke-dust and CO, this study
deduces the theoretical dimensionless equations governing the inﬂuence of two pollutants’ CAV on CCV application. By setting
the vehicle speed from 10 km/h to 80 km/h and setting the slope from −4% to 4%, engineering data of Jiaozhouwan tunnel, for
example, the abovementioned equations of environment ratio, load ratio, and critical diesel-gasoline ratio, were calculated
numerically. Furthermore, the eﬀects of smoke-dust and CO on CCV were quantiﬁed. Drawn from this study, the critical dieselgasoline ratio can be a key indicator to the preassessment of CCV application to an extra-long highway tunnel.

1. Introduction
With the rapid development of highway construction in
China, a large number of extra-long highway tunnels are
constantly emerging, while the required air volume of such
tunnels is greatly increasing. To meet the increasing need of
consumed air volume (CAV), the longitudinal ventilation of
the supplying and exhausting shafts is generally adopted to
draw in fresh air. Then, to dilute pollutants, this airﬂow
mixes with or replaces the polluted air in the tunnel. Those
pollutants are caused by ﬁre in emergency. As far as the
ﬂame of ﬁres, De Faveri et al. carried out an experimental
study in a wind tunnel in order to provide exact correlations
for predicting ﬂame length of ﬁres of high source and
concluded that the length of laminar ﬂames of ﬁres of highsource momentum was aﬀected not only by the source
Froude number; on the contrary, the eﬀect of the Reynolds
number on the ﬂame length was negligible if the Froude

number was less than 0.1 [1]. This Froude number is the
main cause of a ﬂame length, but it also aﬀects the movement
of a smoke ﬂow. Wang et al. suggested that with the decrease
of smoke temperatures, some smoke might backﬂow and
mix with the smoke-free layer below [2]. Furthermore, the
above conclusions were proven by Hu et al. as far as
methanol and gasoline pool ﬁres [3]. In detail, Wang et al.
observed that even though the pool surface area was kept
identical for hollow trays of diﬀerent sizes, the measured
burning rates and ﬁre evolutions were found to be signiﬁcantly diﬀerent [4]. Additionally, Tao et al. discussed an
interesting ﬂame-wrapping phenomenon caused by impingement of airﬂow [5]. Therefore, the Froude number was
selected as a critical criterion of model experiments [6].
Zhang et al. found that the thickness of the smoke layer
and the smoke outﬂow rate were both positively correlated
with the inclination angle of a tunnel, and the CO concentration was negatively correlated with this angle [7].
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Furthermore, CO concentration decreased exponentially
with the distance away from the ﬁre source, and Hu et al.
suggested that this concentration increased linearly with the
height above the ﬂoor [8]. Through extensive experiments
and theoretical investigations, Hu et al. presented a function
of dimensionless CO concentration along a tunnel length
and a function of diﬀerence between this concentration
and the dimensionless smoke temperature along the tunnel
length [9, 10]. As far as large particle concentration,
Hall et al. proved that the concentration near the surface
markedly was diﬀerent to those for a gaseous plume and
suggested that this concentration reduces more rapidly with
increasing distance [11]. Therefore, Hu et al. and Wang
presented that the ratio of critical velocity of a near-wall ﬁre
to that of a central ﬁre was ideally estimated to be 1.26 by
theoretical analysis [12, 13].
In transport business process, those pollutants are
mainly aﬀected by the running vehicles, and it is ensured
that the concentration of pollutants in the tunnel is within
the safety range [14–17]. Carvel et al. investigated the eﬀect
of forced longitudinal ventilation during a tunnel ﬁre, and
they found that the estimated values of the expert system
were larger than the experimental values [18]. Ryu et al.
investigated the ﬂow ﬁeld of a jet fan by conducting experiments and numerical simulations. They found that the
negative pressure in front of the fan, distance between the
fan and the wall, and roughness of the wall inﬂuence the jet
performance [19]. Wang et al. carried out numerical simulations to investigate the inﬂuence of traﬃc wind formed
by a vehicle on the ventilation of curved tunnels. They
concluded that, for a curved tunnel with a radius greater
than 2,000 m, the diﬀerences between the straight-curve
lines could be ignored [20]. Through model experiments,
Fang et al. proposed that the angle between the inlet and the
driving direction should be 6° to help the traﬃc wind and
that the angle between the outlet and the driving direction
should not exceed 30° [21, 22]. However, for longitudinal
ventilation with supply-exhaust shafts, there always exist
problems such as high construction costs and high operating energy consumption. By considering the uneven
ventilating load of the up and down lines in an extra-long
highway tunnel, whose ventilation shafts had a high construction cost or reduced excavation probability, Berner and
Day proposed a ventilation concept for long twin-tube
tunnels [23]. By conducting model experiments and numerical simulations, Zhang validated and veriﬁed the design
parameters and applied them to the complementary doublehole ventilation of the Jingping tunnel [24]. Based on experimental data, Wang et al. investigated the ﬂow ﬁeld in
a tunnel by applying double-hole ventilation and then
proceeded to demonstrate the feasibility of this ventilation
system [25]. Owing to the longitudinal slope and traﬃc
quantity, the ventilation of long twin-tube tunnels is suitable for a highway tunnel with a length from 4 km to 7 km
[26]. Theoretically, the length of the tunnel does not restrict
the use of a CCV system; additionally, this system can
reduce the number of ventilation shafts or directly avoid
their excavation. Therefore, a CCV is an economical and
eﬃcient ventilation system.
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A CCV performs fresh air suction, removes pollutants,
recycles circulating air, and dilutes the pollutants in the
downstream zone. However, a CCV has certain limitations
and is not applicable to all situations. To clarify the applicability range of the CCV, the objective of this study is to
summarize the equations for calculating CAV, diluting
smoke-dust and CO. Firstly, ﬁve dimensionless ratios are
deﬁned to quantify the diﬀerences of two CAV-diluted
pollutants. Secondly, these equations are calculated numerically. Finally, this study will be expected to provide a reference
for the application of CCV to extra-long highway tunnels.

2. Materials and Methods
2.1. CCV System. In a CCV system (Figure 1), ﬁrst, a certain
amount of fresh air is drawn in from the entrance of a tunnel.
When the fresh air is contaminated to a certain extent, one part
of this airﬂow ﬂows into the short duct of the tunnel and is
polluted to the possible highest degree. Additionally, it is
ensured that the concentration of pollutants in the short duct
is within allowable limits. The other part of this airﬂow is
drawn out of the tunnel and ﬂows through a deduster arranged
in the circulating air roadway. Then, this drawn airﬂow is
dedusted and puriﬁed, and thereby it transforms into a recycled airﬂow. Subsequently, this recycled airﬂow mixes with the
more polluted airﬂow, and the mixed airﬂow dilutes the
contaminants in the downstream tunnel continuously.
2.2. CAV Diluting Pollutants and Determination of RAV.
According to a previous study [27], the pollutants in a tunnel
are considered to be mainly smoke-dust and CO. Usually, the
CAV dilution of these pollutants is not larger than the required
air volume (RAV) and can be determined by calculating the
contaminant emission. The smoke-dust emission is expressed
as follows:
1
QVI �
·q ·f
·f ·f
·f
·L
3.6 × 106 VI a(VI) d h(VI) iv(VI)
(1)
n
D

·  Nm · fm(VI) ,
m�1

where QVI is the smoke-dust emission (m2/s); qVI is the
baseline smoke-dust emission (m2/(veh·km)); fa(VI) is the
vehicle condition coeﬃcient (dimensionless number); fd is
the coeﬃcient of vehicle density (dimensionless number);
fh(VI) is the coeﬃcient of altitude (dimensionless number);
fiv(VI) is the coeﬃcient of longitudinal slope and vehicle speed
(dimensionless number); L is the tunnel length (m); fm(VI) is
the diesel vehicle type coeﬃcient (dimensionless number); nD
is the diesel vehicle type number (dimensionless number); and
Nm is the traﬃc quantity of the corresponding type (veh/h).
Then, the amount of CAV diluting smoke-dust is
expressed as follows:
Q
Qreq(VI) � VI ,
(2)
δVI
where Qreq(VI) is CAV of diluted smoke-dust (m3/s) and δVI
is the smoke-dust concentration in design (m−1).
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largest value, which will be the CAV of the replacement air in
the tunnel. Moreover, by comparing the CAV diluting
smoke-dust with the CAV diluting CO and CAV replacement, we can determine the largest of the three consumed air volumes, which will be the RAV of the CCV
system in an extra-long highway tunnel.

CC airﬂow shaft
Smoke-dust deduster
Polluted
CC airﬂow

Dedusted
CC airﬂow
Short
duct

Fresh airﬂow
Vehicular tunnel

Non-CC airﬂow
Vehicular tunnel

Mixed airﬂow
Vehicular tunnel

Figure 1: A CCV system.

The emission of CO is expressed as follows:
1
·q ·f
·f ·f
·f
·L
QCO �
3.6 × 106 CO a(CO) d h(CO) iv(CO)
n

·  Nm · fm(CO) ,
m�1

(3)
where QCO is the CO emission (m2/s); qCO is the baseline CO
emission (m2/(veh·km)); fa(CO) is the coeﬃcient of vehicle
condition (dimensionless number); fd is the coeﬃcient of
vehicle density (dimensionless number); fh(CO) is the coeﬃcient of altitude (dimensionless number); fiv(CO) is the
coeﬃcient of longitudinal slope and vehicle speed (dimensionless number); fm(CO) is the vehicle-type coeﬃcient
(dimensionless number); n is the vehicle-type number
(dimensionless number); and Nm is the traﬃc quantity of
corresponding type (veh/h).
The CAV diluting CO is expressed as follows:
Q
p T
Qreq(CO) � 106 · CO · 0 · ,
(4)
δCO p T0
where Qreq(CO) is the CAV diluting CO (m3/s); p0 is the
standard atmospheric pressure (101.325 kPa); p is the atmospheric pressure in the tunnel location (kPa); T0 is the
standard temperature (273.17 K); T is the summer temperature at the tunnel location (K); and δCO is the design
concentration of CO (ppm).
The CAV of the replacement air in a tunnel can be
determined by the number of replacement times or the
suggested velocity of the replacement. The equation is calculated by the number of replacement times and is expressed
as follows:
Qreq(ac) �

A r · L · ns 
,
3600

(5)

where Qreq(ac) is the CAV of the replacement air in a tunnel
(m3/s); Ar is the net sectional area of the tunnel (m2); and ns
is the minimum replacement times (times/h).
Additionally, the CAV is calculated by the suggested
velocity of the replacement as follows:
Qreq(ac) � vac Ar ,

(6)

where vac is the suggested velocity in the tunnel and cannot
be less than 1.5 m/s.
By comparing the result obtained from Equation (5) with
that obtained from Equation (6), we can determine the

2.3. Dimensionless Smoke-Dust to CO Ratios. In the previous
section, the determination of the tunnel RAV was based on
the calculation of the CAV diluting smoke-dust, CAV diluting CO, and CAV replacement air in a tunnel. When the
amount of the CAV diluting smoke-dust is greater than that
of the diluted CO, the recycled airﬂow is produced by
a deduster through the purifying part of the polluted airﬂow.
However, it is quantiﬁable that the CAV diluting smoke-dust
and CAV diluting CO are inﬂuenced by the tunnel length,
environment, longitudinal slope, traﬃc quantity, and traﬃc
composition in the tunnel. Moreover, it is not entirely clear if
the above nonmechanical factors, CAV amounts, and their
diﬀerences aﬀect the CCV system.
Next, we present the deﬁnitions of the dimensionless
ratios of the environmental parameters, longitudinal slope,
diesel to gasoline, and ventilation load, respectively, and the
critically dimensionless ratio of diesel to gasoline. First, by
applying the coeﬃcients of altitude in Equations (1) and (3)
and by considering the atmospheric pressure ratio and
temperature ratio, the environment ratio (dimensionless
ratio of environmental parameters) is deﬁned as follows:
f
P T
X � h(VI) · · 0 .
(7)
fh(CO) P0 T
As shown in Equation (7), the environment ratio reﬂects
the inﬂuence of the tunnel altitude and air temperature on
the CAV diluting smoke-dust and CO.
The slope ratio (dimensionless ratio of the longitudinal
slope) reﬂects the inﬂuence of the longitudinal slope on the
CAV diluting smoke-dust and CO. By applying the longitudinal slope and vehicle speed coeﬃcients in Equations (1)
and (3), the slope ratio is deﬁned as follows:
fiv(VI)
Y�
.
(8)
fiv(CO)
The diesel-gasoline ratio reﬂects the inﬂuence of traﬃc
quantity and traﬃc composition (proportion of diesel to
gasoline engines) on the CAV diluting smoke-dust and CO.
Using the coeﬃcient of vehicle type, number of vehicle types,
and the traﬃc quantity of Equations (1) and (3), the dieselgasoline ratio is expressed as follows:
n

Z�

D
m�1
Nm · fm(VI) 

.
nm�1 Nm · fm(CO) 

(9)

The load ratio (the dimensionless ratio of the ventilation
load) reﬂects the diﬀerence between the ventilation load of the
CAV diluting smoke-dust and CO. By substituting Equations
(2) and (4) into Equations (7)–(9), the load ratio becomes
proportional to the environment ratio, slope ratio, and dieselgasoline ratio. This load ratio is expressed as follows:

4

Advances in Civil Engineering
Qreq(VI)
1 δCO qVI
�
·
·
X · Y · Z.
Qreq(CO) 106 δVI qCO

(10)

The critical diesel-gasoline ratio (critical dimensionless
ratio of diesel to gasoline) reﬂects the number of the dieselgasoline ratio when the load ratio is equal to 1. By setting
W � 1 in Equation (10), the critical diesel-gasoline ratio is
expressed as follows:
Zc �

106 δVI qCO 1 1
·
·
δCO qVI X Y

(11)

In the next section, the numerical calculations of
Equations (7)–(11) are investigated, and the results are
discussed with regard to the eﬀects of the environment,
slope, diesel-gasoline, load, and critical diesel-gasoline ratios
on the CCV system.

3. Results and Discussion
3.1. Eﬀect of Altitude on Environment Ratio. Fitting the two
graphs of Figures 6.2.2 and 6.3.2 in the detailed rules 6.2 and 6.3
of Reference [27], there are the linear correlations of fh(VI) �
(3/10000)H + (22/25) and fh(CO) � (1/1800)H + (7/9). H
is the altitude height, and its unit is meter. Furthermore, the
empirical correlation, which is related to atmosphere pressure
with altitude height, temperature, and standard atmosphere
pressure, is P � P0 · exp[−(H/29.28T)] (29.28 is a dimensionless ﬁtting constant). Substituting three correlations into
Equation (7), and setting T (tunnel site temperatures in
summer) to 273 K, 283 K, 293 K, and 303 K, the calculated
results are shown in Figure 2.
As shown in Figure 2, the environment ratio decreases
with the increase of the tunnel’s altitude and summer
temperature. First, the eﬀects of air temperature on the
environment ratio are smaller than the eﬀects of altitude.
Second, as the altitude increases, it gradually decreases the
curvature of the curve that relates the ratio to altitude.
Speciﬁcally, the inﬂuence of the environment ratio with an
altitude lower than 1,000 m is smaller than the inﬂuence of
the environment ratio with an altitude over 1,000 m.
Therefore, the environment ratio is aﬀected more by the
altitude when the altitude is lower than 1,000 m.
Moreover, the following conclusions can be drawn with
regard to the results of Equation (10): with the increase of the
tunnel’s altitude, the environment ratio and the load ratio
decrease. Additionally, the smaller the diﬀerence is between
the CAV diluting smoke-dust and the CAV diluting CO, the
more diﬃcult the implementation of the CCV in the tunnel
is. This reason is this CCV only handles smoke-dust by
a deduster, meanwhile the control of CO concentration is
depended on the exhaust airﬂow and supply airﬂow as same
as the longitudinal ventilation with supply-exhaust shafts.
3.2. Eﬀects of Driving Speed, Slope, and Diesel-Gasoline Ratio
on Load Ratio. It is listed in Tables 1–3 that the slopes are
related with fiv(VI) and fiv(CO) under the conditions of three
driving speeds [27].

Environment ratio

W�

1.10
1.05
1.00
0.95
0.90
0.85
0.80
0.75
0.70
0.65
0.60
0.55
0.50
0.45
0.40
0.35

0

500

1000

T = 273 K
T = 283 K

1500 2000 2500
Altitude height (m)

3000

3500

4000

T = 293 K
T = 303 K

Figure 2: Change of the environment ratio with altitude of the
tunnel.

Applied in Equation (8), Y are calculated out by the data
in Tables 1–3; in the next, δCO /δVI are 200 ppm/0.0090 m−1,
100 ppm/0.0065 m−1, and 100 ppm/0.0050 m−1 on the conditions of 10 km/h, 40 km/h, and 80 km/h driving speeds,
respectively [27]; furthermore, referenced to the data in
ventilation design of the Jiaozhouwan tunnel in Qingdao,
Shandong, P. R. of China, the baselines of the CO emission
and dust-smoke are 0.01 m2/(veh·km) and 2.5 m2/(veh·km),
and annual decline ratios of those are 0.98 based on Reference [28]; lastly, setting environment ratio X � 1, those
data are substituted into Equation (10), and on the contrary,
Z are set as from 0.0 to 1.0 with the increment of 0.10. The
results are shown in Figures 3–5.
As shown in Figures 3–5, ﬁrst, there exists a linear
relationship between the load ratio, slope percentage,
and diesel-gasoline ratio. Second, when the slope percentage and driving speed are constant, the load ratio
increases with the increase of the diesel-gasoline ratio.
This demonstrates that the RAV of the CCV system is
mainly aﬀected by the CAV diluting smoke-dust. Third,
when the driving speed and diesel-gasoline ratio are kept
constant, the load ratio increases with the increase of
the slope percentage, which indicates that the RAV of the
CCV system is mainly aﬀected by the CAV diluting
smoke-dust.
Fourth, the higher the driving speeds, the more obvious the divergence of the load ratio between the slope
percentage of 1% and that of 0%. Speciﬁcally, when the
diesel-gasoline ratio is constant, the load ratio with a 0%
slope percentage is far larger than that with a 1% slope
percentage. Finally, by comparing Figures 3–5, it can be
seen that the load ratio increases with the increase of
driving speed under the condition of the slope percentage
and the diesel-gasoline ratio being constant. Therefore, it
can be concluded that the load ratio increases with the
increase of driving speed, slope percentage, and dieselgasoline ratio.
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Table 1: Slope related with fiv(VI) and fiv(CO) (10 km/h, jamming
condition).

Table 2: Slope related with fiv(VI) and fiv(CO) (40 km/h, idling
condition).

Load ratio

Slope (%) −4 −3 −2 −1
0
1
2
3
4
fiv(VI)
0.30 0.36 0.40 0.50 0.60 0.72 0.85 1.03 1.25
fiv(CO)
0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80

Slope (%) −4 −3 −2 −1
0
1
2
3
4
fiv(VI)
0.30 0.40 0.55 0.70 0.85 1.10 1.45 2.20 2.95
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
fiv(CO)
Table 3: Slope related with fiv(VI) and fiv(CO) (80 km/h, design
condition).
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Figure 4: Load ratios changing with slope percentage (40 km/h,
idling condition).
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Figure 3: Load ratios changing with slope percentage (10 km/h,
jamming condition).

3.3. Eﬀects of Driving Speed and Slope on Critical DieselGasoline Ratio. Based on Reference [27] and calculation,
the slope ratios Y � fiv(VI) /fiv(CO) change with the slope
percentages under the conditions of eight driving speeds, as
listed in Table 4.
δCO and δVI are listed in Table 5 [27], and δCO /δVI can be
calculated out; secondly, Y is valuated by the data of Table 4;
thirdly, referenced to the data in ventilation design of the
Jiaozhouwan tunnel in Qingdao, Shandong, P. R. of China,
the baselines of the CO emission and dust-smoke are
0.01 m2/(veh·km) and 2.5 m2/(veh·km), and an annual decline ratio of those are 0.98 based on Reference [28]; lastly,
setting environment ratio X � 1 , those data are substituted
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Figure 5: Load ratios changing with slope percent (80 km/h, design
condition).

into Equation (11) of the critical diesel-gasoline ratio when
W � 1 of Equation (10), and the results of the critical dieselgasoline ratio are shown in Figure 6.
First, the critical diesel-gasoline ratio decreases with the
increase of the slope percentage. Second, when the driving
speed is higher than 40 km/h, the critical diesel-gasoline
ratio decreases with the increase of driving speed. Conversely, when the driving speed is lower than 40 km/h, this
ratio decreases with the increase of driving speed under the

6

Advances in Civil Engineering
Table 4: Y � fiv(VI) /fiv(CO) related with slope percentages and driving speeds.

Slope (%)
80 km/h
70 km/h
60 km/h
50 km/h
40 km/h
30 km/h
20 km/h
10 km/h

−4
0.30
0.30
0.30
0.30
0.30
0.38
0.38
0.38

−3
0.40
0.40
0.40
0.40
0.40
0.50
0.45
0.45

−2
0.55
0.55
0.55
0.55
0.55
0.63
0.50
0.50

−1
0.80
0.80
0.75
0.75
0.70
0.75
0.63
0.63

0
1.30
1.10
1.00
1.00
0.85
0.90
0.75
0.75

1
2.60
1.80
1.45
1.45
1.10
0.90
0.72
0.90

2
3.08
3.10
2.20
2.20
1.45
1.10
0.85
1.06

3
3.67
3.25
2.95
2.95
2.20
1.45
1.03
1.29

4
4.17
3.75
3.08
3.70
2.95
2.00
1.25
1.56

Table 5: δCO and δVI related with driving speed.
Speed (km/h)
δCO (ppm)
δVI (m−1)

80
100
0.0050

70
100
0.0055

60
100
0.0055

50
100
0.0060

30
125
0.0070

20
200
0.0080

10
200
0.0090

between the CCV and CAV diluting smoke-dust and CO
was established. Moreover, the numerical calculation of the
equations was carried out. The main conclusions drawn
from this study are as follows:

0.9
0.8
Critical diesel-gasoline ratio

40
100
0.0065

0.7

(1) When the load ratio is not lower than 1, the tunnel
can be ventilated by the CCV in advantage of energy
saving and high eﬃciency.
(2) When the load ratio is equal to 1, the key indicator of
an applicable CCV system is the critical dieselgasoline ratio.
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Figure 6: Critical diesel-gasoline ratio changing with slope and
driving speed. “v” is notated with “driving speed”.

condition of the slope being larger than 1%. Third, when the
slope is smaller than 1%, the critical ratio varies greatly; on
the contrary, when the slope is larger than 1%, the critical
ratio changes slowly. Moreover, these critical ratios are
obviously smaller than the values obtained with a slope of
less than 1%. Finally, when the slope is greater than 1% and
the critical diesel-gasoline ratio is greater than 0.25, the load
ratio of the tunnel ventilation system will be larger than 1.
Under the abovementioned conditions, the CCV can be
applied to the tunnel ventilation system.

4. Conclusions
By referring to the existing equations, this paper presented
the deduction of equations of ﬁve ratios with a dimensionless
number and CCV. Additionally, a theoretical relationship

The data used to support the ﬁndings of this study are
available from the corresponding author upon request.
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Through studying the mechanics, energy, and deformation features of rock under uniaxial cyclic loading and unloading, the
ﬁndings are as follows: (1) under cyclic loading and unloading, the curve of stress and strain for loading and unloading in every
cycle was not superposition reciprocally but formed an acutifoliate hysteresis loop. The distribution of the hysteresis loop became
denser with the cycles and moved toward the direction of strain increasing. (2) The area of the hysteresis loop indicated the inner
damage degree of rock. And the hysteresis energy accumulated was stronger; the damage of rock was more serious. Furthermore,
the hysteresis energy grew linearly along with load, and the hysteresis energy accumulated had a trend exponential growth with
cycle continuing. (3) The elasticity modulus grew in the form of logarithm as a whole. In each cycle, elasticity modulus for
unloading was greater than that for loading. When it exceeded a certain value, elasticity modulus for reloading was less than
elasticity modulus for unloading. (4) The cyclic loading and unloading had a strength impact that was gradually stronger and
stronger as the cycle went on the sample of rock.

1. Introduction
In the ﬁeld of rock engineering, the cyclic load is often encountered. However, the laws in the strength and deformation
of rock under the cyclic loading are signiﬁcantly diﬀerent
from those under the static load. In order to better understand
and master the mechanical properties and deformation laws
of rock under the cyclic loading, a lot of research work has
been done by scholars at home and abroad.
Liu et al. [1] studied the damping characteristics of rock
under the cyclic loading and obtained the relationship between the dynamic elastic modulus and the damping ratio
and the dynamic load. The mechanical properties and
hysteresis evolution of sandstone under uniaxial compression was studied by Xu et al. [2, 3]. They found that the load
level has little eﬀect on the curve of stress-strain. The loading
and unloading deformation modulus does not change with
the cycles, but the loading strain rate aﬀects the elastic
modulus and deformation characteristics of the rock. Yang
et al. [4] pointed out that, under the uniaxial cyclic loading,

the fatigue failure threshold of 3# coal seam in Baodian Coal
Mine does not exceed 81% of its uniaxial compressive
strength. When it is less than this value, it also produces
a certain degree fatigue damage with cyclical loading and
unloading. The uniaxial and triaxial cyclic loading failure
tests of sandstone were carried out by Xi et al. [5], who told
us that the rock modulus decreases with the increase of the
cycles, and its attenuation amplitude and rock damage increase with the increase of the cycles. Su and Yang [6] carried
out uniaxial cyclic loading and unloading tests on the marble
samples with diﬀerent grains. And the results showed that
(1) when the axial stress is less than 40% of the ultimate
bearing capacity, the average Young’s modulus during
loading and unloading occurs at diﬀerent degrees’ increase
with the stress; (2) the loading average Young’s modulus
increases slightly before yield, but the unloading average
Young’s modulus remains basically unchanged; and (3) at
the yield failure stage, the loading and unloading average
Young’s modulus decreases with the yield stress. A uniaxial
cyclic loading and unloading test on sandstone samples with
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2.1. Hysteresis Loop and Energy Deformation Characteristics.
It is known from Figures 2 and 3 that the cyclic loading and
unloading curves of the rock samples do not coincide in the
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Figure 2: Curve of stress and strain in the ﬁrst cycle.

2. Uniaxial Loading and Unloading Test and
Data Analysis

125
100

Stress (MPa)

In this test, the red sandstone with relatively good integrity
and uniformity was selected. According to the international
standard of the rock test sample size, it is processed into
a cylinder with a diameter of 50 mm and a height of 100 mm,
and the parallelism of the upper and lower surfaces is less
than 0.02 mm. The test was carried out on the MTS815.02
electrohydraulic servo rock mechanics test machine of China
University of Mining and Technology. The stress control
method was used. The axial pressure σ1 is increased or
decreased at a rate of 0.25 MPa/s, and the stress path is
0 ⟶ 10 ⟶ 0 ⟶ 20 ⟶ . . . ⟶ 90 ⟶ 0 ⟶ 100 MPa, as
shown in Figure 1.
The test was repeated four times, and a large amount of
data were collected. Since the conclusions of the four groups
of experiments are consistent, it was explained on the basis
of B group data.

σ1

Figure 1: Stress path of the uniaxial loading and unloading test.

Stress (MPa)

prefabricated fractures was done. Xu et al. [7] found that the
stress level of cyclic loading is an important factor aﬀecting
the fatigue characteristics of intact rock and intermittent
fractured rock mass, and the fatigue deformation and the
upper limit stress of the periodic load are hardly aﬀected by
the integrity of the sample in the postpeak region of the static
stress-strain curve. Bagde and Petros [8] carried out the fatigue tests of tight sandstone under dynamic uniaxial cyclic
loading. It showed that the fatigue strength of the rock decreases and the modulus increases with the increasing frequency of dynamic load. Under the given energy condition,
the rock is more prone to yielding at low frequencies and low
amplitudes. Eberhardt et al. [9, 10] analyzed the mechanical
properties of fracture damage of brittle rock in the process of
uniaxial cyclic loading and unloading, and further studied the
propagation conditions and fracture criteria of microcracks.
The strength and deformation characteristics of rock under
the complex stress path were studied by Yu et al. [11, 12], and
the marble’s strengthening ratio of peak strength under the
condition of uniaxial cyclic loading and unloading was
proposed. Xu et al. [13] conducted an experimental research on the skarn’s mechanical properties of uniaxial
cyclic loading and unloading and analyzed its acoustic
emission characteristics. The strength and deformation
characteristics, elastic parameter estimation, and damping
characteristics of rock under uniaxial compression cycle
loading and unloading conditions were also studied by
Wang et al. [14–16].
The above research results showed that the deformation
characteristics of diﬀerent rocks under cyclic loading are
signiﬁcantly diﬀerent, which is not only related to the differences in individual characteristics but also inextricably
linked to the ways of loading and unloading. In this paper,
the mechanical properties and deformation laws of rock are
analyzed by the uniaxial cyclic loading and unloading test.
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Figure 3: Curve of stress and strain of cycle loading and unloading.

same cycle, and the unloading curve and the reloading curve
are also substantially noncoincident. The loading and
unloading curves form a hysteresis loop. The ﬁrst hysteresis
loop is not closed, and a large residual deformation occurs
between the two curves. The distribution of the hysteresis
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εi2+

ΔUi � 

εi1+

εi1 −

σ 1 dε1 − 

εi2 −

σ 1 dε1 ,

(1)

where ΔUi is the ith cycle hysteresis energy, εi1+ (εi2+ ) is the
axial strain at the beginning and end of the loading process,
εi1− (εi2− ) is the axial strain at the beginning and end of the
unloading process, and σ 1 (ε1 ) is the axial stress (axial strain).
According to the data in Table 1, the hysteresis energy
increases generally with the increase of the loading load,
showing a linear growth trend, as shown in Figure 4.
Each loading and unloading cycle will produce the
corresponding hysteresis energy, and it accumulates continuously with the increase of the cycles. Eventually, it
reaches the ultimate strength of the rock, causing the irreversible deformation and failure:
i

ΔU �  ΔUi ,

Table 1: Hysteresis energy in every cycle (MJ/m3).
Group cycles
1
2
3
4
5
6
7
8
9
10

A
0.00322
0.00721
0.01108
0.01485
0.01921
0.022
0.02631
0.03292
0.04261
—

B
0.00328
0.00664
0.01187
0.01375
0.0184
0.02276
0.02639
0.03448
0.04637
—

C
0.00199
0.00559
0.00928
0.01273
0.0182
0.02126
0.02429
0.02899
0.09922
0.0474

D
0.00261
0.00584
0.00974
0.01373
0.0105
0.02279
0.02605
0.03377
0.07983
0.06978

0.05
0.04
Hysteresis energy (MJ/m3)

curve is relatively thin at the beginning. But as the cycles
increase, the hysteresis loop is increasingly dense and
moves toward the direction of the axial strain increasing.
The hysteresis loops are pointed rather than elliptical at the
load reversal, indicating that the elastic deformation response of the rock sample is rapid and the plastic deformation is small.
During the process of cyclic loading and unloading, the
area of the hysteresis loop formed indirectly indicates the
degree of the rock microcracks opening and closing under
cyclic loading. The larger the area, the more the energy is
dissipated inside the rock, and the greater the fatigue damage
caused by the cyclic load.
Through the integral operation of the stress-strain curve,
the hysteresis energy of the rock sample under the condition
of each cycle loading and unloading is obtained, as shown in
Table 1:

y = 0.0005x – 0.0041
R2 = 0.9488

0.03
0.02
0.01
0.00
–0.01

0

20

40
60
80
Loading load of group B (MPa)

100

Actual curve
Fitting curve

Figure 4: Curve of hysteresis energy and stress of loading.

(2)

1

where ΔU is the cumulative hysteresis energy.
The relationship between the cumulative hysteresis energy and the cycles during loading and unloading is shown
in Figure 5(a). According to the ﬁtting analysis, the cumulative hysteresis energy is exponentially related to the
cycles, as shown in Figure 5(b).
2.2. Elasticity Modulus and Strength Characteristics.
According to the stress-strain curve, the corresponding
elastic modulus in the process of cyclic loading and
unloading is obtained, as shown in Table 2.
For the convenience of analysis, the data in Table 2 are
plotted as a curve of elastic modulus and cycles, as shown in
Figure 6. As can be seen from Figure 6, the elastic modulus
generally shows an increasing trend. And during each
loading and unloading cycle, the increases of the elastic
modulus are diﬀerent.
Assume (E1, E2) is an interval of elasticity modulus and
E1 < E2, then the ﬁndings are as follows:
(1) When the elastic modulus E < E1, it increases successively. In each cycle, the unloading elastic modulus is always greater than the loading elastic

modulus. Moreover, the elastic modulus of the next
cycle is greater than the one of the previous cycle.
That is, the reloading elastic modulus is greater than
the unloading modulus elasticity.
(2) When the elasticity modulus E > E2, the reloading
elastic modulus is smaller than the unloading elastic
modulus.
Due to the diﬀerence of rock itself and external factors, it
is diﬃcult to determine the critical value. Only a range of
14.3–16.1 GPa can be provided as a reference in the test.
In order to more accurately describe the variation trend
of the respective elastic modulus in the stage of loading and
unloading, the response ratio theory of loading and
unloading is introduced. The response ratio theory of
loading and unloading [17] is a new theory for studying the
prediction of instability in nonlinear systems. The response
ratio of loading and unloading Y is a parameter that
quantitatively reﬂects the instability degree of the nonlinear
system. It is deﬁned as
X
Y � +,
(3)
X−
where X+ is the loading response rate and X− is the
unloading response rate.
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Figure 5: Curve of cumulative hysteresis energy and cycles.
Table 2: Elasticity modulus of loading and unloading (GPa).
Group A
6.80
9.43
9.82
11.90
12.43
14.32
14.31
16.33
16.01
17.95
17.44
19.40
18.65
20.16
19.55
21.14
20.24
21.44
20.41
—
—

Group B
6.40
8.79
9.81
11.63
12.55
14.05
14.39
16.12
16.05
17.87
17.37
19.20
18.70
20.33
19.54
21.18
20.34
21.55
20.39
—
—

Group C
8.36
9.94
11.11
12.82
13.51
15.54
15.38
17.22
16.72
18.78
18.07
20.26
19.34
21.10
20.28
21.76
20.99
22.54
21.62
22.69
21.57

The response rate can be deﬁned as
Δε
,
X � lim
Δσ⟶0 Δσ

Group D
7.58
9.76
10.44
12.25
12.83
14.76
14.58
16.50
16.12
18.09
17.35
19.20
18.50
20.06
19.35
21.03
20.10
21.44
20.43
21.15
19.46

(4)

where Δε and Δσ are the increments corresponding to the
strain and the stress.
When the response ratio of loading and unloading Y is
close to 1, it indicates that the rock sample is relatively
stable. When it changes sharply, the rock sample approaches the critical point of failure. Formula (3) can be
rewritten as
X
E
Y � + � −.
(5)
X− E +

24
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U8
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Group D

Figure 6: Curve of elasticity modulus of loading and unloading and
cycles.

The data in Table 2 are substituted into Formula (5) for
veriﬁcation, and the curve of the response rate of loading and
unloading and cycles is plotted, as shown in Figure 7.
It can be seen from Figure 7 that when the rock sample is
loaded for the ﬁrst time, the response rate of loading and
unloading is the largest, which is 1.37 (appearing group B).
As the cycles increase, the response rate of loading and
unloading decreases slowly and tends to 1, indicating that
there is no obvious local damage inside the rock sample
during the test stage. Therefore, the change of the elastic
modulus of the cyclic loading and unloading is curve-ﬁtted.
As shown in Figure 8, the elastic modulus and the cycles
show a logarithmic relationship. Under the cyclic loading
and unloading action, the elastic modulus of the rock sample

Advances in Civil Engineering

5

3. Conclusions

Response rate of loading and unloading, Y

2.0

Through the test analysis of the uniaxial cyclic loading and
unloading, the following conclusions are obtained:
1.5
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6
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Figure 7: Curve of the response ratio of loading and unloading and
cycles.

Elastic modulus (MPa)

25000

y = 6177.5ln(x) + 7961.2
R2 = 0.9875

20000

15000

(1) During the process of cyclic loading and unloading,
the curves of loading and unloading do not coincide,
and a sharp-leaf hysteresis loop is formed. The
hysteresis curve distribution is densely changed with
the increase of the cycles and moves toward the
direction of the strain increasing.
(2) The area of the hysteresis loop characterizes the
damage degree inside the rock, and the cyclic hysteresis energy increases linearly with the loading
load. The cumulative hysteresis energy increases
exponentially with the cycles. The greater the cumulative hysteresis energy is, the more serious the
deformation and failure of the rock are.
(3) Under the action of cyclic loading and unloading, the
elastic modulus generally increases, and the
unloading elastic modulus is greater than the loading
elastic modulus in each cycle. Moreover, the elastic
modulus of loading and unloading is logarithmically
related to the cycles.
(4) The cyclic loading and unloading has a strengthening
eﬀect on the rock sample without obvious damage
inside, and it gradually increases with the cycles.

Data Availability

y = 6455.7ln(x) + 5802.9
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The data used to support the ﬁndings of this study are included within the article.
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has experienced an initial rapid increase and then a slow
increase.
Because the rock sample showed no signs of deformation and failure during the test, only partial new
cracks were formed under the loading action, and some
debris were produced for shear slip at the crack interface.
Under the unloading action, the structure of the new crack
could be recovered and readjusted, and the debris ﬁlling
eﬀect makes the new cracks close quickly when reloading.
Besides, the frictional strength among the crack faces
improves. Thus, the elastic modulus and the overall yield
strength of the rock sample were increased [13]. It can be
seen that the process of cyclic loading and unloading
has a strengthening eﬀect on the rock sample, and with
the cycles increasing, the strengthening eﬀect is gradually
enhanced.
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Based on the assumption that rock strength follows the log normal distribution statistically, this paper establishes a damage
constitutive model of rock under uniaxial stress conditions in combination with the Mohr–Coulomb strength criterion and
damage mechanical theory. Experiments were carried out to investigate the damage evolution process of rock material, which can
be categorized into nondamaging, accelerated growth, constant-speed, similar growth, and speed-reducing growth stages. The
evolution process had a good corresponding relationship with the rock stress-strain curves. Based on the statistical damage
constitutive model proposed in this paper, a numerical ﬁtting analysis was conducted on the uniaxial compression testing data of
laboratory sand rock and on experimental data from other literature, in order to validate the rationality of the constitutive
equation and the determination of its parameters and to analyze the eﬀect of internal friction variables on damage variables and
compression strength. The research outcomes presented in this paper can provide useful reference for the theory of rock
mechanics and for rock engineering.

1. Introduction
Experiments have shown that rock is a type of complex
medium. Under the application of external loading, rock
presents a very complex nonlinear deformation, and the
complex deformation results in complexity and uncertainty
of rock engineering accordingly. Many investigators have
tried to explain the relationship between the deformation of
rock and external loading, i.e., the constitutive relationship
of rock. The results of early research into rock mechanics
include Hooke’s law, Newton’s law of viscosity, and Saint
Venant’s ideal plasticity law. The continuous recognition of
progress in understanding the mechanical properties of rock
has led investigators to propose a variety of constitutive
models by means of a subsequent viscoelastic plastic theory
of continuum mechanics, such as that put forward by Liu
et al. [1]. Based on rheological theory, Liu et al. [1] proposed
a mechanical constitutive model that can describe the
rheology of fully saturated rock. Fu et al. [2] proposed an

elastic-plastic constitutive model for soft sedimentary rock
by using the conventional elastic-plastic constitutive model
and considering the anisotropy and constraint-strain dependence of soft rock. Desai and Salami [3] proposed
a constitutive model describing the deformation behavior of
rock stress on the basis of the assumption that, in elasticplastic theory, rock behaviors such as hardening, volumetric
variation, stress path, cohesion, tensile strength, and yield
behavior vary with average pressure. Li et al. [4] carried out
a research in the framework of the theory of plasticity,
considered internal friction and cohesion as the variables of
the plastic strain function, and proposed a hyperbolic
hardening function for kinetic friction and a mixed parabolic exponential equation for kinetic cohesion. In combination with strength theory and the movement of the
strength component, Li et al. [4] provided a yield function
and proposed a mixed hardening/softening elastic-plastic
constitutive model that can predict the stress-strain behavior
of soft rock.

2
Under the long-term application of external load and
environmental conditions, many ﬁne cracks and other
defects are created inside rock. Owing to the existence of
these defects, the mechanical properties of rock diﬀer
signiﬁcantly from metal materials and polymers. The microstructure inside the rock material can cause the deterioration of the mechanical properties of the rock;
therefore, the constitutive relationship of the rock material
can be investigated from the point of view of damage
mechanics. Damage mechanics assumes that the growth
and conﬂuence of various defects inside a material can
result in the deterioration of its structure and accordingly,
aﬀect its mechanical properties.
Lemaitre [5] established a new elastic-plastic damage
complex model on the basis of the maximum loss principle,
achieving strong coupling between plasticity and damage.
Cerrolaza and Garcia [6] established a nonlinear mechanical
model to explain the stress-strain relationship of damaged
rock during excavation on the basis of damage mechanical
theory and in combination with the boundary method. By
combining plasticity mechanics and damage mechanics,
Unteregger et al. [7] created a constitutive model that could
describe the nonlinear mechanical behaviors (including
irreversible deformation, strain hardening, and strain softening) and bear complex three-dimensional stress for various types of rocks. Based on the assumption that the crack
growth of rock during the postpeak period is the process of
cohesive instability and making use of the nonassociated
plastic potential function of rock plastic deformation and
expansion derived from the dilation angle, Pourhosseini and
Shabanimashcool [8] developed a damage constitutive
model to describe the nonlinear behaviors of intact rock
under static load (including prepeaking elastic behaviors and
postpeaking strain-softening behaviors). Zhou and Zhu [9]
investigated the plastic friction and the deformation
mechanisms of plastic holes on the basis of irreversible
thermodynamic theory and damage mechanical theory.
They established a plastic friction yield criterion through
a parabolic function that included volumetric deformation
eﬀects. They then proposed a plastic hole yield criterion by
making use of Gurson’s criterion and a friction yield model
to determine the matrix deformation of porous materials.
Combining these two criteria, they developed an elasticplastic damage constitutive model with two yield surfaces.
Based on continuum damage mechanics theory and from the
microscopic viewpoint, Shao and Rudnicki [10] created
a microcontinuum damage model to describe the brittle rock
solid material that is mainly dominated by compression.
Statistical physics theory has been widely used in the
evolution and development of microscopic damage mechanics [11–13] and in the establishment of many constitutive models [14–16] that consider rock damage statistics.
Guang [17] pointed out that due to the heterogeneity of rock
mechanical properties, probability statistical analysis can be
applied to analyze rock strength. Based on damage mechanics and probability statistical analysis of rock strength,
Guang devised the concept of rock damage and created the
constitutive model for it. Based on the theory of damage
mechanics and statistical strength theory, Li et al. [18]
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established a damage statistical constitutive model to analyze
the softening deformation of rock strain. Budiansky [19]
pointed out that microscopic damage mechanics used
quantum and statistical mechanics to determine the impact
of damage on microscopic structures and then inferred their
macro-mechanical eﬀects. Meanwhile, microscopic damage
mechanics illuminated the quantitative relationship [20]
between microscopic damage structure and mechanical
parameters.
In the constitutive models that consider the statistics of
damage evolution, the investigators deﬁned the types of
various microelement strength distributions, including
Weibull distribution [21–24], normal distribution [25],
power function distribution [26], and so on. To deﬁne the
microelement damage criterion, they made use of the
Mohr–Coulomb (M-C) and Drucker–Prager (D-P) criteria.
Based on the fact that rock strength microelements follow
a random distribution, and on the M-C rock damage criterion, we have assumed that the strength distribution of
microelements complies with a log normal distribution
function, studied the statistical damage evolution of microelements in the loading process of rock, and established
a damage constitutive equation of rock uniaxial damage.
Thus, our research provides references for rock mechanics
research and engineering.

2. Establishment of Statistical Damage
Constitutive Model
It is assumed that N is the total microelement number of
rock and that Nd is the microelement number of damaged
rock under a certain load, and then D is deﬁned as the
statistical damage variable, i.e.,
D�

Nd
.
N

(1)

When the internal microelement stress σ s of rock reaches
its strength F, the microelement fails. Assuming that the
microelement strength F follows a certain probability distribution, the number of failed microelements at any stress
level interval [σ s , σ s + dσ s ] can then be determined by
dNd � Np σ s dσ s ,

(2)

where p represents the density function of the probability
distribution for the microelement strength F.
When loading reaches a certain stress level σ s , the
number of failed microelements is
σs

Nd �  Np(x)dx � Np σ s ,

(3)

0

where p represents the distribution function of the probability distribution for the microelement strength F.
From Equations (1) and (3), the following equation can
be derived:
D � p σ s ,

(4)

which, in turn, can be used to derive the statistical damage
evolution equation. For any probability distribution, with
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the increase of stress level σ s , the distribution function value
varies from 0 to 1. The value of D reﬂects the extent of
internal damage of the materials: when D � 0, it indicates
intact material without damage, and when D � 1, it indicates
completely failed material.
The stress level σ s can be represented by the common
M-C criterion as
σs �

σ ∗1

− σ ∗3

−

σ ∗1

+

σ ∗3 sin φ

� c cos φ,

1
∗
∗
∗
∗
(1 + μ)σ i − μ σ 1 + σ 2 + σ 3 ,
E

i � 1, 2, 3,

(6)

where σ ∗1 is the eﬀective principal stress, E is the Young
modulus, and μ is the Poisson ratio.
We next introduce the strain equivalent hypothesis
[27, 28] in the following equation, where σ i denotes the
apparent stress:
σi
σ ∗i �
, i � 1, 2, 3.
(7)
1−D
Substituting Equation (7) into Equation (6), we obtain
1
D � 1−
(1 + μ)σ i − μ σ 1 + σ 2 + σ 3 .
(8)
Eεi
Substituting Equation (8) into Equation (4), the general
form of the statistical damage constitutive equation can be
expressed as
1
P σs � 1 −
(1 + μ)σ i − μ σ 1 + σ 2 + σ 3 .
(9)
Eεi
For uniaxial compression experiments, Equation (8) can
be written as
σ 1 � Eε1 (1 − D),
� Eε1 .

(11)

(12)

where σ and ε are the stress and strain, respectively, for rock
specimens under uniaxial compression.
Considering the situation of uniaxial stress and
substituting Equation (5) into Equation (12), we obtain
σ � Eε1 − P[(1 − sin φ)Eε].

x

⎪
⎧
⎪
Φ(x) �  ∅ σ s dσ s ,
⎪
⎪
⎪
−∞
⎪
⎨
⎪
⎪
⎪
⎪
1
x2
⎪
⎪
⎩ ∅(x) � √��� exp− .
2
2π

(15)

The two statistical parameters in Equation (15) can be
determined using the linear ﬁtting [28], peak value [29], and
inversion analysis methods [25, 30], among others. We
utilized the peak value characteristics of the stress-strain
curves and solved these parameters using the extreme value
method.
Substituting Equation (14) into Equation (12), we obtain
the constitutive equations (16) and (17) of the damage
evolution and statistical damage based on the M-C criterion,
respectively:
D � Φ a ln ε + b1 ,

(16)

σ � Eε1 − Φ a ln ε + b1 ,

(17)

where b1 � a ln[(1 − sin φ)E] + b.
Considering the full stress-strain curve of uniaxial
compression and deﬁning ε1 and σ 1 as the strain and stress,
respectively, at the peak values of the full stress-strain curves,
we get ε � ε1 , σ � σ 2 , and dσ 1 /dε1 � 0:


σ 1 � Eε1 1 − Φ a ln ε1 + b1 ,
σ 1 � aEε1 ∅ −a ln ε1 − b1 .

(18)

Equation (18) can be used to solve the parameters a and
b1 in Equation (17).

3. Experimental Validation of Models

According to Equations (10) and (11), the apparent stress
σ 1 and axial strain can be used to calculate the damage
variable D and eﬀective stress σ ∗1 .
Equation (9) can be directly utilized to achieve the
general form of the constitutive model of uniaxial testing
statistical damage as
σ � Eε 1 − P σ s ,

(14)

(10)

which can be substituted into Equation (7) to obtain
σ ∗1

ln σ s /σ 0s 
 � Φa ln σ s  + b,
η

where σ 0s and η are distribution parameters,
a � 1/η and � −(ln σ 0s )/η. Φ is the standard normal distribution function, deﬁned by

(5)

where σ ∗1 , σ ∗2 , and σ ∗3 denote the eﬀective principal stresses
and σ ∗1 ≥ σ ∗2 ≥ σ ∗3 and c and φ denote the cohesion and internal friction angle of the material, respectively.
According to Hooke’s law, the principal strain can be
expressed by
εi �

P σ s  � Φ

(13)

Assuming that the rock strength follows a log normal
distribution, its probability density function is

To validate the accuracy of the above constitutive model,
uniaxial compression tests were conducted in the laboratory
for three sand rock specimens as shown in Figure 1. The
testing apparatus included the electrohydraulic, servocontrolled MTS Model 815.02 Rock Mechanics Test System (MTS Systems Corp., USA), which was loaded by
displacement control with a loading rate of 0.002 mm/s.
Based on the damage equations presented in this paper, the
evolution regularity chart for the three rock specimens in the
loading process were prepared as shown in Figures 2(a)–2(c).
The damage evolution of the rock during the loading process
can be divided into four stages: (1) a nondamaged stage at the
beginning of loading (OE), which responded to the compression and linear elastic stage in the stress-strain curve of the
rock; (2) an accelerated growth stage (EF), which responded to
the prepeak yield stage in the stress-strain curve of the rock; (3)
a constant-speed-similar growth stage (FG), which responded
to the postpeak stage in the stress-strain curve of the rock; and
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Figure 1: Specimen of sand rock.
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Figure 2: Evolution of damage variable. (a) Sample no. 1. (b) Sample no. 2. (c) Sample no. 3.

(4) a speed-reducing growth stage (GH), which responded to
the residual stress stage in the stress-strain curve of the rock.
The theoretical and experimental data curves were individually prepared as shown in Figures 3(a)–3(c) based on
the damage constitutive model presented in this paper, and
the correlation coeﬃcients between modeling data and lab

data are 0.9995, 0.8095, and 0.7867. The statistical constitutive equation matched the real uniaxial compression
testing curves of the rock well. This latter observation indicated that the proposed constitutive equation was able to
represent the elastic, yield, and softening stages of the
uniaxial stress-strain curve of the rock, and that the
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Figure 3: Comparison of theoretical results and experimental data. (a) Sample no. 1. (b) Sample no. 2. (c) Sample no. 3.

constitutive model was able to describe the strength and
deformation characteristics of the uniaxial stress-strain
curve of the rock.
Ji et al. [31] also proposed a constitutive model for
two kinds of rocks, but the ﬁtting results were not good. Ji
et al. concluded that the constitutive relationship can
only partially represent the loading characteristics of
rock. Making use of the data presented in that paper and
combining it with the constitutive relationship derived in
this research, the theoretical curve and experimental data
were prepared for validation and results comparison. As
shown in Figures 4(a)–4(c), the ﬁtting correlation coeﬃcient between modeling data and lab data with the
model of this paper is the highest one, so the rock
constitutive equation in this paper provided a better
description of the rock constitutive relationship than that
in Ji et al.’s previous paper.

4. Impact of Parameters on
Constitutive Equations
Using the uniaxial compression and shear testing data of
sand rock as an example, the related parameters were
φ � 35°, a � 10.14, and b � −33.34. When the parameters a
and b were constant, the internal friction angle φ value was
changed to achieve the stress-strain and damage-strain
curves as shown in Figures 5 and 6, respectively.
From the viewpoint of the stress-strain relationship,
the internal friction angle φ reﬂects the uniaxial compression strength of rock, but it does not change the form
of the stress-strain curve. The higher the internal friction
angle, the higher the peak strength; on the other hand, the
smaller the internal friction angle, the lower the peak
strength. This observation is consistent with the characteristic represented by the uniaxial compression strength
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Figure 4: Curves of the theoretical ﬁtting from Ji et al. [31]. (a) Sample no. 1. (b) Sample no. 2. (c) Sample no. 3.

Equation (19). Under the conditions of Coulomb’s criteria
[32]:
��������
1 + sin φ
(19)
σ c � 2c
,
1 − sin φ
where σ c represents the peak value of the strength in the
uniaxial stress-strain curve and c is the inhesion of the rock
material.
From Figure 6, it is observed that with increasing internal friction angle φ, the deformation of rock from
nondamaged status to accelerated damage status increased
and the evolution process of rock to reach complete damage
status was delayed. This means that the compression durability of rock increased with a higher internal friction
angle. Under the condition of an identical damage value, the
rock strain accordingly increased with increasing internal
friction angle φ. Under the identical strain condition, the

damage value of rock decreased with the increasing internal
friction angle.

5. Conclusions
In this paper, the general form of the rock statistical damage
constitutive model is inferred under the uniaxial stress
condition, and the model parameters are determined by
using uniaxial compression testing. In addition, the reliability of the proposed constitutive model is checked
through analysis of testing data and concluded the following:
(1) On the basis of strength theory and the random
distribution characteristics of rock, in this research,
we established a damage evolution equation based on
statistics
(2) Based on the M-C criterion, we established a statistical damage constitutive model, and identiﬁed that
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the model was able to describe the mechanical behaviors of rock under uniaxial compression testing
(3) The variation of the internal friction angle had
a certain impact on the uniaxial compression
strength and damage evolution and reﬂected the
compression durability of rock
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A new mining scheme by employing the induced caving mining method to exploit hanging-wall ore-body during the transition
from open pit to underground mining is proposed. The basic idea is to use the mined-out area generated by the planned mining of
the hanging-wall ore-body to absorb the collapsed slope body, so as to avoid the inﬂuence of the inner-slope mining to the normal
open-pit mining and guarantee mining eﬃciency during the transition stage. Numerical simulation study on the process of
induced caving mining of hanging-wall ore-body is carried out based on the practical engineering setting of the Hainan iron mine,
China, by employing the numerical method of discontinuous deformation analysis (DDA). The impact of rock mass structure on
the mechanism of slope instability development and the mining hazard assessment in the new mining scheme is investigated. The
inﬂuence of mining sequence on slope instability development and mining safety is also analyzed by taking the hanging-wall orebody mining under the southern anti-dip slope at the Hainan iron mine as an example, and eventually a reliable mining scheme
via induced caving is obtained. The numerical study proves the feasibility of the proposed new mining scheme for hanging-wall
ore-body and provides theoretical and technical support for its application in practical mining activities.

1. Introduction
The hanging-wall ore-body is the ore-body which residues
inside open-pit slope after the normal surface mining.
Figure 1 shows a mode of the occurrence of hanging-wall
ore-body at the Dagushan Iron Mine in China. According to
statistical data, the residual ore-body outside the open-pit
boundary accounts for 5–16% or even more of the total
reserve until the open pit is closed [1].
In order to exploit suﬃciently mineral resource and
realize the smooth transition for the ore output, it is necessary to extract the hanging-wall ore-body during the
transition from open pit to underground mining. However,
it is highly challenging to operate simultaneously normal

open-pit mining and mining for hanging-wall ore-body.
Traditional mining methods for hanging-wall ore-body
include surface mining and back-ﬁll stoping method such
as that in the Fenghuangshan Iron Mine of China and the
Kidd Creek Zinc-copper Mine of Canada, the sublevel
caving method such as that in the Yeshan Iron Mine and the
Longshou Mine of China, and the sublevel open stoping and
caving mining method such as that used by Liu et al. [1].
Unfortunately, all these mining methods cannot terminate
the serious mutual restriction between the hanging-wall orebody mining and the normal open-pit mining during the
transition stage. For instance, when using the open stoping
and back-ﬁll stoping method to extract hanging-wall orebody, it is needed to limit the stope scale or adopt additional
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Figure 1: A mode of the occurrence of hanging-wall ore-body at
the Dagushan Iron Mine in China.

reinforcement of the open-pit slope, so that the mining
eﬃciency is restricted; a large scale of slope instability could
occur at the initial stage of mining when using the sublevel
caving method to extract hanging-wall ore-body [2];
therefore, it has to limit the starting time of hanging-wall
ore-body mining to ensure the safety of open-pit operation.
Generally, these traditional mining methods fail to achieve
large-scale mining of hanging-wall ore-body during the
transition stage, which causes ore output decline for most
mines in this period. Although there are a lot of studies on
opencast-underground combined mining [3–5], it is rarely
mentioned how to realize simultaneously the eﬀective and
safe operation of the open-pit mining and inner-slope
mining during the transition stage.
In traditional mining methods, the slope usually needs to
be stable when open-pit mining and inner-slope mining are
operated simultaneously, which limits the stope scale and
restricts the mining eﬃciency of the hanging-wall ore-body.
In the present study, a new mining scheme for hanging-wall
ore-body during the transition stage by employing a newly
improved underground mining method, namely, the induced
caving mining method, is proposed. In this scheme, the slope
is allowed to collapse to a certain degree and the collapsed
slope body is supposed to be absorbed by the mined-out area
generated by the planned mining of the hanging-wall orebody. This mining scheme could avoid the inﬂuence of the
inner-slope mining to the normal open-pit mining and thus
guarantee the mining eﬃciency during the transition stage.
Apparently, the slope instability behavior, which is greatly
controlled by the rock mass structure of the slope and the
exact mining plan (e.g., mining sequence), has a signiﬁcant
impact on the application of the proposed mining scheme.
Therefore, numerical simulations will be carried out to investigate this problem in the present study.
Numerical modeling is an important modern research
approach, and it is expected to reproduce the displacement,
stress, and strain distribution pattern of rock mass during
mining thorough numerical simulations. Continuum-based
numerical simulation methods, such as the ﬁnite diﬀerence
method (FDM) and the ﬁnite element method (FEM), were
widely applied to study the patterns of the movement and
failure of the strata and surface induced by underground
mining. For example, Zhao et al. [6] used the FDM software

FLAC3D to obtain the responding laws of the deﬂection and
horizontal thrust of the roof rock beam under shallow
mining conditions. Lin et al. [7] used the FLAC3D to analyze
the surface response and interaction of two layers of superthick coal seam mining. Li et al. [8] used the FLAC3D to
determine the minimum thickness of the safe mining roof of
submarine gold deposits. Meanwhile, the FEM method was
applied to assess the stability of debris and rock slopes [9], to
determine the elastic compliance tensor of fractured rock
masses [10], and to simulate rock cutting and its fragmentation process [11]. It has certain defects to regard the
rock mass as a continuous material when using the FDM and
FEM to simulate mining problems. Discontinuous deformation and movement and large displacement are greatly
involved in the surrounding rock for underground mining
and in the slope rock for open-pit mining when slope failure
takes place.
On the other hand, discontinuum-based numerical
methods, such as the discrete element method (DEM) [12]
and the discontinuous deformation analysis (DDA) [13]
method, are by nature capable of simulating discontinuous
and large displacement of rock masses. For example, the
DEM-based software UDEC has been used to simulate the
slope instability caused by the hanging-wall ore-body mining
with the sublevel caving method [2]. The DEM-based software
PFC3D has been used to analyze the failure process of soil-rock
mixtures [14]. The DDA has been used to simulate the
excavation of the tunnel and its reinforcement in columnar
jointed basalt [15]. In addition, some researchers used discrete
element and ﬁnite element coupling methods to simulate
large-scale underground excavation [16, 17]. Another uniﬁed
continuous-discontinuous numerical method, namely, the
numerical manifold method (NMM), has been used to analyze the stability and failure characteristics of the footwall
slope [18].
In the present study, the DDA is adopted as the numerical method to do numerical simulations of the discontinuous deformation/movement and large displacement
of the open-pit slope caused by inner-slope mining with the
proposed mining scheme of hanging-wall ore-body. Key
factors aﬀecting the implementation of the mining scheme,
such as the rock mass structure and the mining sequence, are
deeply investigated through DDA simulations of instances
based on practical engineering settings. The proposed
mining scheme is proved to be feasible, and some theoretical
and technical guidance for the application of the mining
scheme in practical mining operation are provided.

2. New Mining Scheme for Hanging-Wall OreBody via the Induced Caving Mining Method
2.1. Induced Caving Mining Method. The so-called induced
caving mining method is a newly improved underground
mining method as a combination of the block caving mining
method (Figure 2(a)) and the sublevel caving mining
method (Figure 2(b)) essentially. It contains the ore-body
breakage process by underground pressure in block caving,
and the drilling, blasting, and drawing process in sublevel
caving. Figure 3 shows a typical induced caving mine layout.
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Figure 2: Illustration of typical (a) block caving mining and (b) sublevel caving mining operations (image copyright: Atlas Copco).
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Figure 3: A typical induced caving mine layout.

The ore-body is partitioned vertically downwards into three
subareas with diﬀerent mining characteristics, called the
induced caving subarea, the sublevel caving subarea, and the
bottom recovery subarea, respectively.
The mining layer placed in the bottom of the induced
caving subarea is regarded as the undercut level, and an
extensive horizontal panel (undercut) beneath the mined
block is formed by fan-shaped hole blasting. It should be
noted that in the undercutting process, only about 30–50%
of the volume of the blasted ore is extracted after each
blasting, so as to provide a swell volume for the roof caving,

while the remaining blasted ore temporarily stays at the
undercut as a buﬀer layer to prevent the impact harm during
the roof caving. Stress redistribution and gravity combine to
trigger the roof progressive fracturing and caving into the
undercut, and the caved ore is extracted in the mining
process of sublevels below. Fracturing and caving extend
progressively upwards as the caved ore is extracted, resulting
in signiﬁcant surface depression. In the sublevel caving
subarea, usually at least two sublevels are placed to make
sure a suﬃcient extraction of the caved ore above. The
mining operation in the sublevel caving subarea is exactly
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the same as that in the sublevel caving mining method. The
bottom recovery subarea provides the last chance for recovering the ore in the stope. Therefore, dense production
drifts in this mining subarea are employed to improve the
ore recovery rate. It can be seen that the induced caving
combines the advantages of large capacity, low cost of the
block caving, and simple layout, ﬂexible application of the
sublevel caving. At present, the induced caving mining
method is being applied to several mines in China, such as
the Xiaowanggou Iron Mine, the Yanqianshan Iron Mine,
the Beiminghe Iron Mine, and the Paishanlou Gold Mine,
etc.
2.2. The Induced Caving Mining of Hanging-Wall Ore-Body.
Successful application cases of the induced caving mining
method improve the understanding of the mechanism of
roof caving and surface subsidence. On this basis, a new
mining scheme for hanging-wall ore-body via induced
caving during the transition from open pit to underground
mining, as illustrated in Figure 4, is proposed to avoid the
inﬂuence of inner-slope mining on the normal open-pit
mining and balance the risks and beneﬁts of hanging-wall
ore-body mining in the transition stage.
Due to the eﬀects of weathering, surface blasting vibration, and mining unloading, etc., the hanging-wall orebody usually becomes favorable to be caved. Based on the
preexisting development engineering of the open pit, it is
convenient to implement the underground operation of the
hanging-wall ore-body mining. As shown in Figure 4, an
undercut level is placed within the ore-body to induce the
upper ore to cave. While caving extends progressively upwards as the broken ore is extracted gradually, the slope will
collapse when the caving reaches to a certain degree. It is
expected that with a rational mining strategy, mainly including the design of mining span, height, and sequence, the
occurrence time and the scale of the slope instability can be
controlled, ensuring that there is enough mined-out area to
absorb the collapsed slope body when the slope instability
occurs. In such a way, the threat of slope instability to the
normal open-pit mining can be eliminated, and the inﬂuence of the hanging-wall ore-body mining on the open-pit
mining can be avoided. With perfect implementation, the
proposed mining scheme can protect the normal open-pit
mining from the threat of the slope instability throughout
the whole transition stage. Moreover, some monitoring
techniques, such as GB-InSAR, LiDAR, etc, can be used to
forecast the slope instability to improve the safety of this
mining scheme. In terms of mining strategy planning, both
the block caving and sublevel caving can provide a lot of
practical experiences [19, 20]. In the following, DDA simulations based on practical engineering settings will be
carried out to examine the feasibility of the proposed mining
scheme and the key inﬂuencing factors.

3. Engineering Background of
Numerical Investigation
The Hainan Iron Mine is an open-pit mine located in
Changjiang Li Autonomous County, Hainan, China. It is
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a large sedimentary metamorphic iron deposit. The ore-body
is chieﬂy composed of hematite and its surrounding
rock mainly consists of dolomite, phyllite, and quartz-schist.
The main ore-body situates at an elevation of −601.91 m to
202.44 m, with a length of 1670 m east-west, and a horizontal
projection width of 350 m. The open pit with the closed loop
at 168 m is being developed at an elevation of 24 m, and as
planned, it will turn into underground mining below an
elevation of 0 m. The south and north slopes of the open pit
have hanging-wall ore-bodies below, which are primarily
branches of the main ore-body and also individuals around.
According to a series of geological surveys, the rock mass in
the slope of the open pit mainly consists of two joint sets
with good persistence. One set is approximately horizontal
with evenly spaced bedding planes with a dip angle varying
slightly with the survey sites (basically maintained within
0°∼5°) and the interlayer spacing is approximately 1.0 m,
whereas the other set points to the foot of the north slope
and inwards to the south slope with the dip angle and interlayer spacing varying signiﬁcantly. The two main joint sets
intersect to cut the rock into a jointed rock mass. Figure 5
shows the distribution of the geological survey sites and the
sectional views of the south and north slopes.
The induced caving mining will be considered for the
hanging-wall ore-bodies in the south and north slopes in
Figure 5. According to the joint set orientations and some
literatures of slope instability studies [21, 22], due to the
mining of the hanging-wall ore-bodies via induced caving,
the north slope may take place sliding failure, whereas the
south slope may take place topping failure. Determining
slope instability under various mining conditions and the
internal mechanisms and controlling factors is obviously
impossible merely on a visual and empirical basis. In the next
two sections, DDA simulation study on induced caving
mining of the hanging-wall ore-bodies will be conducted,
and two major factors, namely, the rock structure and the
mining sequence will be considered.

4. Effect of Rock Mass Structure
4.1. Model Establishment and Simulation Scenarios. Based on
the engineering background of Hainan iron mine, six numerical simulation instances are carried out to evaluate the
signiﬁcance of rock mass structure in the development of the
slope instability and mining hazard assessment.
In the six simulation models constructed, the slope rock
mass all contains two joint sets, marked as j1 and j2 , respectively. The dip angle of j1 maintains 0° consistently,
representing the approximate horizontal bedding plane in
practice. The dip angle of j2 is changed from 50° to 150°, and
the value is taken every 20°, representing the other major
joint set with the dip angle varying with the survey sites.
When the dip angles of the j2 are 50°, 70°, and 90°, the j2
points to the toe of slope, corresponding to the north slope,
while the j2 are inclined at 110°, 130°, and 150°, the j2 points
inwards the slope, corresponding to the south slope. Figure 6
shows the geometry of the model and locations of the
measurement points in the simulation. In addition, modeling according to the actual joint spacing will result in
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Figure 4: Illustration of mining scheme for hanging-wall ore-body via the induced caving mining method. (a) Mine layout. (b) Caving after
undercutting. (c) Slope failure due to mining.

excessive calculation due to the large number of rock
blocks in the model. To reduce the calculation amount,
the spacing of both joint sets in the model is enlarged
with the same ratio based on that in practice and the
number of blocks in each model is maintained around 3.0
× 103. The exact number of rock blocks in the six models
is shown in Table 1. Although such a simpliﬁcation will
reduce the reliability of the simulation results in certain
aspects, e.g., the volumetric swelling of collapsed rock
mass, it should have no decisive impact on the results of
the slope instability, the main purpose of the simulation.
Because both joint sets have good persistence in practice,
the two joint sets are set to penetrate the models.
Moreover, the hanging-wall ore-body is divided into
three sections in the models, with the top section representing the actual induced caving subarea and the
middle and bottom sections representing the actual
sublevel caving subarea.

The numerical method used to do the simulations is
the DDA method. It is an implicit method with good
convergence to compute the static and dynamic behaviors
of discrete systems of deformable blocks [23]. This method
has been successfully applied to solve many rock mass
dynamics problems [24]. In the DDA, each block can
be of any shape and takes six variables, namely,
T
Di �  u0 v0 r0 εx εy cxy  , where the former three are
for block displacements and the later three for block strains.
The displacement increment in each time step at any point in
the block is (uv)T � Τi Di , where
Ti � 

1 0 − y − y0 
0 1

x − x0 

x − x0 

0

y − y0 /2

0

y − y0 

x − x0 /2

.
(1)

Individual blocks are connected and form a block system
by contacts between blocks and constraints on single blocks.
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Figure 5: Distribution of geological survey sites and sectional views of the south and north slopes. (a) Geological survey sites. (b) South
slope. (c) North slope.

Assuming there are n blocks in the deﬁned block system, the
simultaneous equilibrium equations have the following
form:
K11 K12 K13 · · · K1n ⎧
⎪
⎪
⎪
⎪
⎪ ⎧
⎪
⎪ D1 ⎫
⎪ F1 ⎫
⎪
⎪
⎪
⎪
⎟
⎜
⎞
⎛
⎪
⎪
⎟
⎜
⎪ ⎪
⎪
⎪D ⎪
⎪F ⎪
⎟⎪
⎜K K K ··· K ⎟
⎜
⎪
⎪
⎪
⎪
⎟
⎪
⎪
21
22
23
2n
2
2
⎜
⎟
⎜
⎪
⎪
⎟
⎜
⎬ ⎪
⎬
⎨
⎨ ⎪
⎟
⎜
⎟
⎜
⎟
⎜
⎜
(2)
K31 K32 K33 · · · K3n ⎟
D3 ⎪ � ⎪ F3 ⎪,
⎟
⎜
⎪
⎟
⎜
⎟
⎜
⎪
⎪
⎪
⎪
⎟
⎜
⎪
⎪
⎪
⎪
⎟
⎜
⎟
⎜
⎪
⎪
⎪
⎪
⎟
⎜
⎪
⎪
⎪
⎪
⎜
⋮⎪ ⎪
⋮⎪
⎠⎪
⎝⋮ ⋮ ⋮ ⋱ ⋮ ⎟
⎪
⎪ ⎪
⎪
⎪ ⎪
⎪ ⎪
⎭
⎭
⎩
⎩
Kn1 Kn2 Kn3 · · · Knn
Dn
Fn

It is assumed that strength degradation will take place to
a joint [25], so the cohesion, tensile strength, and the friction
angle values of the joint are reduced after failure, as shown in
Table 2. The numerical control parameters are determined
based on extensive trial simulations to achieve high computational eﬃciency with a small number of open-close
iterations in each time step. A good review of the openclose iteration in the DDA to treat contact between blocks
with the penalty method can be found in [26].

where Fi is the loading on block i distributed to the six
deformation variables. Submatrix Kii depends on the material properties of block i and Kij where i ≠ j is deﬁned by
the contacts between block i and block j.
The physical and numerical control parameters used in
the DDA simulations in this section are listed in Table 2.
Generally, the physical parameters are based on some laboratory tests, such as density test, deformation test, compressive strength test, tensile strength test, and shear test, etc.

4.2. Excavation Time and Sequence. Using DDA static calculation, the initial stress equilibrium state of the model is
obtained by applying gravity force to the blocks in the model.
Thereafter, the excavation of the hanging-wall ore-body is
executed, and the calculation turns to dynamic. Figure 7
shows the Y-direction stress evolution curves at measurement point MP1 (Figure 6) in the J1∼J6 models. It is shown
that the six models reach initial stress equilibrium at t � 20 s
after approximate 20,000 time steps of DDA calculation. To
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Figure 6: Geometric dimensions of the model and distributions of the measurement points (MPs).

Table 1: Rock joint and block number information in the six models.
Model index
J1
J2
J3
J4
J5
J6

Dip angle α of j2 (degree)
50
70
90
110
130
150

Joint spacing of j1 , j2 (m)
5.0, 3.8
5.0, 4.7
5.0, 5.0
5.0, 4.7
5.0, 3.8
5.0, 2.5

Block number
3116
3090
3077
3089
3099
3120

Table 2: Mechanical and numerical control parameters of the models.

Physical parameters

Numerical control parameters

Parameter
Density
Young’s modulus
Poisson’s ratio
Joint cohesion (before/after failure)
Joint tensile strength (before/after failure)
Joint friction angle (before/after failure)
Kinematic condition (before/after excavation)
Time-step (before/after excavation)
Displacement ratio (before/after excavation)
Normal/shear spring stiﬀness

simulate actual mining operations, the hanging-wall orebody is excavated by two steps, with the ﬁrst step to excavate
the induced caving subarea and the second step to excavate
the sublevel caving subarea. The second excavation is performed at the end of the slope instability caused by the ﬁrst
excavation, and the whole calculation ﬁnishes when the

Value
2780 kg/m3
28 Gpa
0.25
0.22 MPa/0 MPa
0.15 MPa/0 MPa
36°/30°
Static/Dynamic
0.001 s/0.0001 s
0.001/0.001
350 GPa/140 GPa

slope instability caused by the second excavation completes.
Figure 8 takes the J4 model (0°/110°) as an example to show
the horizontal displacement evolution curves of the four
measurement points MP2–MP5 locating on the top surface
of the slope. In the J4 model, the ﬁrst excavation is executed
at the 20,000 time step (t � 19.999100 s), whereas the second
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time step, which represent the slope instability morphologies
after the ﬁrst and second excavation, respectively. Figure 9(f )
shows the slope states of the J6 model at the 100,000,
200,000, 570,000, and 1,200,000 time step, to demonstrate
the whole failure process of the slope in more detail.

0.0

Y-direction stress (MPa)

–0.5
–1.0
–1.5
–2.0
–2.5
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–3.5
0.0
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5.0

7.5

10.0 12.5
Time (s)
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15.0

17.5

20.0
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Figure 7: Y-direction stress curves of MP1 in J1∼J6 model under
the gravity force.
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Figure 8: Horizontal displacement curves of MP2∼MP5 in the J4
model.

excavation at the 570,000 time step (t � 74.839971 s). The
whole calculation ﬁnishes at 1,200,000 time step (t �
137.759331 s). A series of trial calculation results show that
the excavation time steps in the J4 model are also applicable
to other ﬁve models. This group of simulations simpliﬁes the
mining excavation into two steps to save computer time with
a focus to investigate the eﬀect of the rock structure on the
slope instability behavior in the proposed mining scheme of
hanging-wall ore-body via the induced caving mining
method. The impact of the mining sequence will be speciﬁcally studied in Section 5.
4.3. Analysis of Simulation Results. Figures 9(a)–9(e) show the
slope states of the J1-J5 models at the 570,000 and 1,200,000

4.3.1. Slope Instability Mode. Figure 9 shows that diﬀerent
slope instability modes are observed under various rock
mass structures. The instability modes can be categorized
into sliding and toppling as predicted in Section 3. The
sliding instability appears in the J1∼J3 models, representing
the conditions in the north slope, while the toppling instability appears in the J4∼J6 models, representing the
conditions in the south slope in practice, respectively.
In the J1∼J3 models, joint set j2 points to the toe of the
slope. After the excavation of the hanging-wall ore-body, the
resistance of the rock discontinuities becomes weaker than
the sliding force of the rock under the slope free face; thus,
the slope is destabilized and sliding failure takes place. In the
J4∼J6 models, j2 points inwards the slope. Once the hangingwall ore-body is excavated, the rock above in the slope will
deform under the bending eﬀect and topple into the minedout area after the failure strength of the rock joints are
reached. In the J1∼J5 models, the deformation and movement of the adjacent failed strata seems continuous.
Comparatively, in the J6 model, the rock falls oﬀ as sparse
discrete clusters into the mined-out area. The entire failure
process involves the separation, falling, rolling, and
bouncing of the rock mass.
It can be found that joint set j2 plays a dominant role in
the slope failure to control the failure mode. A dip angle
smaller than 90° is likely to induce sliding failures, while
a value lager than 90° is likely to induce toppling failures. As
for the J6 model, in addition to the gentle inclination of the
j2, the interlaced, long, and narrow rock blocks with sharp
angles account for the special failure phenomena. The
interlaced diamond-shaped blocks are beneﬁcial for the
slope to achieve stability during the toppling failure process.
4.3.2. Risk Assessment in Open-Pit Mining. Using the
mined-out area generated by the planned mining of the
hanging-wall ore-body to absorb the collapsed slope rock
mass is the core idea of the proposed mining scheme. The
above DDA simulation results show that whether the collapsed rock will endanger normal open-pit mining is closely
related to the slope rock mass structure. Figure 10 shows the
ﬁnal proﬁles of collapsed slopes for the J1∼J6 models.
As for the J1∼J3 models, Figure 10 shows that in the J1
model, part of the collapsed blocks rush to the bottom of the
open pit, threatening the open-pit mining below, whereas, the
proﬁles of the collapsed slopes in the J2 and J3 models are
obviously lower than the original slope proﬁles, which indicates that the mined-out area in these two models can
suﬃciently absorb the collapsed rock; thus, the open-pit
mining is safe. From these three models, it is concluded
that a gentle inclination of the predominant joint set indicates
that the collapsed rock mass is more likely to slide downwards
to the bottom of the open pit to threaten open-pit mining.
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Figure 9: Continued.
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Figure 9: Slope instability in hanging-wall ore-body mining via induced caving for models J1∼J6. (a) Model J1. (b) Model J2. (d) Model J4.
(e) Model J5. (f ) Model J6.

For the J4∼J6 models, a large number of collapsed blocks
rush to the bottom of the open pit in the J5 model. It is worth
noting that although a bulgy slope proﬁle is formed in the J5
model after the ﬁrst excavation, there are no blocks rushing
to the bottom of the open pit until the second excavation, as
shown Figure 9(e). It shows that as the mining of the
hanging-wall ore-body proceeds, the risk may increase. In
the J4 model, although no bulk rock blocks rush towards the
bottom of the open pit, the proﬁle of the ﬁnal collapsed slope
has a high degree of coincidence with the original slope
proﬁle before hanging-wall ore-body mining. The above
conclusion from the J5 model indicates that there exist
potential threats to the open-pit mining if further mining of
the hanging-wall ore-body in model J4 is carried out. The
proﬁle of the collapsed slope in the J6 model is not as full as

that of the J5 and J4 models; however, individual collapsed
blocks bounced out to the bottom of the open pit, which also
poses a threat to the open-pit mining. This is because the
long and narrow blocks in model J6 fall oﬀ sporadically and
get quite large kinematic energy after the hanging-wall orebody is excavated.
Additional measures, such as retaining dams and arresting barriers, can be used to bar rolling rocks. However,
such practice is generally passive and unreliable in the case of
a large amount of rolling stones. Therefore, the present study
proposes to eliminate the possible threat of the collapsed
rock mass to the open-pit mining.
As indicated by the simulation results of the J1∼J6
models, the mode of slope instability due to induced caving
of the hanging-wall ore-body, as well as the possible threat
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illustrate the model geometry and the corresponding
DDA model, respectively. Diﬀerent from the abovementioned six models in Section 4, the present model not
only sets the undercut level but also partitions the 2∼4
mining levels into independent blocks. Excavation of each
independent block in the 2∼4 mining levels represents the
actual mining of a production drift; thus, diﬀerent mining
sequences may be set within a mining layer. Table 3 lists the
physical parameters of the ore-body. The physical parameters of the rock and the DDA numerical control parameters
are the same as that in Table 2. The joint sets of the ore-body
and rock mass in the model are also set as penetrating joints,
and the joint spacing of the ore-body and rock is both increased by 5 times to 5.0 m, producing 3,072 blocks eventually in the DDA model.

Figure 10: Proﬁles of the collapsed slopes for the J1∼J6 models.

of the inner-slope mining to the open-pit mining, has
a closely relationship with the slope rock structure. For
a given geological condition of hanging-wall ore-body, the
feasibility of the application of the proposed mining scheme
can be expected to be achieved by adjusting the exact mining
plan, e.g., optimizing the mining sequence, as investigated
below in Section 5.

5. Influence of Mining Sequence
For the Hainan Iron Mine, mining the hanging-wall orebody under the south slope during the transition stage is
more suitable because the open-pit haulage road is situated
on the north slope. Figure 11 shows the production condition of the open pit. According to the previous numerical
simulation results, using the induced caving mining method
to extract hanging-wall ore-body under the south slope will
trigger slope topping failure. Topping failure is highly likely
to cause massive slope destruction; therefore, numerous
collapsed rock blocks that rush from the slope to the bottom
of the open pit may harm normal surface mining (as illustrated by Model J5). Here, the mining of hanging-wall
ore-body under the south slope is taken as an example, and
four simulation scenarios with diﬀerent mining sequence are
designed to explore the eﬀect of mining sequence on the
development of slope instability and the mining safety, so as
to determine a highly reliable mining sequence to guide the
actual mining design.
5.1. Model Establishment. The layout of the rock structure is
provided in Figure 5(a). The ore-body under the slope has
two joint sets, one of which is approximately horizontal and
the other is approximately vertical, both with a spacing
around 1.0 m. By combining the strength, mode of occurrence, depth, and location of hanging-wall ore-body with the
actual mining experience, the initial mining level (undercut
level) is tentatively set at an elevation of 60 m, with the
second mining level at 45 m and the third mining level at
30 m. Figure 12(a) shows the layout of the stope structure on
the A–A′ section (Figure 5(a)). Figures 12(b) and 12(c)

5.2. Mining Sequence. Similar to the previous simulation
examples, solving the initial stress equilibrium of the model
is necessary prior to excavating hanging-wall ore-body.
Figure 13 plots the evolution curve of the stresses of measurement point MP1 (Figure 12(b)). It is shown that the
model reaches the initial stress equilibrium after the 20,000
time step (t � 19.86700 s); then, the undercut level is excavated. Thereafter, the roof under the combined action of
the stress redistribution and the gravity cave into the undercut, and the slope suﬀers topping instability simultaneously. However, the failure and movement of the slope
rock mass are limited due to the supporting role of the caved
ore, as shown in Figure 14(a). Then, the caved ore is removed, representing the ore-drawing operation in practice.
The removal of the caved ore is accompanied by a further
massive topping instability of the slope, as shown in Figure 14(b). At this time, a bulgy loose slope is formed.
However, no bulk rock blocks rush in the bottom of the open
pit, which indicates that setting the undercut level at 60 m is
reasonable.
Based on the results of the J5 model above, the risk of
bulk rock rushing downwards to the open pit from the slope
may increase with the further mining progress. Therefore, to
seek for the following optimally safe mining plan, four
scenarios with diﬀerent mining sequences for the 2∼4
mining levels in the model, as shown in Figure 15, are
considered. Scenario 1∼3 starts from the outside slope inwards, the inside slope outwards, and center to both sides,
respectively. Scenario 4 has similar mining sequence with
scenario 3; however, a safety ore-pillar of a certain size is
reserved near the hanging-wall of the ore-body, and it is
excavated in the end. The size of the safety ore-pillar is not
designed based on its stability analysis but on the assumption that it does not fail during the mining.
5.3. Analysis of the Simulation Results. Figure 16 shows the
numerical simulation results of the slope failure conditions
for the four mining scenarios. Slope instability occurs in
scenarios 1∼3, with bulk rock rushing to the bottom of the
open pit from the slope, in which scenario 2 is the most
serious (rushing of bulk rock to the bottom of the open pit
takes place the earliest as well), followed by scenario 1,
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Figure 11: Production condition of the open pit. (a) Aerial view, (b) south slope with the sectional view shown in Figure 4(b), and (c) broken
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Figure 12: Stope layout and the DDA Model. (a) Layout of the stope structure on the A–A′ section. (b) Model geometry and distribution of
measurement points. (c) DDA model.

Table 3: Physical parameters of the ore-body.
Parameter
Density
Young’s modulus
Poisson’s ratio
Joint cohesion (before/after failure)
Joint tensile strength (before/after failure)
Joint friction angle (before/after failure)

Value
4150 kg/m3
25 Gpa
0.27
0.18 MPa/0 MPa
0.1 MPa/0 MPa
32°/25°

whereas scenario 3 is obviously alleviated. In comparison
with scenarios 1 and 2, the mining sequence from the center
to both sides in scenario 3 eﬀectively reduces the risk of
massive bulk rock rushing to the bottom of the open pit,

thereby improving the mining safety to a large extent.
However, more satisfactorily, no rushing of rock blocks to
the bottom of the open pit occurs throughout the mining
process in scenario 4. As compared with scenario 3, the
spread of slope failure is eﬀectively reduced due to reservation of the ore-pillar. Moreover, it can be found that with
the help of a reasonable mining sequence, collapsed slope
rock mass could be induced to rush to the mined-out area,
such that the proﬁle of the collapsed slope can become
concaved, thereby greatly guaranteeing the safety of open-pit
mining.
The above results indicate that when using the induced
caving mining method to extract hanging-wall ore-body
during the transition from open pit to underground
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Figure 13: Stress curves of measurement point MP1 under the gravity force.
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Figure 14: Slope instability after undercutting (a) and removing the caved ore (b).
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Figure 15: Four mining scenarios with diﬀerent mining sequences. (a) Scenario 1, (b) Scenario 2, (c) Scenario 3, (d) Scenario 4.
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Figure 16: Slope instability of the four mining scenarios. (a) Scenario 1. (b) Scenario 2. (c) Scenario 3. (d) Scenario 4.

mining, the risk of collapsed slope rock mass rushing to the
bottom of the open pit to threaten the open-pit mining is
capable to be eliminated by optimizing the mining plan,
including adjusting of the mining sequence, even under the
condition of topping-induced massive slope instability.

6. Conclusions
In this study, a mining scheme for hanging-wall ore-body via
the induced caving mining method during the transition
from open pit to underground mining is proposed. The
numerical simulation in this study proves the feasibility of
the proposed mining scheme and explored its mechanism
and some critical impacting factors including the rock
structure and the mining sequence.
The numerical simulation results show that the mode of
slope instability triggered by the induced caving mining of
the hanging-wall ore-body is closely correlated with the rock
mass joint orientations of the slope. When the predominant
joint set enables sliding instability of the slope, a more gentle
inclination of the predominant joint set means a higher
possibility of the rushing out of the collapsed rock mass to
the bottom of the open pit as a threat. Comparatively, when
the predominant joint set hints topping instability of the
slope, the relationship between the inclination of the predominant joint set and the threat of the collapsed slope rock
to the open-pit mining becomes further complicated because
certain joint set interactions turn to against the failure of the
slope. Moreover, the mining sequence of hanging-wall ore-

body has a signiﬁcant impact on the development of slope
instability and its threat to the open-pit mining. A reasonable mining sequence of the hanging-wall ore-body can
help to eﬀectively eliminate the threat that slope instability
poses to the normal open-pit mining. These conclusions are
instructive to the mining design of actual engineering.
Generally, the proposed mining scheme for hanging-wall
ore-body via induced caving breaks the traditional concept
that the slope must remain stable during the transition stage,
which avoids the mutual restriction of hanging-wall orebody mining and normal open-pit mining, and helps to
realize smooth transition for the ore output during the
transition from open-pit to underground mining. This
mining scheme is hopefully to be applied and validated in
practical mining engineering in the future.
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Coal bump refers to a sudden catastrophic failure of coal seam and usually causes serious damages to underground mining
facilities and staﬀ. Considering the combined coal-rock structure for coal bumps, failure process and acoustic emission (AE)
characteristics of combined coal-sandstone samples under diﬀerent loading rates were studied by uniaxial compression tests, and
three basic failure modes and bump proneness for coal-rock structure were obtained. The following conclusions are drawn: (1)
when loading rate was relatively low, plastic deformation of coal mass fully developed, while surface cracks of coal mass was not
apparent and slip along the transﬁxion crack occurred in the postpeak stage; (2) with the increase in loading rate, surface tensile
cracks developed into splitting cracks at the end of the prepeak stage and throughout the postpeak stage, and brittle failure ﬁnally
happened due to the release of nonlinear step-shaped energy or one-time strain energy release of upper rock mass, resulting in the
damage of internal bearing structure and weakening of bearing capacity; (3) the deformation and failure process of combined
samples showed obvious phases, and corresponding AE energy release rate could be divided into periodic linear growth and
transient growth, while the cumulative energy of AE events has multiple peak points and transient growth with the increase of
loading rate; (4) it was demonstrated that two distinct frequency bands existed in AE events, which were about 50 kHz and
150 kHz, and the distribution of AE events near 50 kHz was larger and stronger, representing the main frequency range of cracks
in coal mass. According to the damage characteristics and AE parameters for combined samples, an brittle model for coal-rock
structure with mutation characteristics was proposed, and three basic failure modes for the combined structure with the increase
of loading rate were progressive shear failure, splitting failure, and structural failure, respectively.

1. Introduction
Coal bump refers to a sudden catastrophic failure of coal
seam and coal burst into the underground mining roadway
[1], with a dynamic process of sudden, rapid, and violent
release of elastic energy accumulated in rock and coal
masses during underground mining [2–4]. Its essence is
neither pure strength failure of coal mass nor the direct
result of roof convergence, but is the consequence of steady
accumulation and dynamic release of elastic energy, corresponding to roof pressure loading transmission and
progressive failure of coal mass under the condition of
coordinated deformation. Although much eﬀort has been
made to control and mitigate coal bumps, coal bumps are

still frequently reported in underground mining and even
more for deep coal mining across the world [5–8].
Mechanical characteristics and failure modes of coal mass
are determined by the comprehensive inﬂuence of loading
conditions [9–13]. Many studies have been conducted on the
eﬀects of the combination mode on mechanical properties,
failure characteristics of coal-rock combinations, and failure
behavior of typical combined samples under diﬀerent loading
paths [14–16]. Diﬀerent indexes which can reﬂect the relationship between energy accumulation and release of
combined samples were proposed to measure bump proneness [17, 18]. However, the inﬂuence of the loading rate on the
mechanical characteristics of combined coal-rock structure
has not been investigated thoroughly.
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Various kinds of monitoring information of combined
samples can be obtained under diﬀerent test conditions,
while AE and microseism information can reﬂect the energy
dissipation intensity of combined samples during the failure
process [17, 19]. The accumulation and release of elastic
energy are in accordance with the rock failure process and
with the assumption of damage mechanics and certain
distributions obeyed by microelement strength, and corresponding statistical models have been established [20, 21];
however, the relationship between loading conditions and
dynamic energy release law has not been completely obtained, and practical failure modes for combined samples
measuring bump proneness have not been established.
Coal bumps frequently occur within a underground
mining structure constituted by hard rock roof and relatively
hard coal seam. In this paper, combined samples of coalsandstone are taken into consideration for coal bumps, and
the research on uniaxial compression tests under diﬀerent
loading rates is carried out. According to the damage
characteristics and AE monitoring information of combined
samples, failure modes for combined samples are extended.

2. Test Scheme for Combined
Coal-Rock Structure
2.1. Loading Scheme. Typical combined structure of coalrock is shown in Figure 1. In the uniaxial compression tests,
the load is transferred from sandstone to rock mass in the
vertical direction, and the axial strain is the sum of axial rock
strain and axial coal strain. For the coal mass, it is assumed
that the microelements reaching the strength lose bearing
capacity immediately, and the load is transferred to the
undamaged microelements, while the stress-strain relationship of the rest microelements follows the equivalent
Hooke’s law:
σ � Eε(1 − D),

(1)

where σ is the horizontal stress, E is the elastic modulus, ε is
the axial strain, and D is the damage variable.
Herein, the axial displacement control method is applied
for obtaining postpeak stress-strain relationship. According
to the performance of the testing equipment, the span of the
loading rate was expected to be extended as far as possible.
Five initial loading rates of 0.006 mm/min, 0.012 mm/min,
0.03 mm/min, 0.06 mm/min, and 0.12 mm/min were preliminary selected. Considering preliminary test results,
loading rate of 0.04 mm/min and veriﬁcation tests were then
carried out. The loading condition for combined samples is
shown in Table 1.
2.2. Sample Selection and Processing. In order to study the
deformation and failure characteristics of combined samples, the hard anthracite [22] and roof sandstone from the
No. 8937 working face in 11# coal seam of Xinzhou Coal
Mine in Datong mining area of China were selected to
conduct the experiment under natural moisture state. The
uniaxial compressive strength of the roof sandstone was
about 150 MPa, and the uniaxial compressive strength of the

P
u1 + u2
L1

Sandstone

u2
L2

P

Figure 1: Combined structure of coal-rock.

Table 1: Loading rate of each sample.
No.
1
2
3
4
5
6

Loading rate
(mm·min−1)
0.006
0.012
0.03
0.04
0.06
0.12

Loading rate
(mm·s−1)
1E − 4
2E − 4
5E − 4
7E − 4
1E − 3
2E − 3

Strain rate
(s−1)
1E − 6
2E − 6
5E − 6
7E − 6
1E − 5
2E − 5

coal mass was about 15 MPa. The stress-strain curves of
individual coal and rock samples are shown in Figure 2.
The obtained coal and sandstone blocks were processed
into V 50 mm cylinders and then cut into corresponding
samples with diﬀerent lengths by stone sawing machine.
Finally, the two ends of the cylinders were, respectively,
polished into smooth planes by grinding machine, with the
deviation control within 0.02 mm in diameter and the total
height of each sample 100 mm after processing, with height
ratio of sandstone to coal 1 : 2. The rock sample is put on the
top and the coal sample on the bottom, as shown in Figure 3.
2.3. Test Equipment and Data Monitoring
2.3.1. Loading Equipment. GAW-2000 electrohydraulic
servo rock triaxial testing machine.
2.3.2. Strain Acquisition Equipment. The dynamic recording
system of the testing machine was combined with a standard
50 × 100 mm strain extensometer to measure overall axial
stain, and the axial strain of the coal and rock was recorded
by the strain gauges in the upper part and the lower part of
the sample, respectively.
2.3.3. AE Collection Equipment. AE probes were ﬁxed on the
upper sandstone of combined sample and parameters of AE
events during the whole loading process were recorded. The
test system is shown in Figure 4.
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Figure 2: The stress-strain curves of individual coal and rock samples: (a) coal sample; (b) rock sample.
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Figure 3: Samples before tested.

About the contact approach between coal and sandstone,
other scholars mainly adopted artiﬁcial adhesive approach
and natural contact approach, considering that the cohesion
of coal-rock interface is relatively low, so the natural contact
was adopted, smearing Vaseline between coal-rock interface
as transmission coupling medium for AE signals.

3. Failure Process and Acoustic Emission
Characteristics of Combined Samples
3.1. Stress-Strain Relationship Analysis of Combined Samples.
The peak strength and elastic modulus of each sample are
shown in Figure 5, where E represents the overall elastic

modulus of combined samples. The black curve showed
a clear peak of elastic modulus with the increase of loading
rates, and the variation of the elastic modulus under diﬀerent
loading rates is erratic, which was probably caused by the
inﬂuence of rock mass compaction and interface closure.
When the loading rate was relatively low, the strength of the
combined samples was close to the strength of pure coal
samples. With the increase of the loading rate, the strength
of the combined samples ranged from 11 MPa to 24 MPa,
increasing with the increase of the loading rate in the selected loading rate range, while the elastic modulus showed
a trend of high on middle and low on both sides.
Typical stress-strain curves of combined samples are
shown in Figure 6, where the strain values represent the axial
strain of combined samples, namely, the sum of axial rock
strain and axial coal strain. In general, the elastic modulus
increases and the peak strain decreases with the increase of
loading rate, while the peak strain with no obvious change,
which is related to the uneven deformation caused by
loading conditions and the stress adjustment process. In
contrast, the compaction deformation of combined samples
tended to be more obvious than the compaction deformation of pure coal samples, and the combined samples
entered into the elastic stage faster with the increase of
loading rates, and the insuﬃcient compaction increased the
stress adjustment ability near the peak strength of the sample
to a certain extent.
With the change of the loading rate, failure process
presented three diﬀerent patterns. When the loading rates
were 0.006 mm/min and 0.012 mm/min, the plastic deformation of the coal mass was fully developed, and the slip
along the transﬁxion crack surface occurred in the postpeak
stage. When the loading rates were 0.03 mm/min and
0.04 mm/min, the plastic crack was not fully developed at the
prepeak stage. At the end of the prepeak stage and the whole
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Figure 5: Statistics of elastic modulus and peak strength.

postpeak stage, stress of coal mass was under constant
adjustment process until the ﬁnal instability of crack
structure. At the loading rates of 0.06 mm/min and
0.12 mm/min, larger loading rate led to the result that the
coal mass stress could not adjust to the changing load, and
ﬁnally the brittle failure occurred suddenly under the eﬀect
of the energy release of upper rock mass and the coal mass.
It is observed from Figures 6(a) to 6(c) that the deformation process of 1# and 2# sample was relatively gentle,
and the coal mass was ﬁnally destroyed along the crack
surface, while the deformation of rock mass was relatively
small and even released. Step-shaped strain release of the
rock mass in 3# and 4# combined samples was obtained
during the release of elastic energy at postpeak stage, and this
situation was more intuitively expressed in the strain process
of the rock mass in 4# sample. Due to the relatively large
loading rate, the rock mass of 5# and 6# sample presented
one-time strain release when elastic energy released in the
suddenly failure of coal mass, which also led to a relatively
more violent destruction.
The strain curves of strain gauges in diﬀerent parts
show diﬀerent characteristics, corresponding to the stressstrain curves. When the loading rate was 0.012 mm/min,
the strain curves of both coal mass and rock mass were

relatively smooth, and strain of coal mass decreased ahead
of the ﬁnal damage due to local failure of coal mass, and the
overall strain and the strain of rock mass suddenly
descended at the time of suddenly failure. When the
loading rates were 0.03 mm/min and 0.04 mm/min, cracks
developed fully and the strain of the rock mass was linear at
the prepeak stage, presenting step-shaped strain release at
postpeak stage, which was accompanied by the repeated
cracks in the coal mass. At the loading rate of 0.06 mm/min
and above, the monitoring strain of the coal mass generally
had a mutation before the overall damage occurred, accompanied by sudden collapse of the rock mass as rapid
loading on coal mass.
3.2. Failure Characteristics of Combined Samples. In general,
the instability of coal-rock mass begins to appear when the
loading on coal-rock mass exceeds the peak strength. With
the increase of loading rate, peak strength of rock materials
tends to increase to a certain extent; while at the same time,
high loading rate causes the decreasing ability of rapidly
deformation adjustment when reaching higher strength.
Therefore, along with the increase of loading rate, strength
and brittleness of coal mass increase, and the ductility of
the rock mass will generally reduce accordingly. The
original cracks in the upper part of the hard mass determine the deformation ratio of the two bodies during
compaction.
Strain gauges for coal lost eﬃcacy when the located
region shattered, and several undamaged gauges were
chosen for whole process analysis. The deformation and
failure of the samples showed obvious development process,
and axial strain curves of three samples are shown in Figure 7. The surface crack of the 2# sample was not obvious,
and the eventually crack is shown in Figure 8. For 3# sample
and 4# sample, development of surface splitting resulted in
the loss of bearing capacity. For 5# sample, the tensile cracks
on surface coal were accompanied by the weakening of the
internal bearing structure under the large loading rate,
resulting in sudden instability as a whole. The above phenomenon is consistent with the classic conclusion: the
physical and mechanical properties of combined sample is
relative to the loading conditions, such as uniaxial
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Figure 6: Stress-strain curves of combined samples: (a) 1# combined sample; (b) 3# combined sample; (c) 5# combined sample.

compressive strength, peak strength, failure characteristics,
and stress-strain relationship, while the dissipation and
release law of elastic energy is relative to the combining form
of samples.
3.3. Acoustic Emission Characteristics Analysis of Progressive
Shear Failure Sample. According to the deﬁnition and descriptive angle of the parameters, AE parameters can be
divided into process parameters and state parameters.
Process parameters describe the whole AE monitoring
process, reﬂecting the overall behavior of the process, while
state parameters reﬂect the instantaneous AE characteristics
during the process. In common, cumulative parameters
(such as cumulative number of events, ringing counts, and
cumulative release energy) and statistical parameters (such
as amplitude distribution, frequency distribution, and rising
time distribution) are all process parameters, while the rate
of AE events, AE rate, and energy releasing rate are common
state parameters. With combination of the test results, the
AE characteristic curves, as shown in Figure 9, demonstrate
the count of AE events and cumulative energy.
When the loading rate was 0.012 mm/min, the count and
the cumulative energy of AE events slightly developed in the
prepeak stage, while the count was generally small and the

growth of cumulative energy was slow. Along with stress
adjustment at the postpeak stage, the through surface
formed and eventually failed with the development of plastic
deformation and cracks. The relative intensity of AE was
obviously lower than that of other combined samples, and
the ultimate destruction of the sample was relatively calm.
The energy release rate is deﬁned as the energy value of
AE events per unit time, which can be expressed as the slope
of the cumulative energy curve in the ﬁgure, mainly in the
form of periodic linear growth and transient growth.
3.4. Acoustic Emission Characteristics Analysis of Splitting
Failure Samples. When the loading rate was 0.03 mm/min,
the count and the cumulative energy were low at prepeak
stage, and the cumulative energy was almost stagnant. At the
postpeak stage, with stress adjustment and periodic destruction of coal mass, the cumulative energy continued to
increase, and AE events occurred periodically in the course
of constant stress adjustment. The AE events could be divided into two stages by intensity; the energy release at ﬁrst
stage was more intense, and the intensity of AE events
decreased after a large stress drop and energy dissipation and
entered into the second stage. Eventually, after a number of
intermittent energy release, the sample underwent
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Figure 7: Axial strain curves: (a) intermediate sample (3#); (b) step-shaped strain release of rock mass (4#); (c) one-time strain release of rock
mass (5#).

a relatively calm slip along the splitting cracks. The AE events
before the peak of the sample were distributed evenly, and
the burst degree after the peak was also more moderate. The
AE characteristics of 3# sample are shown in Figure 10.
At the same time, it could be seen that the AE events in
each stage were generally ahead of the stress drop, which
indicated that the destruction of the samples had certain
viscosity characteristics, leading to the delay of energy
dissipation.
3.5. Acoustic Emission Characteristics Analysis of Structural
Failure Samples. AE characteristics of 5# sample are shown
in Figure 11. When the loading rates were 0.06 mm/min and
0.12 mm/min, the AE count was generally small at the
prepeak stage, and the increasing rate of the cumulative
energy was also slow. The stress could not adjust to the
energy release slowly and the it dropped abruptly near the
peak and rose a little higher subsequently. AE events count

and energy value were high in the postpeak stage, and brittle
failure ﬁnally happened under the eﬀect of sustained energy
release.

4. Failure Modes and Mutation Process of
Combined Samples
4.1. Frequency Distribution Characteristics of Combined
Samples. The peak amplitude of the AE waveform can
describe the intensity of AE events, and the time-peak
frequency curves of typical samples are shown in Figure 12.
It can be seen from the curves that there are two distinct
frequency bands, which are about 50 kHz and 150 kHz,
respectively. Considering that the peak frequency of rock
cracks development is larger than that of coal mass and the
distribution of AE events near 50 kHz are larger and
stronger, the two frequency bands are the main frequency
range of coal and rock mass, respectively.

Advances in Civil Engineering

7

3#

2#

(a)

5#

(b)

(c)
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The scatter points between the main frequency bands can
be approximated and viewed as AE events caused by the
failure of bearing structure in coal mass, and the frequency
values are also slightly higher than the AE events caused by
the microcracks in the coal mass. With the loading rate
increasing, the scatter distribution was more concentrated
and the frequency value increased.
When the loading rate was relatively low, there was
a relatively obvious low frequency band for 2# sample,
which could be regarded as the result of the original cracks
closure.
4.2. Failure Modes Analysis of Combined Samples. The amplitude of bearing structure damage is basically between 45
and 65 dB. From the failure characteristics of the samples
shown in Figure 8, the frequency range of 2# sample is
basically ﬂat expanding, and the peak frequency of AE events
increases with the destruction of bearing structure. The high
peak frequency of AE events in coal mass of 3# and 4#
samples are mainly concentrated in the ladder-like changing
region of stress, and the bearing structure of the sample is
destroyed constantly during the stress adjustment process
until the eventual failure. The high peak frequency of AE
events in coal mass of 5# emerged after the peak and are
more concentrated, representing the rapid destruction of
bearing structure.
The failure of the samples showed obvious development
process. Surface cracks of 2# sample are not apparent, and
ﬁnally transﬁxion crack is shown in Figure 8. Splitting cracks
of 3# sample and 4# sample kept developing on the coal
surface, resulting in structural loss of bearing capacity. In the
case of 5# sample, the surface coal mass was torn under
a large loading rate, and the whole structure suddenly became unstable with the weakening of the internal bearing
structure.
With the increase of loading rate, the release of energy
became more violent, and the total energy released was
related to the stiﬀness of the coal at the postpeak stage. The
internal microcracks of inner rock mass were further

expanded due to the stress concentration during the
loading process, and brittle cracks occurred along the direction of minimum energy dissipation when extended to
the critical crack size. The thinner zone of coal seam caused
sharp change of the rigidity ratio of coal to rock and the
increased thickness of the hard roof hindered the transfer
of stress, and the test results matched well with the coalsandstone combination in coal bump area. Three typical
failure modes of the combined samples are shown in
Figure 13.
4.3. Mutation Process Analysis. The failure of rock mass
follows the composite failure criterion of shear failure and
tensile failure, and the mechanical behavior after failure is
between strain softening and ideal plasticity. The deformation development and failure of coal-rock combination is a nonlinear process, and the catastrophe theory can
better cover the singularities and bifurcations in the nonlinear system, as a more mature nonlinear theory.
In theory, when the loading rate is very slow, the samples
have suﬃcient deformation adjustment time, with no sudden release of energy. When the loading rate is high, the
energy dissipation cannot be completely oﬀset by continuous plastic strain, and energy is rapidly released in the form
of crack development. The upper hard mass can be regarded
as an elastomer, and the lower soft mass can be regarded as
a damaged elastomer [20]. Considering stress continuous
conditions, there are following stress-strain relationships,
respectively:
F1 � K1 u1 ,
⎪
⎧
⎪
⎪
⎪
⎪
⎪
⎪
⎪
m
⎨
F2 � K2 u2 · exp−uu2   ,
⎪
0
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎩
F1 � F2 ,

(2)

where F1 and F2 represent the axial force of rock and coal,
respectively, K1 and K2 represent the axial stiﬀness of rock
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Figure 12: The distribution of frequency: (a) 2# combined sample; (b) 3# combined sample; (c) 5# combined sample.

I

σ

II
III

load, the change of the geopotential energy of the combined
structure is relatively small. Therefore, we can just consider
the elastic deformation energy in the calculation of potential
energy function, and geopotential energy of the system is
neglected; the total potential energy function of the system is
as follows:
m

u1
u2
u
V u2  �  K1 u1 · du1 +  K2 u2 · exp− 2  du2 .
u0
0
0

(3)
O

ε

Figure 13: Possible failure modes.

and coal, respectively, u1 and u2 represent the axial displacement of rock and coal, respectively, while u0 and m are
distributed variables.
Many scholars simplify the vertical deformation of the
upper structure as the diﬀerence between the total deformation and the deformation of the lower structure.
However, the total deformation is not a constant but
a function of the lower deformation. Considering that the
gravity of sample is almost negligible compared with axial

The essential condition for brittle failure of coal mass in
combined coal-rock structure is that the rigidity of the coal
mass is larger than that of the rock mass. At the same time,
the energy input rate J � 0, namely, that the energy condition
for potential coal bumps is fulﬁlled and we get
F′ u2 V′ (u2 )�0 � −K1 .

(4)

4.4. Components Combination Model. In theory, there is
a brittle catastrophe model of the coal-rock combination as
shown in Figure 14. With the increasing stiﬀness ratio of
rock to coal, the release of energy is more sudden and violent, and the total energy released is related to the stiﬀness
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Figure 14: Brittle catastrophe model.
Figure 15: Combination elements model.

of the coal at the postpeak stage. The mechanical properties
of rock are the comprehensive reﬂection of elastic, plastic,
viscous, brittle, and other properties under diﬀerent loading
conditions, and single stress-strain relationship could not
explain the real boundaries of the mutation under diﬀerent
loading conditions and combination conditions due to the
hysteresis of the mutation.
In order to describe the gradual failure and stress adjustment characteristics of the coal-rock masses, a mutation
elements model with damage and stick-brittle characteristics
was established according to the failure characteristics of the
combined sample, as shown in Figure 15. In the model, the
upper rock mass was simpliﬁed as elastic mass, while the
lower coal mass represented by an inﬁnite number of elasticbrittle microunits with strength in accordance with the
Weibull distribution and a representative sticky-brittle element for the main structure in parallel.
The damage process of the main structure is diﬀerent
under diﬀerent loading conditions. Considering that the
overall stiﬀness of thick rigid roof is generally dozens of
times larger than that of the coal seam, which greatly increases the risk of coal bumps. With diﬀerent loading
conditions, the number of fragile microunits per unit time
and the concentration of energy release also change accordingly, and the probability of mutation is also diﬀerent
on the basis of the mutation condition. The intensity degree
of failure can be divided into progressive shear failure,
splitting failure, and structural failure.

5. Conclusions
Considering the combined coal-rock structure for coal
bumps, failure process and AE characteristics of combined
coal-sandstone samples during compression tests were
studied under diﬀerent loading rates within 0.006 mm/
min∼0.12 mm/min, and three basic failure modes and bump
proneness for coal-rock structure were obtained.
(i) Within the selected loading rate range, the strength
of combined samples ranged from 11 MPa to
24 MPa, having an increase trend with the increase
of the loading rate, while the elastic modulus presented a trend of high on middle and low on both

sides. When the loading rates were 0.006 mm/min
and 0.012 mm/min, the plastic deformation of the
coal mass was fully developed, and the slip along the
transﬁxion crack surface occurred in the postpeak
stage. When the loading rates were 0.03 mm/min
and 0.04 mm/min, the plastic crack was not fully
developed in the prepeak stage. At the end of the
prepeak stage and the whole postpeak stage, stress
inner coal mass was under the constant adjustment
process until the ﬁnal crack structure instability. At
the loading srate of 0.06 mm/min and 0.12 mm/min,
the coal mass stress could not adjust to the increasing load slowly with surface tensile cracks
developing, and brittle failure ﬁnally happened
under the eﬀect of sustained energy release of upper
rock mass and the coal mass with internal bearing
structure damaged.
(ii) The deformation and failure process of combined
samples showed obvious phases, and corresponding
AE energy release rate could be divided into periodic linear growth and transient growth in the
whole process of uniaxial compression, while the
cumulative energy of AE events has multiple peak
points or transient growth with the increase of the
loading rate. When the loading rate was
0.012 mm/min, surface cracks of coal mass was not
apparent, and ﬁnally slip along the transﬁxion crack
surface occurred in the postpeak stage. Splitting
cracks of 3# sample and 4# sample kept developing
in the coal surface, and the intensity of AE events
decreased after a large stress drop and energy dissipation and entered the second stage, resulting in
structural loss of bearing capacity. Eventually, after
a number of intermittent energy release, the sample
underwent a relatively calm slip along the splitting
cracks. When the loading rates were 0.06 mm/min
and 0.12 mm/min, surface tensile cracks developed,
while AE count and the increasing rate of the cumulative energy were generally small in the prepeak
stage; brittle failure ﬁnally happened under the
eﬀect of sustained energy release of upper rock
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mass, and the coal mass with internal bearing
structure damaged in the postpeak stage.
(iii) It was demonstrated that two distinct frequency
bands existed in AE events, which were about
50 kHz and 150 kHz, and the distribution of AE
events near 50 kHz was larger and stronger, representing the main frequency range of cracks in coal
mass. According to the damage characteristics and
AE parameters of combined samples, the brittle
model for coal-rock combination with damage and
mutation characteristics was proposed. Three basic
failure modes for combination with the increase of
loading rate were progressive shear failure, splitting
failure, and structural failure, respectively.
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Soil-rock mixtures are often seen in geological deposits. Mechanical properties of these mixtures are controlled by microstructural
characteristics such as rock size distribution, rock shape, locations, and content. The eﬀects of material composition on soil-rock
mechanical properties were studied in the laboratory. The soil-rock material was screened into diﬀerent size categories. Mediumscale shearing and triaxial experiments were used to study the relationships among macrodeformation, strength, content, size, and
random location of rocks. The medium-scale triaxial shearing instrument included the computer control system, EDC control
system, and sensor response. The stress-strain curve of soil-rock mixtures was found as a hardening curve which is approximately
hyperbolic, and there was no obvious peak intensity value. When the Mohr–Coulomb criterion was used to depict the curve under
a shear strain of 0.15, cohesion ﬁrst increased and then decreased, a ﬁnding opposite to the internal friction angle with a decrease
in particle size. Elastic modulus increased with an increase in rock size, but Poisson’s ratio remained constant. In similar
conditions, the random location of rocks can lead to a variation range of 4 degree of the internal friction angle, and cohesion values
can change in a large range than the mean value.

1. Introduction
Soil-rock mixture is a geological body composed of gravel or
stone as an aggregate and clay and sand as a ﬁlling material,
which is often found in geological deposits. A landslide,
composed of soil and rock, is illustrated in Figure 1, and
a geological survey shows that its internal structure is
composed of matrix soil grains with diﬀerent cementation
degrees and rubble with greater strength and stiﬀness. Soilrock mixtures are usually not homogeneous; discontinuity
and spatial variability are determined by rock content, cementation degree, and microscopic characteristics such as
particle size, roughness, and texture. The mechanical deformation properties and strength parameters are closely
related to structure composition such as rock content, size,
shape, and spatial distribution. The successful development
of China hydropower dam structures will require greater
understanding of the mechanical properties of soil-rock
mixtures.

A number of research studies have been conducted to
investigate the eﬀects of soil-rock mixtures on mechanical
properties. Medley [1] proposed that the mechanical properties of soil-rock mixtures are related to rock content and
physical arrangement. Xu et al. [2–6] studied the correlation
between the microscopic structure and macromechanical
properties and the eﬀects of diﬀerent interface types of soilrock on mechanical properties and failure mechanisms. Tu [7]
found that, under low-stress conditions, the Mohr–Coulomb
strength envelopes (for the same sample, under diﬀerent
principal stress, envelopes of the stress circle when the sample
reaches the limit state) of soil-rock mixtures were almost
linear. Under higher stress, strength envelopes were nonlinear
and concave. A relationship between stress and shear strength
parameters was therefore proposed. Xiuli [8, 9] developed
a numerical simulation method for unsaturated soil-rock
mixtures and analyzed the inﬂuence of contact characteristics, rock content, saturation, etc., on mechanical properties
and failure mechanisms.
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②

⑤
④

Figure 1: Soil-rock mixtures seen in engineering.

It is critical to determine physical and mechanical parameters in the design and construction of engineering
structures using soil-rock mixtures [10–12]. However, because of poor traﬃc, the ﬁeld test is diﬃcult to execute, and
when the rock size varies over several orders of magnitude, it
is more diﬃcult to simulate the actual rock size in the
laboratory [13–17]. The mechanical properties of soil-rock
mixtures are complex because these mixtures are multiphase, multicomponent, and discontinuous materials.
In this paper, based on the Mohr–Coulomb criterion,
medium-scale shearing instruments are used and small-scale
tests are designed to study the inﬂuence of rock content, rock
size, and the random distribution of rocks on the mechanical
parameters of soil-rock mixtures.

2. Materials and Methods
2.1. Experimental Instrument. A medium-scale triaxial
shearing instrument was used for all tests. When the test
material is loaded, the computer can control the stress or
strain (Figure 2). Through the EDC control system and
sensor response, beam displacement can be controlled. In
the system, Figure 2 (③) controls the change of conﬁning
pressure. To control the experiment process, serial programming was used. A computer program was used to
control and record conﬁning pressure.
2.2. Experimental Materials. The soil material used was low
liquid-limit (the water content at which soil behaves practically like a liquid) clay. The liquid limit, plastic limit, and
plasticity index were, respectively, 29.2%, 17.2%, and 12%.
The gradation of grains is shown in Table 1, while grain size
is the particle diameter of soil and is classiﬁed by the sieving
method.
Soil in the soil-rock mixtures is a relative concept and
diﬀerent from the traditional notion of silt, clay, and other
ﬁne-grained soil. The range of grain size in these mixtures
will vary depending on the research scale. Particle size varies
from several millimeters to tens of centimeter. Deﬁning the
soil and rock is important in determining the rock content of
this medium. Medley found a size independence characteristic in soil-rock mixtures and deﬁned the threshold value
of soil and rock as follows:

③

①

⑥

Figure 2: Medium-scale triaxial shearing instrument system: ①
medium-scale triaxial chamber; ② system of axis force applied; ③
system of conﬁning pressure applied; ④ system of volume change
measured; ⑤ system of electric control; ⑥ system of data collection
with a computer.
Table 1: Gradation of the soil material.
Grain size (mm)
Content (%)

1–0.5
1.1

0.5–0.25
2.6

0.25–0.075
28.1

dthr � 0.05Lc ,

>0.075
68.2

(1)

where dthr is the threshold of soil and rock size and Lc is the
size of research scope.
For the triaxial shearing experiment test,
Lc � D,

(2)

where D is the sample diameter. The criterion for judging
soil and rock is therefore
dthr � 0.05Lc � 0.05D � 0.05 × 100 mm � 5 mm.

(3)

In the process of test conﬁguration, the minimum size of
particles was 5 mm. To meet speciﬁcations of the mediumscale triaxial shearing instrument, the rock size in soil-rock
mixtures should not exceed 20 mm. So rocks in site between
5 mm and 20 mm were used to simulate the action of rock
particles, which is equivalent to removing larger rocks from
ﬁeld samples. The physical and mechanical parameters of
soil and rocks are shown in Table 2 according to the
Mohr–Coulomb criterion. In Table 2, ρ is the density, E is
the elastic modulus, μ is Poisson’s ratio, C is the cohesion,
and ϕ is the internal friction angle.
2.3. Experimental Program. Tests were focused on the inﬂuence of rock content, size, and random distribution on
macromechanical parameters and deformation characteristics. In each test, the total mass of soil and rock was
3 kg, and the used rock is shown in Figure 3. The experimental design is shown in Table 3. The mixed size
consists of one-third of the sizes: 16–20 mm, 10–16 mm,
and 5–10 mm. For each group, 3 samples were used, and
the conﬁning pressure was set to 200 kPa, 400 kPa, and
800 kPa, respectively. The shear rate of pure soil was set at
0.05 mm/min, the mixture medium was 0.1 mm/min, and
the shear process terminated when the displacement
reached 30 mm.
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Table 2: Mechanical parameters of soil and rocks.

ρ (kg/m3)
2100
2800

Name
Soil
Rocks

E (MPa)
50.00
1.0E4

(a)

μ
0.34
0.29

C (MPa)
0.06
3

(b)

ϕ (°)
22
45

(c)

Figure 3: Artiﬁcial rock sizes (mm): (a) 5∼10; (b) 10∼16; (c) 16∼20.
Table 3: Test design of soil-rock mixtures.
Category of test

Inﬂuence of rock content

Inﬂuence of rock size
Random
Random
Random
Random

distribution
distribution
distribution
distribution

1
2
3
4

Rock content (%)
0
20
30
50
70
50
50
50
50
50
50
50
50

Size of particle (mm)
—
16∼20
16∼20
16∼20
16∼20
16∼20
10∼16
5∼10
Mixed size
16∼20
16∼20
16∼20
16∼20

Mass of dried soil material (g)
3000
2400
2100
1500
900
1500
1500
1500
1500
1500
1500
1500
1500

Mass of total particle (g)
0
600
900
1500
2100
1500
1500
1500
1500
1500
1500
1500
1500

2.4. Experimental Methods. The diameter and height of the 2
cylindrical samples were 101 mm and 200 mm. The 2 end
surfaces of each sample were parallel to each other and
perpendicular to the axis. To meet these requirements,
a special sample kit was used to make samples (Figure 4).
When the sample was installed, inlet-water stone, samples,
ﬁlter, permeable stone, and sample cap were installed in turn
on the basis of the pressure chamber, and then, a rubber
membrane was used to entangle the sample. The sample was
a saturated consolidation. Because the permeability of soilrock mixtures in engineering is usually greater, the head
saturated method was adopted to saturate samples.

3. Results

Figure 4: Special sample kit for medium-scale triaxial experiments.

3.1. Inﬂuence of Rock Content. Rock content is one of the
most important factors [18–20] determining mechanical
properties of soil-rock mixtures. Treatments are listed in
Table 3. Five groups of medium-scale triaxial consolidation
draining shear tests using diﬀerent rock contents with
conﬁning pressures of 200 kPa, 400 kPa, and 800 kPa were
completed, and the curves of (σ1 − σ 3)∼ε and (σ1 − σ 3)∼σ 3 are
shown in Figure 5.

The curves of (σ1 − σ 3)∼ε under diﬀerent conﬁning
pressures are hyperbolic and have no obvious peak intensity,
which belong to hardening deformation curves (Figure 5).
Treatments with the same rock content illustrate that conﬁning pressure has a great eﬀect on the distribution of peak
stress appearance. When rock content is lower, stress-strain
curves are smoother, but an increase of rock content (especially when the rock content is 70%) causes greater
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0

0
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8
εa (%)
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0
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0

2

4

6
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20%
30%
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12

14

16

12

14

16

(b)

1400

2000
1800

1200

1600

1000

1400

σ1–σ3 (kPa)

σ1–σ3 (kPa)

10
50%
70%

(a)

2200

1200
1000
800
600

800
600
400

400

200

200
0

8
εa (%)

0

2

4

6

8
εa (%)

0%
20%
30%

10

12

14

16

50%
70%
(c)

0

0

2

4

6

8
εa (%)

10

200 kPa
400 kPa
800 kPa
(d)

Figure 5: Curves of (σ1 − σ 3)∼ε under diﬀerent conﬁning pressures: (a) 200 kPa conﬁning pressure; (b) 400 kPa conﬁning pressure;
(c) 800 kPa conﬁning pressure; (d) 30% rock percentage.

ﬂuctuation in the stress-strain curves. This ﬂuctuation is
caused by interaction forces between larger particles, leading
to an increase in shear displacement. Under the same
conﬁning pressure, peak strength increases with an increase
in rock concentration. At the same time, the curve of
(σ1 − σ 3)∼ε ﬂuctuations increases and the hardening phenomenon is enhanced, especially under high conﬁning
pressure. Under 30% rock block content, peak intensity
increases with the increase in conﬁning pressure, and the
peak intensity of 800 kPa conﬁning pressure is about 4 times
that of 200 kPa conﬁning pressure (Figure 5).
Because the curve of (σ1 − σ 3)∼ε is hyperbolic, there is no
obvious peak intensity. In order to compare the shear

characteristic, failure stress when at 15% is used to calculate
shear strength. Through analysis of the strength envelope
and Mohr circle under diﬀerent conﬁning pressures, it was
found that the tangent of the Mohr circle is linear and the
Mohr–Coulomb criterion can be used to reﬂect macrodeformation and strength.
The results of the triaxial shear test, the strength parameter index according to the Mohr–Coulomb criterion,
are shown in Table 4.
Cohesion decreases at ﬁrst and then increases with an
increase in rock content. However, the friction angle increases continuously. As rock content increased from 0 to
70%, the internal friction angle varied from 22.1° to 34° with
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ϕ (°)
22.1
25.0
27.7
30.7
34.0

C (kPa)
72.6
41.1
24.2
6.9
41.0

Note: C is the cohesion; ϕ is the internal friction angle.

a maximum increase of 53.8%. The interaction forces between large particles contribute to this phenomenon. As
rock content increases, the contact area of the rock particles
will increase. The roughness and increased stiﬀness will
enhance the mechanical properties of the mixture to increase
the internal friction angle in the shearing process. As the
rock content increased from 0 to 50%, the cohesion varied
from 72.6 kPa to 6.9 kPa. The decreasing rate is 90.5%. As the
rock content increased from 50% to 70%, the cohesion
increased from 6.9 kPa to 41.0 kPa. This increasing cohesion
was also the result of mutual force between particles.
To illustrate the eﬀect of rock content on deformation
characteristics, secant modulus with an axial strain of 1% is
used as the elastic modulus and Poisson’s ratio is used when
the axial strain was 15%. The elastic modulus and Poisson’s
ratio of diﬀerent treatments and conﬁning pressures are
shown in Table 5. The elastic modulus increases with increasing rock content under the equal conﬁning pressure;
the relationship is more evident under greater conﬁning
pressure. The elastic modulus also increases with conﬁning
pressure in mixtures with the same rock content. Table 5 and
Figure 6 show that Poisson’s ratio remains the same over
a range of rock content when exposed to low conﬁning
pressure (200 kPa); under conditions of high conﬁning
pressure (800 kPa), Poisson’s ratio increased slightly at ﬁrst
and then decreased slightly with increasing rock content;
Poisson’s ratio continued to decrease with increases in
conﬁning pressure within mixtures of equal rock content.
3.2. Inﬂuence of Rock Size. Rock size can signiﬁcantly aﬀect
the strength and deformation characteristics of soil-rock
mixtures. However, there is little information about the
contribution of rock size to mechanical properties. We
therefore conducted medium-scale triaxial experiments to
study the inﬂuence of rock size. According to the experimental design listed in Table 3, the rock content was constant at 50%; then, 4 groups of medium-scale triaxial
consolidation draining shear tests were carried out and
curves of (σ1 − σ 3)∼ε were determined.
Figure 7 illustrates that, with the same rock size and
diﬀerent conﬁning pressures, the relationship curve of
(σ1 − σ 3)∼ε is approximately hyperbolic with no obvious
peak intensity, and the curve belongs to hardening curves.
When the rock (or rock concentration) size is greater, stressstrain curves are more variable. This is caused by interaction
forces between larger particles due to irregular movement,
rotation, and position changes, which increase with the shear

Rock block
content (%)
0
20
30
50
70

Conﬁning
pressure
200 kPa
18 (0.46)
19 (0.46)
23 (0.46)
22 (0.46)
24 (0.45)

Conﬁning
pressure
400 kPa
21 (0.41)
21 (0.41)
27 (0.45)
28 (0.44)
36 (0.42)

Conﬁning
pressure 800 kPa
44
48
45
46
53

(0.38)
(0.43)
(0.45)
(0.43)
(0.40)

0.46
0.45
0.44
Poisson’s ratio

Rock block content (%)
0
20
30
50
70

Table 5: Elastic modulus and Poisson’s ratio (in brackets) of rock
content mixtures and variable conﬁning pressures.

0.43
0.42
0.41
0.4
0.39
0.38
0.37

0

200

400
600
800
Confining pressure (kPa)

0%
20%
30%

1000

50%
70%
(a)

0.48
0.46

Poisson’s ratio

Table 4: Strength index of diﬀerent rock contents according to the
Mohr–Coulomb criterion.

0.44
0.42
0.4
0.38
0.36

0

10

20

30
40
50
Rock content (%)

60

70

80

200kPa
400kPa
800kPa
(b)

Figure 6: Poisson’s ratio variation at diﬀerent conﬁning pressures
(a) and rock percentages (b).

displacement. Under conditions of equal conﬁning pressure,
peak strength increases with the increase in rock size. The
curve of (σ1 − σ 3)∼ε ﬂuctuation and hardening increased
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0
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4

6
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(d)

Figure 7: Curves of (σ1 − σ 3)∼ε under variable rock percentage or 5∼10 mm size: (a) 200 kPa conﬁning pressure; (b) 400 kPa conﬁning
pressure; (c) 800 kPa conﬁning pressure; (d) 5∼10 mm block size.

gradually under conditions of high conﬁning pressure.
In 5 mm∼10 mm rock size, the peak intensity increased with
the increased conﬁning pressure, especially at 800 kPa
(Figure 7(d)). The strength parameter index under diﬀerent block sizes was obtained using the triaxial shear test
(Table 6). Cohesion initially increased and then decreased
with a decrease in rock size. In contrast, friction angle
decreased initially and then increased. When rock size increased from 16 mm to 20 mm, the internal friction angle
decreased 8.1% from 30.7° to 28.2°. When rock size decreased
from the range of 10 mm∼16 mm to the range of
5 mm∼10 mm, the internal friction angle increased 2.8%
from 28.2° to 29.0°. When the rock sizes are mixed, the
internal friction angle is 29.6°, which is intermediate between
angles of the 2 rock sizes tested independently. When rock

Table 6: Strength index of diﬀerent rock sizes according to the
Mohr–Coulomb criterion.
Rock size
16∼20 mm
10∼16 mm
5∼10 mm
Mixed size

ϕ (°)
30.7
28.2
29.0
29.6

C (kPa)
6.9
32.2
15.5
5.3

size decreases from 16 mm∼20 mm to 10 mm∼16 mm, cohesion increases from 6.9 kPa to 32.2 kPa. When rock size
decreases from 10 mm∼16 mm to 5 mm∼10 mm, cohesion
decreases form 32.2 kPa to 15.5 kPa; when the rock particle
size is mixed, the internal friction angle is only 5.3 kPa, the
lowest value recorded among the 4 diﬀerent rock size tests.
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3.3. Inﬂuence of Random Distribution. Random distribution
of particles can result in a variation of grain movement
during the shearing process. As such, deformation and
strength characteristics of soil-rock mixtures show variation
with shearing ﬂuctuations. Four sets of medium-scale triaxial consolidation draining shear tests, using 50% rock
content and 16 mm∼20 mm rock size, were completed to
compare macroproperties (Table 3).
Figure 9 shows that peak stress at 15% strain varies under
constant rock content and conﬁning stress. The curve of
(σ1 − σ 3)∼ε shows a similar variation. When the strength
parameter index is determined (Table 8), the random distribution of rocks shows a signiﬁcant eﬀect on cohesion and
friction angle. When the rocks have diﬀerent distributions,
the friction angle varies between 30.7° and 26.1°. The
changing magnitude of friction angle exceeds 4.6°. Cohesion
ﬂuctuates greatly between 4.7 kPa and 53.7 kPa, suggesting
that the rock position and space arrangement have a more
signiﬁcant eﬀect on cohesion than on friction angle. The
peak intensity of diﬀerent conﬁning pressures in random
location 1 is shown in Figure 9(d).
The elastic modulus of diﬀerent groups of secant
modulus, with axial strain at 1%, is shown in Table 9.
Random distributions have a greater eﬀect on the elastic
modulus under low conﬁning pressure (200 kPa), while the
distributions have a less eﬀect on the elastic modulus under
high conﬁning pressure (800 kPa). The elastic modulus will
increase with an increase in conﬁning pressure under the
same conditions. Poisson’s ratio curve with conﬁning
pressure under diﬀerent rock distributions is shown in
Figure 10. Poisson’s ratio values, under diﬀerent particle
distributions, are shown in Table 9. Poisson’s ratio was not
signiﬁcantly aﬀected by changes in the random distribution
of particles under constant conﬁning pressure, but it decreased slightly with an increase in conﬁning pressure under
constant random distribution of particles.

4. Discussion
The strength characteristics of soil-rock mixtures vary greatly,
which is one of the main characteristics diﬀerent from soil and
rock mass [21–23]. The rock strength is greater than soil
strength, and the strength of soil-rock mixtures mainly composed of rocks greatly exceeds that of natural deposits which
are mainly composed of soil [24–26]. The failure strength is

Table 7: Elastic modulus and Poisson’s ratio (in brackets) of
diﬀerent conﬁning pressures and rock sizes.
Rock size
16∼20 mm
10∼16 mm
5∼10 mm
Mixed size

Conﬁning
pressure 200 kPa
22
16
14
13

(0.46)
(0.45)
(0.45)
(0.45)

Conﬁning
Conﬁning
pressure
pressure 800 kPa
400 kPa
28 (0.44)
46 (0.43)
27 (0.44)
46 (0.43)
25 (0.44)
42 (0.43)
23 (0.44)
44 (0.43)

0.47
0.46

Poisson’s ratio

Secant modulus with an axial strain of 1% is used as the
elastic modulus (Table 7). The elastic modulus decreased
with a decrease in rock size under constant conﬁning
pressure but with the same particle size, it increased with an
increase in conﬁning pressure. The curves of conﬁning
pressure and Poisson’s ratio, calculated for equal rock size,
are shown in Figure 8. The exact value of Poisson’s ratio is
shown in Table 7. Figure 8 and Table 7 show that Poisson’s
ratio does not change with the decrease of particle size under
constant conﬁning pressure. However, when rock size was
constant, Poisson’s ratio decreased with increasing conﬁning
pressure.
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0
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Figure 8: Poisson’s ratio variation related to rock size.

inﬂuenced by material composition of soil-rock mixtures, and
the failure strength of the mixtures typically increases with
increasing rock content, especially under high conﬁning
pressure (Figure 5). Jafari and Shaﬁee [27] demonstrated that
the presence of aggregates within a cohesive matrix can produce a heterogeneous matrix and the failure strength increased
with the increase of aggregate content.
The shearing tests of this study demonstrated that the
mechanical properties of soil-rock mixtures are inﬂuenced
by the particle sizes and proportions of soil and rock in the
mixture. We conclude that soil content and compressive
strength of the mixture are positively correlated. Rock
content is a decisive factor aﬀecting soil mechanical
properties. But variation in the structural composition of
soil can lead to signiﬁcant variation in its physical and
mechanical properties. Particle size, content in soil-rock
mixtures, and the geometric distribution of particles
greatly inﬂuence the dominant contact type. When contacts between soil-soil grains are dominant, particle content’s inﬂuence on mechanical properties is minimal.
When soil-rock contacts are dominant, particle content
has a positive inﬂuence on compression and shear strength.
When rock-rock contacts are dominant, the roles of
grained soil and particles are reversed, and the properties
of soil-rock mixtures are similar to those of rock-ﬁlling
materials [28–31].
The variation of the internal friction angle is about
0°–4.6° under the constant rock content, which is consistent
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Figure 9: Curves of (σ1 − σ 3)∼ε under diﬀerent rock contents or random location 1: (a) 200 kPa conﬁning pressure; (b) 400 kPa conﬁning
pressure; (c) 800 kPa conﬁning pressure; (d) random location 1.
Table 8: Strength index of diﬀerent random distributions.
Random distributions
Distribution 1
Distribution 2
Distribution 3
Distribution 4

φ (°)
30.7
28.3
29.2
26.1

C (kPa)
6.9
30.7
4.7
53.7

with the ﬂuctuation observed in the stress-strain curves.
Regarding soil-rock mixtures, where the geometry and
particle distribution are not homogeneous, shear strength
seems to be mainly associated with the percentage of rock
material. The randomness of rock mass distribution

contributes to signiﬁcant variation of the mechanic parameters. The internal friction angle may vary signiﬁcantly
in mixtures with the same rock content. This contributes to
the variation found in the geotechnical experiments.
Though it is diﬃcult to characterize the mechanical
parameters of soil-rock mixtures in laboratory tests,
mixture properties can still be evaluated using indirect
approaches. The mechanical parameters of grained soil and
rocks can be studied in the laboratory. The biaxial compression numerical experiment such as the granular discrete element method can be used to analyze the inﬂuence
of large-scale particles and also be used in indoor tests on
the properties of soil-rock mixtures.
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Table 9: Elastic modulus and Poisson’s ratio (in brackets) of
diﬀerent conﬁning pressures and random distributions.
Conﬁning
pressure
200 kPa
22 (0.46)
12 (0.45)
16 (0.46)
15 (0.46)

Random
distributions
Distribution
Distribution
Distribution
Distribution

1
2
3
4

Conﬁning
pressure
400 kPa
28 (0.44)
23 (0.44)
24 (0.44)
25 (0.45)

Conﬁning
pressure 800 kPa
46
46
45
48

(0.43)
(0.43)
(0.43)
(0.43)

0.47

Poisson’s ratio

0.46
0.45
0.44
0.43
0.42
0.41

0
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Figure 10: Rule of Poisson’s ratio under diﬀerent distributions.

5. Conclusions
Soil-rock mixtures have complex mechanical properties that
are inﬂuenced by material composition, rock size distribution, rock content, and other factors. We studied the
eﬀects of materials and composition of mixtures on the
mechanical properties of simulated deposits.
Medium-scale shearing triaxial studies were used to determine the relation between macrodeformation, strength and
rock content, particle size, and random distribution of particles. Mechanical parameters and deformation characteristics
of soil-rock mixtures were nonlinear, and the distribution of
particles can lead to variation in strength parameters.
The strength characteristics of soil-rock mixtures vary
greatly, which is prone to cause all kinds of geological hazards
and engineering construction problems. In engineering design and analysis of soil-rock mixture slopes and tunnels, it is
usually regarded as homogeneous and isotropic materials,
which is not consistent with the actual situation. Therefore, an
anisotropic analysis method should be developed to consider
the shape and distribution of rock masses.
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In this research study, the progressive failure and energy evolution characteristics of sandstone samples with diﬀerent sizes
were explored under uniaxial and triaxial compression conditions. The characteristic stresses and strains were captured
using the crack axial strain levels and dissipative energy. The results showed that, with the increase in the ratios of the height
to diameter (H/D), the crack closure stresses increased, while the crack damage stresses decreased. However, the levels of
both the crack closure stresses and crack damages were observed to increase with the H/D. With increase in the conﬁning
pressure, it was found that the crack closure and crack damage stresses increased, while their levels decreased. The strains of
the crack closures, peak crack axial, and crack propagation were observed to decrease with the H/D, while the crack closure
strain levels increased. Also, the crack propagation strains were observed to increase with the conﬁning pressures, while the
crack closure, peak crack axial, and crack closure strain levels decreased. The progress failure of the sandstone samples was
also obtained based on the evolution characteristics of the dissipative energy. The relationship between the energy densities
during each phase and the H/D was also analyzed. It was determined that, with the increasing of the H/D, the input, elastic,
and dissipative energy densities displayed diﬀerent evolution characteristics. Furthermore, with the increases in the
characteristic stresses, the input and elastic energy densities were found to increase. The dissipative energy density displayed
a slight increase with the increases in the peak strength, which resulted in variations with regard to the crack closures and
crack damage stresses.

1. Introduction
In underground coal and metal mining, the stabilities of the
coal and ore pillars have become important inﬂuences on the
safety of workers. It is known that rock pillars with diﬀerent
sizes have diﬀerent mechanical properties, which are often
referred to as the size eﬀects or scale eﬀects. A clear understanding of the progressive failure in rocks with diﬀerent
sizes is a signiﬁcant key to the assessments of rock bursts or
coal bumping in underground mining processes. Meanwhile, it is known that the dissipation and release of energy
play crucial roles in rock failures. Therefore, it has become
necessary to investigate the progressive failures and energy
evolution characteristics of diﬀerent sized rock and rock
masses.

In previous studies, laboratory tests have been the most
eﬀective methods by which the progressive failure of rocks
is examined. For example, Bieniawski [1] investigated the
mechanism of brittle rock fractures using theoretical
analysis and experimental methods. The results indicated
that the progressive failure of rocks including crack closure,
linear elastic deformations, fracture initiations, stable
fracture propagation, and unstable fracture propagation
before peak strength was achieved. Since the aforementioned study was conducted, methods to recognize the
progressive failure of brittle rock have become fundamental
topics of great interests to many researchers and engineers
in the rock mechanics and engineering ﬁelds. It has been
found by plotting the axial, lateral, and calculated volumetric strains versus the axial stresses that the paths of rock
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sample failures, along with the characteristic stresses, including crack closure, crack initiation, and crack damage
stresses, can be identiﬁed [2]. Acoustic emission (AE)
techniques have been used to identify the diﬀerent stages of
crack development. It has been determined that acoustic
events are markedly diﬀerent due to the loading before and
after the initiations of cracks in rock [3]. Also, by using the
axial stiﬀness, lateral stiﬀness, volumetric stiﬀness, and
crack volume stiﬀness, the crack initiation and propagation
thresholds in brittle rocks can be identiﬁed [4]. Cai et al. [5]
proposed generalized crack initiation and crack damage
thresholds of rock masses. Xue et al. [6] investigated the
crack damage stress thresholds of diﬀerent types of rock
based on uniaxial compression. The results showed that the
ratio of crack damage stress to uniaxial compressive
strength (UCS) could potentially be an essential intrinsic
property for low-porosity rock.
It has become well known from the previous laboratory
tests that the mechanical behaviors of rock are dependent
on the sizes and shapes of the specimens during uniaxial or
triaxial compressions. These ﬁndings have been discussed
in previous studies, and some empirical size-eﬀect models
were proposed [7–13]. However, the crack evolution
characteristics of rock with diﬀerent sizes have not yet been
investigated in detail. Furthermore, the progressive failure
of rock is known to be closely related to energy dissipation,
due to crack evolution under compression. Huang and Li
[14] presented the results of a series of triaxial compression
tests on marble. The results indicated that there was a relationship between the strain energy conversion and the
unloading rates, which were discussed in detail in the
aforementioned study. Peng et al. [15] conducted triaxial
compression tests in order to investigate the relationship
between the energy transformation and coal failures. Also,
by conducting uniaxial loading and unloading compression
tests, Meng et al. [16] were able to investigate the characteristics of energy accumulation and dissipation in
sandstone. The results showed that the dissipative energy
increased nonlinearly with the increasing axial loading
stress. Li et al. [17] investigated the energy evolution
characteristics of granite samples under triaxial compression and revealed that the energy evolution could potentially provide an eﬀective reﬂection of the deformation
processes in rock.
The majority of the recent research has been focused on
the respective progressive failures and energy evolution of
rock. However, few studies have combined the energy
evolution with the progressive failure of rocks under
compression. Furthermore, the eﬀects of the rock size on the
progressive failure and energy evolution have not been fully
examined, and experimental results are currently lacking in
that area. In this study, sandstone specimens with diﬀerent
sizes were selected for uniaxial and triaxial compression
tests, in order to investigate the progressive failures and
energy evolution characteristics during loading processes.
The goal was to determine the relationship between the
energy and characteristic stresses, which may play a significant role in the analyses of pillar failures which occur during
underground coal and metal mining processes.
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2. Laboratory Testing
2.1. Preparation of the Sandstone Specimens. The rock which
was used in the present study was sandstone, a rock with
a mineral grain size varying from 0.4 to 0.5 mm. The
sandstone was sedimentary rock, with a sandy beige appearance on the surface. The main mineral was determined
to be quartz, and the sample also contained a small amount
of orthoclase. The dry density of the sandstone was approximately 2.373 g/cm3. In order to ensure that the
sandstone specimens had a similar physical state, the P-wave
of the specimens was measured to single out the specimens
with velocities which were too small or large. The P-wave
velocity ranged from 2238 m/s to 2306 m/s and showed
minimum discreteness in the specimens. Cylindrical specimens measuring 50 mm in diameter, and 60, 100, and
120 mm in height, were cored from the sandstone blocks.
The ends of the specimens were made ﬂat after being ﬁnely
cut and polished. Then the prepared specimens were classiﬁed into two groups. The sandstone specimens in Group
one (including the various heights) were tested using uniaxial compression. The specimens in Group two (including
one height and various conﬁning pressures) were used to
conduct triaxial compression tests.
2.2. Experimental Setup. In this study, the mechanical
properties of sandstone with diﬀerential H/D were tested on
a stiﬀ servo-controlled testing machine RMT-150B, which
had been manufactured by Institute of Rock and Soil Mechanics at the Chinese Academy of Sciences. The test machine was equipped with an axial load capacity of 1,000 kN,
and a 50 MPa triaxial conﬁning pressure cell [18]. Linear
variable diﬀerential transformers (LVDTs) were installed for
the testing of the axial and circumferential displacements.
The specimens with diﬀerent H/Ds were tested at room
temperature (approximately 25°C) under a uniaxial compression with a loading rate of 0.002 mm/s. For the triaxial
compression tests, conﬁning pressures and axial stresses
were applied at a rate of 0.5 MPa/s until the designed value
was achieved. Then, the loading was switched to an axial
displacement control, and the loading rate was set as
0.002 mm/s, which is the same as the loading rate in uniaxial
compression tests.

3. Experimental Results
3.1. Stress-Strain Curves of the Sandstone Specimens.
Figure 1 provides the stress-strain curves of the sandstone
samples with diﬀerent H/Ds under uniaxial compression
conditions. The mechanical parameters are listed in Table 1.
In Table 1, ε1p represents the corresponding axial strain at
the peak strength. In this study, Young’s modulus E is
deﬁned as the slope of the linear elastic phase; σ 3 represents
the conﬁning pressure; and σ p is the peak strength of
sandstone specimens under the triaxial compression.
In this study’s tests, the crack closure, elastic, and small
crack growth phases in the stress-strain curves of the
sandstone specimens under the uniaxial compression were
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Figure 1: Stress-strain curves of the sandstone specimens with (a) diﬀerent H/Ds and (b) conﬁning pressures.
Table 1: Size, H/D, Young’s modulus (E), peak strength (σ p ), and peak axial strain (ε1p ) of the sandstone specimens.
Specimen
S60-1
S60-2
S100-1
S100-2
S100-3
S100-4
S100-5
S120-1
S120-2

Diameter (mm)

Height (mm)

H/D

σ 3 (MPa)

E (GPa)

ε1p (10−3)

σ p (MPa)

49.68
49.42
49.52
49.56
49.73
49.49
49.61
49.45
49.55

60.75
60.69
101.28
99.62
100.01
101.30
100.69
121.3
119.9

1.2
1.2
2
2
2
2
2
2.4
2.4

0
0
0
0
5
10
15
0
0

21.36
22.41
26.11
24.14
31.08
35.72
35.34
24.54
24.67

6.46
6.06
5.21
5.43
7.38
7.91
10.18
5.20
4.89

79.27
85.41
89.50
80.28
135.5
169.2
211.9
74.65
71.75

examined. However, it should be noted that there was an
apparent change observed in postpeak behaviors with the
increasing of the conﬁning pressure. Also, brittle failures
were observed in the stress-strain curves under the uniaxial
compression. It was found that, with the increasing of the
conﬁning pressures, strain-softening behaviors were evident, as presented in Figure 1(b).

seen in Figure 3 that the peak strength of the sandstone
displayed a distinctly nonlinear increasing behavior with the
increasing σ 3 . It was found that the majority of test data in
this study had deviated from the theoretical results calculated using the M-C criterion. However, the theoretical data
calculated with the H-B criterion were found to ﬁt more
eﬀectively with this study’s test data.

3.2. Eﬀect of H/Ds and Conﬁning Pressures on Mechanical
Parameters of Sandstone. Figure 2 shows the plots of
Young’s modulus (E), UCS, and corresponding axial strain
at the peak (ε1p ), against the H/D and Young’s modulus, with
the conﬁning pressure. It can be observed from Figures 2(a)
and 2(b) that Young’s modulus increased the H/D and the
UCS and peak axial strain decreased with the H/D. With the
increases in conﬁning pressures, Young’s modulus was
observed to increase, while the increase rate was found to
gradually decrease.
Figure 3 presents the variations of the peak strengths and
theoretical values which were calculated using the Mohr–
Coulomb (M-C) and Hoek–Brown (H-B) criteria. It can be

4. Progressive Failure of the Sandstone with
Different H/Ds and Confining Pressures
4.1. Characteristics of the Crack Evolution of Sandstone.
The failures which occur in rock are the results of the crack
evolution, including the crack initiation, propagation, and
coalescence. These tensile or shear cracks tend to aﬀect the
mechanical properties of the rock or rock mass and thereby
have signiﬁcant inﬂuences on the safety of rock engineering.
The crack strain of the principal strains was calculated in this
study by removing the calculated elastic strains as follows:
σ
εc1 � ε1 − 1 ,
(1)
E
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Figure 2: (a) Relationship between Young’s modulus and peak axial strain and the H/D; (b) relationship between the UCS and the H/D;
(c) relationship between Young’s modulus and the conﬁning pressures.
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Figure 3: Peak strength analysis of the sandstone samples undergoing uniaxial and triaxial compression. The scatter points are test results;
the red line represents the theoretical values in accordance with the M-C criterion; and the blue line represents the theoretical values
calculated by the H-B criterion.
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where εc1 is the crack axial strain; ε1 is the axial strain; and σ 1
and σ 3 represent the axial stress and conﬁning pressure,
respectively.
Under the condition of triaxial compression, the axial
principal stress was the diﬀerential stress σ 1 − σ 3 . Therefore,
the crack axial strain of the sandstone specimens under the
triaxial compression could be calculated by
εc1 � ε1 −

σ1 − σ3
.
E

(2)

Then, in accordance with Equations (1) and (2), the
crack strain of the sandstone could be calculated. Figure 4
provides the relationship between the crack axial strain
and the axial stress. As can be seen in Figure 4, four phases
could be determined based on the crack axial strain. The
ﬁrst phase was a crack closure phase, in which the axial
stress displayed a nonlinear increase trend due to the
closure of the cracks. Then, the second phase was an elastic
phase, in which the crack axial strain remained as a constant, and the axial stress increased vertically. The interval
point between the crack closure and elastic phases was (εcc
1 ,
σ cc ), where σ cc represents the crack closure stress and εcc
1 is
the maximum crack axial strain. It was observed that, with
the continuing increases in the diﬀerential stresses, the
cracks began to become initiated and propagated. This
phase was referred to as the crack propagation phase. The
interval point between the elastic phase and crack propagation phase was (εcc
1 , σ cd ), where σ cd represents the crack
damage stress. Then, after reaching the peak strength, the
rock specimen experienced failure, and this phase was
cp
referred to as the postpeak phase, where ε1 represents the
peak crack axial strain.
Table 2 lists the crack parameters of the sandstone
samples which were obtained from Figure 4 and Equations
(1) and (2). In this study, in order to analyze the crack
closures and damages in detail, the crack closure stress level
(σ cc /σ p ), crack damage stress level (σ cd /σ p ), and crack clocp
c
sure strain level (εcc
1 /ε1 ) were calculated. In the table, Δε1
represents the crack propagation strain before the peak
cp
strength, which was the diﬀerence between ε1 and εcc
1 . As
can be seen in Figures 4(a) and 4(b), the crack strain was
observed to only minimally change from point A to point B.
Therefore, the crack closure strain was found to be equal to
crack damage strain in this study, and Δεc1 is regarded as the
crack propagation strain.
4.2. Crack Closure Stress and Crack Damage Stress.
Figure 5 illustrates the relationship between the crack stress
and its stress level, and the H/D. From Figure 5(a), it can be
seen that, with the increases in the H/D, the crack closure
stresses of the sandstone increased, while the crack damage
stresses displayed a decreasing trend. It was known that
there were more cracks in the sandstone specimens with
larger H/D, while the sandstone specimens with smaller H/D
possessed fewer cracks. In the specimens with larger H/D,
the cracks were more diﬃcult to close. Also, damages in the
sandstone specimens more easily occurred when more
cracks were evident. Therefore, it was concluded that the

crack closure stresses increased, and crack damage stresses
decreased with the H/D.
Figure 5(b) details the observations that the crack
closure stress levels increased with the H/D. The crack
closure stress levels ranged from 0.357 to 0.550. The crack
damage stress levels displayed a slightly increasing trend,
and the minimum value was 0.865. The crack damage stress
levels indicated the brittle properties of the sandstone
specimens in this study. It was found that the higher the
crack damage stress levels were, the more brittle the rock
specimens would be.
Figure 6 shows the variations in the crack closure and
crack damage stresses, and their stress levels against the
conﬁning pressure. From Figure 6(a), it can be seen that,
with the increasing of the conﬁning pressures, both the crack
closures and crack damage stresses increased. It was observed that, from σ 3 � 0 to σ 3 � 15 MPa, the crack closure
stresses of the sandstone specimens increased from
34.19 MPa to 61.76 MPa. The crack damage stresses increased with the conﬁning pressures, due to the conﬁning
pressure having a restriction eﬀect on the crack growth. In
this study, a linear Mohr–Coulomb criterion and a nonlinear
Hoek–Brown criterion were adopted for the purpose of
ﬁtting the relationship between the crack closure stresses and
crack damage stresses, which can be seen in Figure 6(a). The
crack closure stresses displayed a linear behavior with the
increasing of the conﬁning pressure. Meanwhile, crack
damage stresses displayed a nonlinear increasing behavior,
which indicated that the Hoek–Brown criterion had reﬂected the crack damage stress more eﬀectively than the
linear Mohr–Coulomb criterion.
It can be seen in Figure 6(b) that the crack closure
stress levels and the crack damage stress levels decreased
with the conﬁning pressure. The crack closure stress
levels were determined to decrease from 0.451 to 0.306,
and the crack damage stress levels decreased from 0.900
to 0.747. The decrease in the crack damage stress levels
indicated that, with the increasing of the conﬁning
pressures, the brittle properties of the sandstone specimens had decreased.
4.3. Crack Closure Strain and Peak Crack Axial Strain.
cp
c
cc cp
Figure 7 details the plots of εcc
1 , ε1 , Δε1 , and ε1 /ε1 of the
sandstone specimens against the H/D. It can be seen from
Figure 7(a) that, with the increasing of the H/D from 1.2 to 2,
cp
both εcc
1 and ε1 decreased and then displayed a slight increase until the H/D reached 2.4. As detailed in Figure 7(b),
the crack propagation strain Δεc1 decreased with the increasing H/D, which indicated that the smaller crack growth
led to failures in the sandstone specimens with larger H/D. It
was found that the crack closure strain levels increased with
the H/D, as detailed in Figure 7(c). Figures 7(b) and 7(c)
illustrate that the sandstone specimens with larger H/D
produced less crack strain before the peak strength and also
were more brittle than the sandstone specimens with smaller
H/D.
The relationship between the crack strain (levels) and
the conﬁning pressures are presented in Figure 8. From

6

Advances in Civil Engineering

80

2

4
6
Crack axial strain (10–3)

60

σcc

30
0

8

se

0

90

ha

Crack closure phase
εcc
εcp
1
1

σcd B

S100-5

kp

0

120

Crack
propagation phase

ea
stp

20

σc

Po

e

s
ha
kp

A

ea

σcc

40

stp

60

Elastic phase

B

Po

Axial stress (MPa)

Crack
propagation phase

σcd

150

S100-1

Elastic phase

σc

Diﬀerential stress (MPa)

100

A

Crack closure phase
εcp
εcc
1
1
0

2

4
6
8
Crack axial strain (10–3)

(a)

10

(b)
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Table 2: Crack parameters of the sandstone specimens.
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Figure 5: (a) Relationship between the crack closures and damage stresses and the H/D; (b) relationship between the stress levels and the
H/D.

Figure 8(a), it can be seen that the crack closure and peak
crack axial strains decreased with the increasing of the
conﬁning pressures. During the process of applying the
conﬁning pressures, some closure cracks occurred, which
led to the crack closure strains of the sandstone

specimens decreasing with the conﬁning pressure.
Figure 8(b) illustrates the relationship between the crack
propagation strain and the conﬁning pressure. It can be
seen from Figure 8(b) that crack propagation strain
displayed an increasing trend with the conﬁning pressure.
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Also, Figure 8(c) illustrates that the crack closure strain
levels decreased with the conﬁning pressure. Figures 8(b)
and 8(c) indicate the ﬁndings that the sandstone specimens with larger conﬁning pressure were able to bear
larger crack propagation.

5. Energy Evolution Characteristics of the
Sandstone
5.1. Energy Evolution during the Failure Process of the
Sandstone. During the loading process, the closures,
initiations, and propagation of the cracks consumed
energy, which appeared as acoustic emissions, fracture
surface energy before peak strength, and the friction
among the fracture surfaces after peak strength. The
energy evolution of a rock element under compression
has often been calculated by the area of stress-strain
curves [16, 17, 19]. Therefore, by integrating the stressstrain curves and stress-crack strain curves of the
sandstone specimens, the energy evolution characteristics could be obtained. The energy was calculated by the
following equations:

Uc �  σ 1 dε1 ,
Ud �  σ 1 dεc1 ,

(3)

Ue � Uc − Ud .
where Uc , Ud , and Ue represent the input energy density,
dissipative energy density, and elastic density, respectively.
Figure 9 shows the energy evolution characteristics of the
sandstone specimens with diﬀerent H/Ds. As can be seen in
Figure 9, the crack closure and crack damage stresses, along
with the diﬀerent phases of the stress-strain curves, could be
determined based on the evolution of the dissipative energy.
During the initial loading process, the input energy was
mainly used to close the cracks. Therefore, the dissipative
energy was larger than the elastic energy. However, when the
elastic energy was larger than the dissipative energy, the one
′ was determined, which was reﬂected
characteristic stress σ cc
when the elastic energy began to become larger than the
dissipative energy. Then the increase rate of the elastic
energy increased, while the increase rate of dissipative energy decreased until reaching zero. It was observed that the
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Figure 9: Energy evolution characteristics of the sandstone specimens with diﬀerent H/Ds.
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value of the dissipative energy had primarily remained as
a constant. It was determined that the dissipative energy
underwent only minor changes, due to the fact that the
specimen was in the elastic phase, and the cracks were
closed. At that time, we can get the crack closure stresses.
However, when the dissipative energy started increasing, the
crack damage stresses, along with the crack propagation
phase before peak strength, could be obtained. As previously
mentioned, Uc , Ud , and Ue represent the input energy
density, dissipative energy density, and elastic density, respectively. The superscripts ′ ,c ,d ,p were added to identify the
c
energy densities at the diﬀerent phases. For example, U ′
denotes the corresponding input energy density when the
′ ; Uec represents the corresponding elastic
axial stress was σ cc
energy at the axial stress of σ cc ; Udd is deﬁned as the dissipative energy density when the specimens experienced
damages at the axial stress of σ cd ; and Udp is the corresponding dissipative energy density at the peak strength σ p .
5.2. Relationship between Energy Evolution at Diﬀerent
′ and Δσ c′ , and
Failure Phases. Figure 10 shows the plots of σ cc
the energy densities during the diﬀerent phases against the
′ and σ cc .
H/D. Δσ c′ was deﬁned as the diﬀerence between σ cc
If Δσ c′ becomes smaller, then the cracks become approximately closed, and the majority of the input energy transforms into dissipative energy. As detailed in Figure 10(a),

′ and Δσ ′c increased,
with the increasing of the H/D, both σ cc
which indicated that an increasing amount of the input
energy was being transformed into elastic energy during the
crack closure phase. Figure 10(c) illustrates that the elastic
energy density increased with the H/D.
In Figures 10(b)–10(d), it can be seen that the energy
c
e
d
densities, including U ′ , U ′ , and U ′ , displayed nearly no
changes with the increasing of the H/D. These ﬁndings indicated that during the initial loading process, the majority of
the input energy was transformed into dissipative energy and
was not related to the H/D. The energy densities
(Ucc , Uec , and Udc ) of the crack closure stresses were observed
to have slight increases with the H/D, which indicated that the
specimens with larger H/D required more energy to close the
cracks. When the specimens experienced damages, the energy
densities (Ucd , Ued , and Udd ) decreased with the H/D, which
indicated that damages could occur in the specimens with
smaller energy. The energy densities (Ucp , Uep , and Udp )
decreased with H/D when failures occurred in the specimens.
These ﬁndings suggested that smaller energy input could
cause failures in rock with larger H/D.
Figure 11 shows the relationship between the energy
densities and characteristic stresses during the diﬀerent
phases. Overall, the input energy and elastic energy densities
during the diﬀerent phases displayed an increasing trend
with increases in the characteristic stresses. The dissipative
′ and σ p displayed
energy densities at the axial stresses of σ cc
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Figure 11: Relationship between the energy densities and the characteristic stresses during the diﬀerent phases: (a) σ cc′ ; (b) σ cc ; (c) σ cd ; (d) σ p .

slight increase with increase in the characteristic stresses.
However, at the axial stresses of σ cc and σ cd , the dissipative
energy densities displayed nearly no changes with increasing
of σ cc and σ cd . For example, the dissipative energy density
ranged from 15.60 kJ/m−3 to 17.94 kJ/m−3, as shown in
Figure 11(b), and the average value was determined to be
16.79 kJ/m−3, thus revealing little change.

6. Conclusions
In this study, the progressive failure and energy evolution
characteristics of sandstone specimens with diﬀerent H/Ds
were systematically examined by performing a series of
uniaxial and triaxial compression tests. Then, based on the
experimental results, the following conclusions were drawn:
(1) The results of this experimental study showed that
Young’s modulus increased with the increases of the
H/D. However, the peak axial strain and UCS decreased. Young’s modulus was found to increase
with the conﬁning pressure, while its increase rate
gradually decreased. The triaxial compressive
strength was observed to increase with the conﬁning
pressure, and the Hoek–Brown criterion was determined to be a closer ﬁt for the decreases in the
strength characteristics of the sandstone specimens

in this study, when compared to the Mohr–Coulomb
criterion.
(2) On the basis of the deﬁnition of the crack strain
levels, the crack evolution characteristics of the
sandstone specimens, along with its progressive
failure process, were fully discussed. The stress-strain
curves were divided into four phases, and the
characteristic stresses (σ cc , σ cd , and σ p ), as well as
cp
cd
their corresponding crack strains (εcc
1 , ε1 , and ε1 ),
were obtained through the evolution of the crack
axial strain. Both the crack closure stresses and the
crack closure stress levels were observed to increase
with the H/D. Meanwhile, the crack damage stresses
decreased, and the stress levels increased, with the
H/D. It was found that the crack closure and peak
crack axial strains decreased with the H/D, while
their increase rates gradually decreased, and the
crack closure strain levels increased. Also, the crack
propagation strain levels decreased with the H/D,
which indicated that the smaller crack growth of rock
with larger H/D can result in rock failures.
(3) With increasing of the conﬁning pressures, both the
crack closure and crack damage stresses increased,
but their stress levels decreased. The crack closure,
peak crack axial, and crack closure strain levels
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decreased with the conﬁning pressure. Meanwhile,
the crack propagation strain increased with the
conﬁning pressure, which indicated that the rock
with higher conﬁning pressures was able to withstand higher crack growth than the rock with lower
conﬁning pressures.
(4) In this study, based on the evolution characteristics
of the dissipative energy, the progressive failure
processes of sandstone could also be determined.
′ and Δσ ′c ) were
Other characteristic stresses (σ cc
obtained at the points where the elastic energy
equaled the dissipative energy. With the increasing
′ and Δσ ′c were also observed to increase,
H/D, σ cc
which indicated that during the crack closure phase,
the cracks were diﬃcult to close in the specimens
with larger H/D. With the increases in the H/D, the
′ experienced only
energy at the axial stresses of σ cc
minor changes, and only slight increases at the axial
stresses of σ cc were observed. The energy at the crack
damage stresses and peak strength decreased with
the H/D, which indicated that smaller energy input
could result in failures in the rock with larger H/D.
(5) With the increases in the characteristic stresses, the
input and elastic energy densities were found to
increase. The dissipative energy densities displayed
′ and σ p
on slight increases with the increases of σ cc
while only minor changes were observed with the
increase of σ cc and σ cd .
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To further reveal the mechanism of coal gas migration, the reasons for coal temperature changes during the methane desorption
process were analyzed from the aspect of molecular motion and the thermodynamic theory. The temperature change mechanism
was investigated, and the mathematical equation was established to describe the variation of temperature change during the
methane desorption and diﬀusion process. The established equation was applied for the calculation of temperature change for two
types of coal samples, and the measured and theoretical values of temperature changes were obtained. The results show that the
temperature changes in the coal gas desorption process are mainly caused by the heat adsorption. The heat adsorption phenomenon was also caused by free gas expansion during the pressure relief process. The gas diﬀusion and work done for gas seepage
also need heat adsorption. The temperature change is positively correlated to the coal gas pressure, quantity, and limit value of gas
desorption volume. Due to the poor insulation in the test system, the diﬀerence between the theoretical and the measured
temperature change values increase with the adsorption equilibrium pressure. It is helpful to further reveal the mechanism of coal
and gas outburst. It also has an important reference value for controlling gas dynamic disasters in coal mines.

1. Introduction
Gas desorption is a dynamic process that changes over time.
The adsorption and desorption of gas in coal is considered to
be a reversible physical process that happens with thermal
eﬀects. A large number of studies showed that the coal
temperature is closely related to coal gas desorption. The
higher the temperature, the larger the desorption rate [1–11].
Temperature changes during gas adsorption and desorption
were tested using a gas outburst simulator [12, 13]. It was
found that the coal gas adsorption process is an exothermic
process, whereas the gas desorption process is an endothermic process. The hot-dip galvanizing high-sensitivity
infrared temperature measurement technology was also
applied in studying the temperature change law in the
process of coal gas desorption [14].
Desorption heat can be reﬂected by the temperature
changes in the system. The temperature variation during

coal and gas outburst is studied by Guo and Jiang [15]. A
decrease in the temperature of working face and coal wall
was observed before the outburst. Workers can even feel the
cold currents of gas ﬂow that spray and escape to the
roadway, chamber, and working space during gas outburst.
But coal and gas outburst is not only related to gas
desorption. The gas outburst process includes three stages:
inoculation, development, and occurrence. In each process,
besides desorption and seepage of methane, the coal reservoir is also subjected to the surrounding ground stress and
the erosion of the pore gas on the coal body. The coal body is
squeezed and deformed and the internal energy is thus
increased [16]. Although the desorption process is a complex
energy exchange process, the total energy of the desorption
process is constant, following the law of conservation of
energy.
At present, there is no uniﬁed understanding of the
causes of temperature change in the process of gas

2
desorption. Studying the mechanism of temperature change
during coal gas desorption is of great signiﬁcance for analyzing the mechanism of energy migration and transformation in coal mining. It is helpful to further reveal the
mechanism of coal and gas outburst; therefore, it has important reference value in the prevention and control of gas
dynamic disasters in coal mines.

2. Analysis for Heat Generation
Mechanism during Coal Gas
Desorption Process
2.1. Microprocess of Gas Desorption. The process of interaction between coal and gas is an integrated process of
seepage-diﬀusion and adsorption-desorption. As we know,
coal is a dual pore structure medium containing pore and
ﬁssure structures. Due to disturbance, the original pore
distribution is destroyed and a large number of ﬁssure
structures are produced during the mine production. Pore
structures are the main space for gas adsorption, whereas
fractures are the main channels for gas seepage. Generally,
the coal matrix is composed of several small matrix elements
separated by cracks. The outer surface of each small matrix is
a ﬁssured channel with multiple macropore or micropore
structures as shown in Figure 1.
Methane is absorbed on the surface of the ﬁssures, the
micropore, and the coal matrix. Once it gains enough energy
to overcome the van Edward force between the coal molecules and the methane molecules, it passes through the gas
ﬁlm layer formed by methane adsorption.
The process that the adsorb separates into free gas and
diﬀuses into the coal fracture network under the eﬀect of gas
concentration gradient is called the desorption process in the
coal body. When the coal is suddenly exposed to the atmosphere, the methane gas which is ejected or poured out
contains the desorbed methane gas and the original free gas
in the fractured network. The movement of methane molecules require external energy support and there must be
temperature variation in the process of coal gas desorption
and diﬀusion.

2.2. Mechanism of Thermal Change during the Coal Gas
Desorption Process. The gas in the coal starts to desorb due
to the pressure gradient, temperature, and stress disturbance. It is an endothermic process due to the following
reasons: (1) the desorption of the adsorbed gas is endothermic; (2) the free gas within the coal body absorb energy
due to expansion; (3) the diﬀusion is endothermic; and (4)
the work done due to seepage adsorb heat.
2.2.1. Heat Adsorption in the Gas Desorption Process. In
general, the undisturbed adsorbed gas in coal is in the state of
adsorption equilibrium. The methane molecules on the
surface of coal particles are in a state of vibration, centered at
the lowest energy equilibrium point. The adsorption of
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methane by coal is a reversible physical adsorption process.
The desorption heat of unit mass q can be calculated with
q � cmΔT,

(1)

where c denotes the mole ratio heat capacity of methane,
kJ/(mol · K); m is the mole mass of desorbed methane,
mol/g; and ΔT is the temperature diﬀerence before and after
desorption, K.

2.2.2. Expansion Heat of Free Gas. The expansion process of
free gas can be regarded as an adiabatic process. When the
gas expands, it expands outwards to do work. This energy
comes from the internal energy of the gas. In order to expand
continuously, energy will be absorbed from the surrounding
area. This part of energy will be supplied from coal.
Therefore, the temperature of coal will decrease due to
energy loss.
According to the ﬁrst law of thermodynamics,
w�

1
p v − p1 v1 ,
k−1 2 2

(2)

where w is the work done during expansion, kJ/kg; p1 is the
initial gas pressure, Pa; v1 is the initial gas volume, m3; p2 is
the gas pressure after expansion, Pa; v2 is the gas volume
after expansion, m3; and k is the ratio of heat capacity at
constant pressure to the heat capacity at constant volume of
gas.
k�

cp
,
cv

ΔT � T2 − T1 �

w
1
�
p V − p1 V2 ,
c 1000(k − 1)c 2 2

(3)

πηE
ΔE �
,
ω0
1
ΔU � mv2 .
2
Therefore, the temperature change caused by gas expansion is
ΔT � T2 − T1 �

w
1
�
p V − p1 V2 ,
c 1000(k − 1)c 2 2

(4)

where c is the speciﬁc heat capacity of coal, kJ/(kg·K).

2.2.3. Heat Adsorption due to Gas Diﬀusion. When the
adsorbed gas is desorbed, it starts to diﬀuse under the eﬀect
of concentration gradient. Assuming that the diﬀusion is
one-dimensional in a square lattice, in which the methane
molecules jump from one barrier to another, and the energy
required is
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Figure 1: Schematic diagram of the coal desorption process.

ΔE �

πηE
,
ω0

dQ �

(5)

where ω0 is the weak vibrational frequency of methane
molecules at equilibrium positions; η is the friction coeﬃcient in the diﬀusion of methane molecules; and E is the
diﬀusion activation energy, J.

1
ΔU � mv2 ,
2

2.3. Equations Used for Gas Desorption Temperature Change
Calculation. When studying the adsorption and desorption laws of gases, we usually refer to the knowledge of
surface adsorption in physical chemistry, which regards
desorption and diﬀusion as an entire process. When
conducting experiments, the solid surface is usually exposed to the atmosphere. Therefore, when studying the
endothermic eﬀect, the heat absorption in the process of
seepage can be neglected. The diﬀusion heat eﬀect and gas
expansion heat eﬀect can be treated as the two main heat
sources in the gas desorption process. In order to study the
heat change during desorption, the system is assumed to be
adiabatic.
2.3.1. Desorption Temperature of Absorbed Gas. Assuming
the volume of desorbed gas is Vt , diﬀerential desorption is
dvt , and diﬀerential adsorption heat is dQ, we obtain
dQ · dvt
.
1000c

A · Vt · η
,
1000c1 1 + Bp(1 − η)2 

(9)

where c1 is the speciﬁc heat of coal, 1.46 kJ/(kg·K), and
η � Vt /Vmax is the gas emission rate.
According to Equation (9), the temperature decrease in
the desorption process increases with the increase of the
desorption rate, whose growth rate is accelerating.

(6)

where ΔU is the internal energy loss of the coal body, J; m is
the mass of gas ﬂow, g; and v is the velocity of gas ﬂow, m/s.

dT �

(8)

where A and B are 0.702 J/m3 and 0.242 MPa−1 , respectively,
and p is the pressure before desorption, Pa.
Combining Equations (7) and (8), we obtain
ΔTd � −

2.2.4. Heat Adsorption due to Gas Seepage. The desorbed gas
and original free gas increases the gas concentration, and the
accompanying pressure gradient causes gas ﬂow within the
fracture network of the coal body. The kinetic energy of gas
was provided by the coal body. According to the conservation of energy,

A
,
(1 + Bp)

(7)

According to previous studies, the diﬀerential adsorption heat and the gas pressure have the following relations:

2.3.2. Temperature Change of Free Gas due to Expansion.
Assuming the system is an adiabatic system and the expansion process of free gas is an isothermal process, the
expansion energy of free gas can be thought that it comes
from the coal. Assuming the gas pressure diﬀerence is dp in
the expansion process and the volume of gas emit to the
atmosphere is dV. The temperature of the coal body should
decrease by
dT � −

p0
p
· ln
· dV,
1000c1
p0

(10)

where p is the gas pressure before desorption, Pa, and p0 is
the atmospheric pressure, Pa.
The volume of gas within a coal seam can be calculated
√�
by V � α p [17], where α is the coal seam gas content
coeﬃcient, m3/(t·MPa1/2). Therefore,
dV � α ·

dp −1/2
·p .
2

(11)

Bringing it into Equation (10), we get
dT � −
Therefore,

p0
p
dp −1/2
·p .
· ln
·α·
1000c1
p0
2

(12)
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p0

ΔTe � − 

p

p0
p
1
· ln
· α · √� dp
1000c1
p0
2 p
(13)

p ·V ·η
p
1−η
� − 0 0 · ln − 2
ln(1 − η) − 2,
1000c1
p0
η
where V0 is the gas content before desorption, m3/t, and η is
gas emission rate.
Therefore, the temperature change in the process of coal
gas desorption and diﬀusion is
ΔTtotal � ΔTd + ΔTe
�−

−

A · Vt · η
1000c1 1 + Bp(1 − η)2 
p0 · Vmax · η
1000c1

· ln

(14)

p
1−η
−2 ·
ln(1 − η) − 2.
p0
η

The above analysis shows that the temperature decrease
in the process of desorption is related to the gas desorption
amount, the speciﬁc heat of the coal body, and the gas
pressure. Large gas pressure and more desorption amount
result in greater temperature change.

3. Calculation of Experimental Parameters of
Coal Gas Desorption
Gas desorption experiments were conducted based on
Malan 8# and Zhenxing2# coal samples. Gas desorption data
was analyzed and calculated. Temperature changes under
various experimental conditions were obtained.
As shown in Table 1, ΔTtotal is the total temperature
change of the coal body during the process of desorption,
which is obtained from Equation (14); ΔTmax measured is the
maximum temperature drop of unit mass coal during the
desorption experiment.
The above results show that the two temperature
values increase with the increasing adsorption equilibrium pressure. However, when the adsorption equilibrium pressure is small, the theoretical temperature
diﬀerence is close to the measured temperature diﬀerence. As the adsorption equilibrium pressure increases,
the theoretical temperature diﬀerence is larger than the
measured temperature diﬀerence. The main reason is
that the theoretical temperature diﬀerence is assumed to
be an adiabatic process, which is not true in fact. When
the desorption rate is greater, the rate of desorption and
heat absorption is also faster. The heat at this time
mainly comes from the coal body, and the measured
temperature value should be closer to the theoretical
value. But desorption rate decreases as time goes on, and
the energy transfer between the environment and the

system is diﬃcult to eliminate, which results in larger
error.
The value of heat change during the process of desorption was calculated with Equation (1), as shown in
Figures 2–5.
The temperature change is the result of the energy
change. In this paper, the change of heat, which can be
regarded as the change of heat absorption, is obtained
according to the experimental measurements and theoretical calculations. It is positively correlated with coal gas
pressure, gas content, and desorption. Based on that, the
temperature variation of coal can be used as a sensitive
index for predicting coal and gas outburst. However, the
temperature change in the desorption process is aﬀected by
many factors such as the stress formation, occurrence
conditions, and metamorphic degree of coal. The underground measurement method still needs to be studied
from many aspects. The test and analysis of gas adsorption
and desorption temperature of granular coal is feasible and
can be used together with other outburst prediction sensitive indexes.
This method is feasible in theory, but the method of
implementation and the determination of the critical value
need further study.

4. Conclusions
(1) From the point of view of molecular motion, the
cause of thermal change in the coal gas desorption
process was analyzed combined with the theory of
thermodynamics, including desorption heat of
absorbed gas, expansion heat of free gas, diﬀusion
heat, and heat adsorption due to gas seepage.
(2) The temperature variation mechanism of the whole
process of gas desorption was analyzed, and
a mathematical equation describing the temperature
variation was established. The temperature variation
in this equation is related to parameters such as gas
pressure, limiting desorption volume, and desorption rate.
(3) Through the calculation and analysis of the experimental data of two types of coal samples, the measured values and theoretical values of temperature
and thermal energy changes during gas desorption
were obtained. The results showed both the temperature and heat values increase with the increase of
adsorption equilibrium pressure. However, when the
adsorption equilibrium pressure is small, the theoretical temperature diﬀerence is close to the measured temperature diﬀerence. As the adsorption
equilibrium pressure increases, the theoretical
temperature diﬀerence is larger than the measured
temperature diﬀerence.
(4) The temperature variation of coal gas desorption can
be considered as a sensitive index for the prediction
of gas outburst, but the relevant implementation
methods and critical values still need to be studied in
the future.
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Table 1: Theoretical and measured values of the two types of coal samples.
Sample name
Malan
8#10–20

Malan 8#
20– 40

Malan 8#
40–60
Zhenxing
10– 20
Zhenxing
20–40

Zhenxing
40–60

Zhenxing
60–80

Equilibrium pressure p
(Pa)
6.00E + 05
1.21E + 06
1.90E + 06
2.10E + 06
5.39E + 05
1.12E + 06
1.65E + 06
2.24E + 06
4.34E + 05
7.92E + 05
1.73E + 06
2.16E + 06
3.30E + 05
8.46E + 05
1.32E + 06
3.42E + 05
9.00E + 05
1.01E + 06
1.80E + 06
3.40E + 05
1.10E + 06
1.43E + 06
1.70E + 06
2.37E + 05
6.71E + 05
1.25E + 06
1.87E + 06

Vmax
(m3/kg)
1.97E − 03
2.83E − 03
3.94E − 03
4.60E − 03
3.38E − 03
4.68E − 03
5.56E − 03
8.70E − 03
4.76E − 03
5.54E − 03
6.35E − 03
1.34E − 02
9.10E − 03
1.34E − 02
1.48E − 02
8.19E − 03
1.14E − 02
1.29E − 02
1.39E − 02
7.33E − 03
1.39E − 02
1.72E − 02
1.83E − 02
8.79E − 03
1.26E − 02
1.61E − 02
1.77E − 02

Desorption rate
η
5.20E − 01
6.20E − 01
6.70E − 01
7.40E − 01
6.20E − 01
9.20E − 01
9.30E − 01
7.70E − 01
6.00E − 01
7.00E − 01
7.40E − 01
8.00E − 01
4.00E − 01
6.60E − 01
8.10E − 01
3.80E − 01
5.80E − 01
7.90E − 01
9.10E − 01
5.50E − 01
7.87E − 01
8.40E − 01
9.20E − 01
5.40E − 01
8.00E − 01
9.00E − 01
9.10E − 01

ΔTe
(°C·g − 1)
8.10E − 05
2.02E − 04
3.70E − 04
4.66E − 04
1.25E − 04
2.49E − 04
4.26E − 04
9.16E − 04
1.34E − 04
2.93E − 04
5.80E − 04
1.38E − 03
1.80E − 04
7.54E − 04
1.12E − 03
1.68E − 04
6.61E − 04
7.94E − 04
1.20E − 03
1.45E − 04
9.25E − 04
1.35E − 03
1.47E − 03
5.70E − 05
4.88E − 04
1.02E − 03
1.56E − 03

ΔTtotal
(°C·g − 1)
6.75E − 04
2.45E − 03
6.05E − 03
9.37E − 03
1.32E − 03
9.36E − 03
1.73E − 02
2.08E − 02
1.43E − 03
3.91E − 03
1.07E − 02
3.32E − 02
1.23E − 03
9.20E − 03
2.33E − 02
1.09E − 03
6.75E − 03
1.50E − 02
4.18E − 02
1.52E − 03
1.71E − 02
3.26E − 02
5.56E − 02
1.16E − 03
9.83E − 03
3.32E − 02
5.62E − 02

ΔTmax measured
(°C·g − 1)
1.25E − 03
2.31E − 03
2.71E − 03
3.21E − 03
6.57E − 04
1.52E − 03
1.90E − 03
2.42E − 03
1.34E − 03
2.36E − 03
3.40E − 03
4.16E − 03
2.53E − 03
6.66E − 03
8.83E − 03
3.19E − 03
7.07E − 03
7.40E − 03
9.92E − 03
4.44E − 03
1.12E − 02
1.31E − 02
1.50E − 02
2.49E − 03
7.99E − 03
1.21E − 02
1.46E − 02

6
Calculated heat change (J/g)

50
Calculated heat change (J/g)

ΔTd
(°C·g − 1)
5.95E − 04
2.25E − 03
5.68E − 03
8.91E − 03
1.19E − 03
9.11E − 03
1.69E − 02
1.99E − 02
1.30E − 03
3.62E − 03
1.01E − 02
3.18E − 02
1.05E − 03
8.44E − 03
2.22E − 02
9.20E − 04
6.09E − 03
1.42E − 02
4.06E − 02
1.38E − 03
1.62E − 02
3.12E − 02
5.41E − 02
1.11E − 03
9.34E − 03
3.22E − 02
5.47E − 02
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Figure 2: Theoretical desorption heat values of 8# Malan coal.
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Figure 3: Measured desorption heat values of 8# Malan coal.
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The surrounding rock deformation in the underground mining roadway increases rapidly during excavation and mining
disturbance. The semirock and coal roadway, which is formed by the rock and coal composite system, will show diﬀerent
mechanical properties. Therefore, loading rate and anchoring or not are critical to grasp the stability law of the rock-coal
combination system under diﬀerent conditions. The uniaxial mechanical test under the constant loading rate and combined
loading rate is carried out in the static loading range (0.01∼10 mm·min−1) of the rock-loose coal composite specimen (RCCS). The
test results show that the rock and loose coal composite specimen without bolt (RCB(0) specimen) are abnormal, and the uniaxial
compressive strength (UCS) and residual strength (RS) of the specimen do not increase but decrease with the increase of loading
rate. In contrast, the UCS of the rock-loose coal composite specimen with the bolt (RCB(1∼2) specimen) is consistent with that of
the ordinary hard and brittle rock, which increases with the increase of loading rate. To a certain extent, the initial damage and the
development of microcracks in loose coal bodies are limited by bolts. Finally, the deformation mechanism and constitutive
equation of the rock-loose coal composite system are discussed.

1. Introduction
Deep rock mass engineering is gradually facing more and
more complicated geological conditions. Therefore, complicated engineering problems pose higher challenges to
human exploration. The development of underground engineering to the depth has brought about great contradictions with people’s common understanding in the past. Deep
underground engineering is no longer a single diﬃcult
problem but has caused various and multiple impacts. Many
scientiﬁc problems such as high ground temperature [1, 2],
high stress [3, 4], high gas [5, 6], strong impact, long-term
creep of rock [7, 8], various disturbances, and complex
geological structures [9–13] have attracted wide attention of
many scholars. The stability problem of the coal-rock
combination system refers to two or more types of diﬀerent
rock combination systems under various extreme

environments in roadway or chamber engineering. Strictly,
the rock-coal combination system is not a whole system.
When the rock mechanics diﬀerence is too signiﬁcant, the
entire rock-coal mass is disturbed and superposed by various
stresses, and the coal and rock experience apparent nonlinear damage. In particular, under certain conditions
(e.g., high stress or high gas), the dynamic destruction of coal
and gas outburst will occur. Currently, the study on the
combination of rock-coal specimens has attracted more and
more scholars’ attention. For example, Tang et al. [14] used
a rock failure process analysis (RFPA2D), which reveals the
evolutionary nature of the fracture phenomenon from
microfracture scale to global failure, and they found that the
rock interface has self-aﬃne fractal characteristics, and its
correlation with fractal dimension is obvious. Zhao et al.
[15–18] investigated the cracking and stress-strain behavior
and creep properties of rocks and revealed the stress-strain

2
curves of the specimens containing two ﬂaws are closely
related to the crack development and coalescence process.
Mogi [19] proposed the inﬂuence of the second principal
stress on the fracture mode of rock-coal mass. Wang and
Park [20] proposed that the uniaxial compressive strength
(UCS) and brittleness coeﬃcient of the specimen can be used
to measure the impact capacity when they studied the impact
tendency index of rock-coal composite specimen/system
(RCCS). The results show that the higher the UCS of the
specimen and the greater the brittleness coeﬃcient, the
stronger the impact tendency of the rock-coal composite
specimen. Zuo et al. [21, 22] did a lot of research on the
failure mechanism and mechanical properties of the RCCS
and elaborated the mechanical diﬀerences between RCCS
and coal specimen or rock specimen.
There are only a few reports on the experimental study of
RCCS under diﬀerent test loading strain rates (static range).
For example, Huang and Liu [23] studied the RCCSs in 7
orders of magnitude at 0.2∼12.25 kN/s. The results show that
with an increase of loading rate, the strain increment of the
RCCS in the elastic phase, the plastic phase, and the failure
phase gradually increased, and the strain at the peak point
rose linearly. Gong et al. [24] carried out four diﬀerent types
of low loading rate (10−3∼100 MPa/s) uniaxial compression
tests of RCCS. The result shows that with the increase of
loading rate, the failure structure of RCCS is transformed
from coal part to the whole coal-rock part, and there is an
apparent critical loading rate phenomenon.
The above results are based on the analysis or test of the
RCCS. More often than not, the impact tendency characteristics of the RCCS are analyzed by the constant loading
rate or constant strain rate in the static range. As we know,
underground engineering (such as roadway excavation and
support) is generally aﬀected by the superposition of dynamic loads and static loads in diﬀerent degrees and directions due to the inﬂuence of in situ stress, structural
stress, blasting, working face advancement, various mining
methods, and mechanical equipment. Therefore, in response
to these problems, Li et al. [25] took the lead in carrying out
a series of studies and achieved speciﬁc results. Figure 1
shows two typical stress modes of deep engineering rock. Li
et al. [26, 27] believe that the mechanical properties of rock
such as strength, deformation, failure process, and energy
dissipation under combined static and dynamic loads are
signiﬁcantly diﬀerent from those of traditional statics or
dynamics (Figure 1: Ps is static load, and Pd is dynamic
load). In contrast, Li et al. [28] believe that dynamic loads
such as underground rockburst are also caused by severe
instability of quasi-equilibrium systems. Thus, it is reasonable to use static loading to study the rate eﬀect in the
laboratory.
Throughout the work done by researchers in the past, all
researchers are focused on the mechanical characteristics of
RCCS. However, underground engineering rock mass is
often supported by diﬀerent methods (e.g., bolt, cable, and
shotcrete). In order to prevent the rock mass from overall
failure due to various disturbance stresses. Therefore, merely
testing and analyzing the mechanical properties of rock
(RCCS) after loading have limitations with the actual
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engineering background. Unfortunately, the related research
on the rock and coal assemblage with bolt (RCB) has not
attracted the attention of more scholars. Therefore, based on
the previous research, this paper considered to carry out
experimental investigation and deformation mechanism
analysis of the rock and loose coal assemblage with the bolt
(RCB) with diﬀerent combinations loading levels (high to
low and low to high) within the static strain range.

2. Division of High and Low Loading
Rates under Static Strain Rate
Generally, according to diﬀerent loading methods, the whole
process of rock loading can be divided into the following
corresponding strain rate modes: (1) creep; (2) static; (3)
quasi-dynamic; (4) dynamics; and (5) hyper-dynamic.
However, the above classiﬁcation does not provide a deﬁnite strain rate range. Based on previous studies, the loading
rate range (0.01–10 mm·min−1) corresponding to the strain
rate range (10−6∼10−3·s−1) determined is divided into quasistatic state, i.e., the low loading rate range. Gong et al. [24]
examined the corresponding static range relationship among
the controlled loading rate, actual loading rate, and strain
rate, as shown in Table 1. After taking the logarithm of the
test data, there is a good linear relationship between the
actual loading rate and the controlled loading rate and
between the strain rate and the calculated actual loading rate.
Therefore, in this paper, in the range of the static strain rate,
when there is a load level diﬀerence in the control load rate,
the higher level is the high loading rate, and the lower level is
the low loading rate.

3. Test Preparation
3.1. Specimen Preparation. The mainly aggregates in the coal
body of the RCCS are 150 µm diameter coal ash and P42.5
Portland cement, with a mass ratio of 2 : 3. Meanwhile,
a loose coal-rock mass is made by adding 30% hydrogen
peroxide (H2O2). The main aggregate of the rock part is
75 µm diameter river sand and Portland cement, with a mass
ratio of 2 : 3 (as shown in Figure 2). The coal ash and river
sand were screened with 100- and 200-mesh sieves,
respectively.
The loose coal and rock mass were poured into the
standard mold by volume ratio 1 : 1, and the RCCS diameter
is 50 mm, and the height is 100 mm. To better reﬂect the
contact characteristics of multiple strata, the contact surface
between coal and rock is formed by natural cementation.
Before creating the test specimen, the piece is ﬁrst dried in
a constant temperature drying oven for 3 hours and then
demolded. The samples were then naturally cured by constant temperature curing box, and the molded specimens are
shown in Figure 3(b). Horizontal anchor holes with a diameter of 4 mm are drilled in the loose coal body by using
a drilling rig, speciﬁcally, single anchor and double anchor
anchoring methods. The specimen is anchored with the fullthread bolt, and the speciﬁc parameters are diameter 4 mm,
length 65 mm, and anchor plate at the end, as shown in
Figures 3(c) and 3(d). In this experiment, we mainly carry
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Figure 1: Two typical stress modes of deep engineering rock [25]: (a) one-dimensional force; (b) multidimensional force.
Table 1: Relationship between three loading rates in the static
range [24].
Sample
number
CR1
CR2
CR3
CR5
CR6
CR7
CR8
CR9

Load
magnitude
I
—
II
—
III
—
IV
—

Actual
Control
loading rate loading rate
(MPa·s−1)
(mm·min−1)
0.01
6.10 × 10−3
—
5.91 × 10−3
0.1
6.26 × 10−2
—
6.59 × 10−2
1
7.35 × 10−1
—
3.93 × 10−1
10
7.81 × 100
—
8.02 × 100

Strain
rate (s−1)
3.22 × 10−6
3.29 × 10−6
3.29 × 10−5
3.21 × 10−5
3.48 × 10−4
1.62 × 10−4
3.48 × 10−3
3.45 × 10−3

Hydrogen peroxide
Cement

River sand

Coal ash

Figure 2: Rock-loose coal composite specimen (RCCS) prepared
material.

out the analysis of RCB specimen under the condition of
combined loading rate, in which coal specimens, rock
specimens, and rock and loose coal composite specimens
without bolts are taken as the control group for analysis.
3.2. Test Equipment and Methods. The RCCS was carried out
on the rock mechanics test (RMT-150C). Two loading rates
of 1.2 mm/min and 0.3 mm/min were set in this experiment,
respectively. The diﬀerential rate of the two rates was one
order of magnitude, representing the high loading rate and
low loading rate in the static strain range. The test is divided
into the following two ways: (1) set the constant loading rates
of 0.3 mm/min and 1.2 mm/min for the failed test of the rockloose coal composite specimen without bolt, i.e., RCB(0), the
numbers in parentheses represent the number of horizontal

bolts; (2) RCB(1∼2): set two-stage loading steps in the whole
process of test loading, high and low combined loading rates
(1.2 mm/min⟶0.3 mm/min; 0.3 mm/min⟶1.2 mm/min)
for the uniaxial failure test. Speciﬁcally, when the loading
rate reaches 50%∼60% σ c of the uniaxial compressive strength
(UCS) of the RCB(1∼2) specimen, it changes a loading order
until the specimen failure. The stress path of the test loading is
as shown in Figure 4.

4. Analysis of Test Results
4.1. Constant Loading Rate. Under a constant loading rate of
0.3 mm/min, the mean uniaxial compressive strength
(MUCS) of the whole rock specimen is 10.41 MPa. The coal
body is loose inside and contains many defects. Therefore,
the MUCS of coal specimens is 2.10 MPa, which is entirely
diﬀerent from coal and rock specimen. Figure 5 shows the
stress-strain curves of the RCB(0) specimen at a constant low
rate of 0.3 mm/min and a constant high rate of 1.2 mm/min.
Generally, the UCS of intact hard and brittle rocks increases
with the increase of loading rate [29, 30]. However, after
raising the constant loading rate by one order of magnitude
(i.e., from low loading rate to high loading rate), the test
results of RCB(0) specimen were abnormal. The UCS and
residual strength (RS) of the specimen did not increase but
decreased with the loading rate (about 1 MPa).
This unusual phenomenon can be well explained by
using the critical value eﬀect of the loading rate: loose coal
has limited carrying capacity compared with hard and brittle
rocks, and its mechanical properties are entirely diﬀerent
from those of conventional intact and brittle rocks. Li et al.
[31] believes that the loading rate of rocks with more internal
defects (such as RCB(0) specimen) has a critical value (as
shown in Figure 6). When loading rate is less than this
critical value, smaller defects are activated inside the specimen. Since the stress concentration level at the defect is
positively correlated with the loading rate, the larger the
loading rate, the easier the crack will expand and penetrate.
Therefore, with the increase of the loading rate, the UCS of
the specimen will gradually decrease instead. Thus, the loose
coal-rock composite system also has a critical loading rate
eﬀect, and the loading rate of 0.3 mm/min to 1.2 mm/min
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Rock

Coal

Figure 3: Specimen curing formation: (a) maintenance equipment; (b) specimens; (c) bolt; and (d) molding specimens.

belongs to the stage before the critical value changes. Because
the rock part of the coal-rock composite specimen is better
than the integrity of the coal part and the loose coal is a weak
part, its overall mechanical characteristics are consistent
with those of the loose coal.
4.2. Combined Loading Rate. Figure 7 shows the stressstrain curves of RCB(1) and RCB(2) specimens in the
whole process of combined loading rates. The UCS of
RCB(1) and RCB(2) specimens has been improved due
to the reinforcement eﬀect of bolts (0.337–1.252 MPa,
Figures 7(a) and 7(b)). The UCS of RCB(1) and RCB(2)
specimens under the loading rate from low to high
(0.3 mm/min ⟶ 1.2 mm/min) is higher than that of high
to low loading rate (1.2 mm/min ⟶ 0.3 mm/min).
Therefore, the RCB(1-2) specimen is mainly aﬀected by
the loading rate control in the latter half of the process. In
other words, the UCS of the RCB(1-2) specimen increases with
the increase of the loading rate near failure within the appropriate strain rate. It is found that in the ﬁrst stage of loading
in the combined loading rate (Figures 7(a) and 7(b)), RCB(1)
and RCB(2) specimens showed large ﬂuctuation under low
loading (0.3 mm/min), and in contrast, the specimens showed
a good linear elastic trend under high loading rate
(1.2 mm/min). Due to the long loading time with low loading
rate, the internal defects of loose coal body yield obviously, but
it is not damaged, and the cumulative damage of coal body is
higher than that of high loading rate. The UCS of the specimen
is changed by way of bolting methods, and the UCS of the RCB
(2) specimen is the largest (6.162 MPa), the UCS of the RCB(1)
specimen is the second (3.046 MPa), and the UCS of the
specimen without bolting is the smallest (2.180 MPa).
There are diﬀerences between the mechanical characteristics of the RCB(0)specimen and the mechanical characteristics of the RCB(1∼2) specimen. As we know, loose coal
is a structural medium containing various defects; due to the

reinforcement of loose coal by bolts and the lateral limitation
on the deformation of coal, the mechanical diﬀerences
between coal and rock mass are reduced. Then, the bearing
capacity is improved. To a certain extent, the initial damage
inside loose coal and the evolution and development of
microcracks are limited by bolts (Figure 8). With the increase of loading rate, the development time of ﬁssures in the
coal body decreases, the damage degree of the specimen
decreases, and the strength continuously increases. Therefore, the UCS of the RCB(1∼2) specimen is consistent with
that of the hard and brittle rock, and UCS increases with the
increase of loading rate.
4.3. Failure Law. Figure 9 shows the failure law of the RCB
(0) specimen under the constant loading rate. The failure of
the rock-coal composite specimen is concentrated in the
loose coal part; destruction is mainly caused by loose
fracture; and there is no apparent shear zone. At the interface
between coal and rock, a small range of sliding damage
occurred, and ﬁnally, the loose coal body cracked, and the
whole specimen lost its stable bearing capacity.
Figure 10 illustrates the failure law of the RCB(1∼2)
specimen under combined loading rate. Because bolt
changes the mechanical properties of loose coal, the mechanical diﬀerence between coal and rock is reduced, and the
overall bearing capacity of rock-loose coal composite
specimen is also improved. When the specimen is damaged,
the development of microcracks is due to the bolt where it
does not randomly distribute, but ﬁrst occurs at the end of
the bolt and stress concentration, as shown in Figure 8.
Finally, the cracks gradually penetrate. Therefore, the bolt
can improve the distribution of the fracture development of
loose coal and adjust the integrity of the specimen. Compared with the RCB(0) specimen, the RCB(1∼2) specimen
has formed a typical failure mode of overall shear splitting
failure.
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Figure 5: Stress-strain curves of the RCB(0) specimen under
constant loading rate.

5. Discussion on Deformation Mechanism and
Constitutive Equation of Rock-Loose Coal
Composite System (RCCS)
Based on a large number of actual rock mass projects, Sun
and Sun [32] believe that rock deformation is caused by the
joint action of rock mass material deformation and rock
mass structural element deformation, which can be
expressed as follows:
U � Um + Us ,

(1)

where U is the rock deformation, Um is the rock mass
material deformation, and Us is the rock mass structural
deformation.
Therefore, based on the volume deformation and the
structural elements deformation of rock material, Sun and
Sun [32] suggested that the deformation mechanism of rock
be expressed by deformation mechanism elements and
abstracted it into 8 kinds of deformation mechanism

elements, namely, (1) elastic deformation mechanism elements of rock mass material unit body expansion and
contraction; (2) rock material unit expansion and shrinkage
adhesive deformation element; (3) rock mass material unit
closed deformation of structural plane; (4) rock mass material unit staggered deformation of the structural plane; (5)
structural plane sliding deformation mechanism elements of
rock mass structural elements; (6) the rolling deformation
mechanism of the fractured rock mass structure; (7) weak
interlayer extrusion deformation mechanism elements of
rock mass structural elements; and (8) bending deformation
mechanism elements of plate-shaped structural elements of
rock mass. Therefore, the rock-loose coal composite system
without bolt can be seen as a horizontally layered viscoelastic
model. Figure 11 shows the deformation mechanism of the
rock-loose coal composite system without bolt.
Based on the geomechanical model of the rock-loose coal
composite system, one-dimensional deformation constitutive equation can be obtained:
1 1
σ
ε_ �
+ ε − ε  + ,
(2)
Eb Ej j0 j
η
where ε_ is strain rate, Eb is the rock structure elastic
modulus, Ej is elastic modulus of structure surface, εj0 is
initial structural plane strain, εj is the structural plane strain,
σ is the stress, and η is the viscosity coeﬃcient.
The constitutive equation under constant strain rate ε_ a
control is given as follows:
σ�

εa η1 − exp −Ec /εa  ηr + Er ε/εa 
,
η1 − exp −Ec /εa ηc  + ηr + Er ε/εa

(3)

where Ec and Er are the elastic modulus of loose coal and
rock, respectively, ηc and ηr are the viscosity coeﬃcients of
loose coal and rock, respectively.
After the loose coal part is anchored, the mechanical
homogenization of the rock-loose coal composite system
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Figure 7: Stress-strain curves of the RCB(1∼2) specimen under combined loading rate: (a) RCB(1) specimen; (b) RCB(2) specimen.
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Figure 9: The failure law of the RCB(0) specimen under the constant loading rate.

(a)

RCB(2)

RCB(2)

RCB(1)

RCB(1)

(b)

(c)

Figure 10: The failure law of the RCB(1∼2) specimen under combined loading rate.
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Figure 12: The deformation mechanism of the rock-loose coal
composite system with bolt: (a) physical model of RCB(1∼2); (b)
deformation mechanism.

6. Conclusions
In this paper, laboratory tests and theoretical analysis were
used to analyze the failure law and mechanism of the rockloose coal composite specimen/system (RCCS). The following conclusions are drawn:

(b)

Ej

Eb

η

(c)

Figure 11: The deformation mechanism of the rock-loose coal
composite system without bolt: (a) geological model of RCB(0); (b)
physical model of RCB(0); (c) deformation mechanism.

is improved. Thus, it can be regarded as a common homogeneous elastic fracture rock mass model, as shown in
Figure 12.
Therefore, the deformation constitutive equation of the
rock-loose coal composite system with bolt can be
obtained:

ε�

σ
σ
+ εj0 1 − exp− .
Eb
Ej

(4)

(1) After increasing the constant loading rate by one
order of magnitude (i.e., from low loading rate to
high loading rate), the test results of RCB(0) specimen were abnormal. The UCS and RS of the
specimen did not increase but decreased with the
loading rate.
(2) The UCS of the RCB(1∼2) specimen is consistent
with the hard and brittle rock, i.e., the UCS increases
with the increase of loading rate. Under combined
loading rate, with the increase of loading rate, the
development time of ﬁssures in the coal body decreases, thus the damage degree of specimen decreases, and the strength continuously increases.
(3) Rocks with more internal defects (such as RCB(0)
specimen) has a critical value in the loading rate.
When loading rate is less than of this critical value,
smaller defects are activated inside the specimen. The
larger the loading rate, the easier the crack will expand and penetrate. Therefore, with the increase of
the loading rate, the UCS of the specimen will
gradually decrease instead. Similarly, when the
loading rate is less than the critical value, the UCS of
the specimen increases with the increase of loading
rate.
(4) The rock-loose coal composite system without bolt
can be seen as a horizontally layered viscoelastic
model. After the loose coal part is anchored, the
mechanical homogenization of the rock-loose coal
composite system is improved. Thus, it can be
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regarded as a common homogeneous elastic fracture
rock mass model.
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In order to reduce the energy loss during longitudinal ventilation for highway tunnels, a guiding vane was proposed to be installed
on the tunnel dome in the downstream of the air supply outlet. The eﬀects of the guiding vane’s angles and equivalent heights on
the eﬀectiveness of tunnel ventilation were investigated by the numerical simulation using the CFD approach. When the installation angle of the guiding vane was 2∼5 degrees and the equivalent height was 0.20∼0.35, the guiding vane played a signiﬁcant
role in drag reduction. Under the circumstances, the pressure-rise of air supply outlet was the maximum. The required distance for
pressure-rise was approximately 90∼115 m that was not aﬀected by the average air velocity in the tunnel and the structure
parameters of the guiding vane.

1. Introduction
Tunnel ventilation systems are needed to maintain air quality
to ensure the safety of personnel in the tunnel [1–4]. In recent
years, the application of shaft blowing and exhausting longitudinal ventilation systems in highway tunnels has significantly increased. However, high-energy consumption in the
ventilation systems has always been a diﬃculty that limits the
development of tunnel engineering.
Researchers have been focusing on the optimization of
ventilation equipment and local structures in the ventilation
systems. For instance, eﬀorts have been made to optimize the
structure of ﬂow ﬁeld in tunnels by optimizing fan distance,
air supply angle, and the parameters of local geometry in
order to reduce ventilation resistance and thus the operation
costs of the ventilation systems. Basing on an experimental
study, Ishida [5] found that installation of an air deﬂector at
the outlet of the fan could improve pressure regulation of the
jet fan. A series of experimental studies on the longitudinal
ventilation system were conducted by Pavesi et al. [6], and

they concluded that the high velocity of the jet ﬂow, the
friction loss on the wall of tunnel, and the vortex loss nearfan were the main factors of the decrease of the eﬃciency of
jet fan. According to a numerical study using the CFD
approach, Betta et al. and Lee et al. [7–9] found that the
friction loss between the airﬂow and the top wall of tunnel
could be reduced when the inlet and outlet of the jet fan were
installed at the optimum angle. Fan et al. [10] proposed that
the pressure-rise eﬀect of the jet fan was related to the
position of the fan, and they obtained the optimum longitudinal and horizontal distances of the jet fan. Wang et al.
[11–13] conducted comprehensive analysis on the characteristics of the jet ﬂow for a special curved highway tunnel
through numerical simulation. They concluded it with an
optimum installation angle of 3 degrees. It is also pointed out
that the optimum installation angle and distance of the jet
fan in a curved highway tunnel were remarkably diﬀerent
than that in a straight one. Shi and Xia [14] performed
numerical analysis for the optimization of ﬂow ﬁeld in the
short duct of the highway tunnel and concluded that the

2. Model Development
2.1. Model Description. The cross section of an extra-long
highway tunnel is shown in Figure 1. The tunnel has a width
of 13.69 m and a height of 8.46 m. The area of the cross
section of the tunnel is approximately 97.18 m2. The hydraulic diameter (Dt) is 10.06 m, and the height of the air
supply outlet is 1.8 m.
Based on the original structure of the longitudinal
ventilation system, a guiding vane was installed on the dome
at the downstream of the air supply outlet. Figure 2 presents
the schematic of installation of guiding vane in the local shaft
blowing and exhausting longitudinal ventilation system.
Parameters of the local longitudinal ventilation system are
shown in Figure 3.
The guiding vane was symmetrical at two ends of the
tunnel, and it had an angle of α with respect to longitudinal
direction of the tunnel. The distance between the lowest
point of the guiding vane and the dome of the tunnel was
deﬁned as h, and the air supply outlet was located at
X � 60 m. Considering the inﬂuence distance of the pressurerise generated by the air supply outlet and the stability of the
ﬂow ﬁeld, the length of the tunnel was set as 300 m. The
length of the upstream section of air supply outlet was 60 m,
and the length of the section in the downstream was 240 m.
2.2. Mesh. The accuracy of the simulation is aﬀected by the
number of cells in the model and the step size when
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optimum length of short duct was in the range of 65–80 m.
Zhang et al. [15] established the formula to precisely predict
the local loss of the bifurcation tunnel with an angle from 5
to 15 degrees basing on laboratory experiments and numerical simulation. Li et al. [16] stated that the use of an 80
degree-bent air duct could be as an alternative for a straight
curved air duct with guiding vane installed in order to solve
the problem of curve vortex losses in tunnel ventilation
systems.
However, it lacks of the study on the optimization and
improvement of the tunnel ﬂow ﬁeld structure of the
downstream of air supply outlet in the shaft blowing and
exhausting longitudinal ventilation system. In general, the
air supply outlet of the ventilation system is located at the
tunnel dome, and the average air velocity at the air supply
outlet can be as high as 25–30 m/s [17]. In comparison, the
air velocity in the tunnel short duct is much smaller.
Therefore, it is more feasible to form a wall-attached jet in
the tunnel short duct, leading to substantial losses of wall
friction and vortex. In this study, a guiding vane was proposed to be installed on the tunnel dome in the shaft blowing
and exhausting longitudinal ventilation systems to optimize
the ﬂow ﬁeld structure of the tunnel. The eﬀects of installation angles and equivalent heights on the ventilation
energy consumption were investigated by numerical simulation using the CFD approach to determine the optimum
structure parameters of the guiding vane. This study will
shed light on the design of ventilation system for highway
tunnels.
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Figure 1: Cross section of the tunnel.

performing numerical analyses on air ﬂow and other issues
for tunnels. In this study, three diﬀerent sizes of mesh (A, B,
and C) were adopted as shown in Table 1. The diﬀerences of
the static pressure and velocity distribution in tunnel were
used to assess the advantages and disadvantages of diﬀerent
mesh sizes. Figure 4 shows static pressure proﬁles at diﬀerent
positions at X-axis with the average air velocity of the tunnel
short duct u � 2 m/s. Figure 5 shows velocity proﬁles at
diﬀerent positions at Z-axis with the average velocity of the
tunnel short duct u � 2 m/s, X � 100 m, and Y � 0.5 m. As
shown in Figure 4, the results obtained by the three mesh
sizes were the same, and there was almost no diﬀerence in
the distribution of the static pressure. However, in Figure 5,
the velocity at diﬀerent positions at Z-axis by mesh A was
signiﬁcantly diﬀerent from meshes B and C. The discrepancy
was much less between mesh B and mesh C. Consequently,
mesh B was selected in the model for achieving relatively
high calculation accuracy and eﬃciency.
2.3. Governing Equations. In recent years, the Standard k-ε
turbulence model of CFD has been eﬀectively veriﬁed, and it
has been widely used in the analyses of ventilation for
tunnels. In this study, the standard k-ε turbulence model was
adopted to simulate the ﬂow ﬁeld for tunnels [18–20]. The
governing equation of the ﬂuid ﬂow can be expressed as the
follows:
(1) Incompressible continuity equation:
zρui
� 0.
zxi

(1)

(2) Incompressible momentum equation:
zρui uj 
zxi

�−

zρui′uj′
zp
z
zu zuj
+
. (2)
 μ i +
 −
zxj
zxj zxi
zxi zxi

(3) Standard k-ε turbulence model:
k2
ut � ρCμ .
ε

(3)
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Figure 2: Schematic of installation of guiding vane in the local shaft blowing and exhausting longitudinal ventilation system.
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Figure 3: Parameters of the shaft blowing and exhausting longitudinal ventilation system.
Table 1: Description of mesh in modeling.
A
657333

B
917184

0

C
1411810
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Figure 4: Static pressure proﬁles at diﬀerent positions at X-axis for
diﬀerent mesh sizes.

where ρ is the ﬂuid density, kg/m3; ui and uj are the velocity components of the ﬂuid, respectively, m/s; u′i and uj′
are the corresponding ﬂuctuation component, m/s; ε is the
pressure on the ﬂuid microelement, Pa; μ is the dynamic
viscosity, Pa·s; μt is the turbulent viscosity, Pa·s; k is the
turbulent kinetic energy, m2/s2; ε is the dissipation rate,
m3/s; σ k and σ ε are the Prandtl numbers corresponding to
the k and ε equations, respectively. Based on the previous

experimental results, the values of coeﬃcients in above
equations are suggested as Cμ � 0.09, C1 � 1.44, C2 � 1.92,
and σ ε � 1.3.

C μ ε zu zuj zui
ε2
− C2 ,
+ 1 t  i+

k
ρk zxj zxi zxj

2.4. Boundary Conditions. The tunnel short duct inlet was
set as the boundary of velocity inlet with the average air
velocity u � 1 m/s, 2 m/s, and 3 m/s respectively. The tunnel
outlet was set as the boundary of the pressure outlet. The air
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Figure 5: Velocity proﬁles at diﬀerent positions at Z-axis for
diﬀerent mesh sizes.

supply outlet was set as the boundary of velocity inlet, and
the average air velocity was 30 m/s. The standard nonslip
stationary wall boundary condition was applied on the wall
of the tunnel.

3. Results and Discussion
In this study, the structural parameters of the guiding vane in
the model are shown in Table 2. It is noted that ht is the
equivalent height of the guiding vane, and ht � h/Dt, h is the
height, Dt is the hydraulic diameter of the cross section of
tunnel, htc is the critical equivalent height of the guiding
vane, and α is the installation angle of the guiding vane.
Under the same working conditions, the greater the difference of static pressure between the inlet and outlet of the
tunnel is, the higher the pressure-rise of the air supply outlet
will be. The diﬀerence of the static pressure can be expressed
as Δp � pout − pin , where pout is the static pressure at the
tunnel outlet and pin is the static pressure at tunnel short
duct inlet.
3.1. Installation Angle of Guiding Vane and Pressure-Rise.
Figure 6 shows the relationships between Δp and α for
various ht. It is noted that the average air velocity at the
tunnel short duct inlet were u � 1 m/s, 2 m/s, and 3 m/s,
respectively. It is indicated that the diﬀerence of the static
pressure changed parabolically with α. When the
equivalent height of the guiding vane ht < 0.35 and the
installation angle of the guiding vane α � 2°∼5°, a peak
value of the diﬀerence of the static pressure was clearly
observed and denoted as Δpe . As the equivalent height of
the guiding vane increased, Δpe increased as shown in
Figure 6(a). For example, when ht � 0.15, Δpe � 97.33 Pa,
and when ht � 0.3, Δpe � 111.16 Pa. Meanwhile, as ht increased, the angle of the guiding vane αe corresponding
to the peak value also increased. For example, when

Case
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

ht
0.025
0.050
0.075
0.100
0.125
0.150
0.175
0.200
0.225
0.250
0.275
0.300
0.325
0.350
0.375
0.400

α (°)
0∼16
0∼16
0∼16
0∼16
0∼16
0∼16
0∼16
0∼16
0∼16
0∼16
0∼16
0∼16
0∼16
0∼16
0∼16
0∼16

ht � 0.15, αe � 2°, and when ht � 0.3, αe � 4°; and when
ht � 0.35, αe � 5°. Comparing Figures 6(a) and 6(b) with 6(c),
it is found that the pattern of variation of diﬀerence of the
static pressure with the angle of guiding vane was quite similar
at diﬀerent average air velocities in the tunnel short duct inlet.
With the increase of the average air velocity of the short duct
inlet, Δp decreases at both the same angle of guiding vane and
equivalent height. Under the same working conditions, the
greater the diﬀerence of static pressure between the inlet
and outlet of the tunnel is, the higher the pressure-rise of
the air outlet will be. Consequently, the air supply outlet
pressure-rise reached the maximum when the installation
angle of guiding vane was in the range of 2°∼5°.
3.2. Equivalent Height of Guiding Vane and Pressure-Rise.
Figure 7 shows the relationships between Δp and ht for
various α. It is noted that the average air velocity at the
tunnel short duct inlet were u � 1 m/s, 2 m/s and 3 m/s,
respectively. As shown in Figure 7, it is found that when
the ht was less than a certain critical equivalent height htc,
the diﬀerence of the static pressure did not change signiﬁcantly, and the slope of the curve varied gradually.
However, when the ht was greater than the htc, with the
increasing of equivalent height of the guiding vane, the
diﬀerence of the static pressure changed substantially, and
the slope of the curve varied steeply. Meanwhile, htc increased with the increase of the installation angle of the
guiding vane. Therefore, htc does not exist when the angle
of the guiding vane was relatively large. For example, as
shown in Figure 7(a), when α � 4°, htc was about 0.1; when
α � 10°, htc was about 0.225; and when α � 16°, htc was about
0.3. When the equivalent height of the guiding vane fell in
the range of 0 < ht < htc, the diﬀerence of the static pressure
ﬁrst increased and then decreased, exhibiting a comparably
parabolic type of distribution. Comparing Figures 7(a) and
7(b) with 7(c), it is found that, with the increase of the
average air velocity at the tunnel short duct inlet, the
critical equivalent height htc was almost constant if the
angle of guiding vane was small (e.g., α � 4°). However, with
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Figure 6: Curves of static pressure with α for various ht. (a) u � 1 m/s. (b) u � 2 m/s. (c) u � 3 m/s.

the increase of the angle of guiding vane, the change in the
diﬀerence of the static pressure was more likely aﬀected by
the equivalent height. For example, as shown in Figure 7(c),
when α � 10°, htc was about 0.3, while when α � 16°, the
equivalent height of the guiding vane was in the range of
0.025∼0.4, thereby there was no critical equivalent height
htc. Comparing Figures 7(a) and 7(b) with 7(c), it is also
demonstrated that, with the increase of the average air
velocity at the tunnel short duct inlet, the diﬀerence of the
static pressure decreases at the same installation angle and
the equivalent height of the guiding vane. Considering the
restrictions on the installation height of the guiding vane
for highway tunnels, when the installation angle is selected
within the range of 2°∼5°, the optimum equivalent height of
the guiding vane is 0.2∼0.35, and the pressure-rise of air
supply outlet will be signiﬁcantly increased as shown in
Figure 6.
3.3. Distribution of Static Pressure. Figure 8 shows the distribution of the static pressure at X-axis for the tunnel with
α � 4° and 10°. It is indicated that the pattern of variation of
the static pressure at X-axis was not aﬀected by the
structural parameters of the guiding vane and the average
air velocity at the tunnel short duct inlet. Additionally, the
pressure-rise increased signiﬁcantly when the guiding

vane was with the optimum structural parameters. From
the tunnel short duct inlet to air supply outlet, the change
of the static pressure in the tunnel was small. When the
distance was within 15 m (i.e. X � 75 m) away from the air
supply outlet, the static pressure in the tunnel did not
increase rapidly. When the distance was greater than 15 m,
the tunnel static pressure rapidly increased. And, it
reached the maximum when X � 150∼175 m, and then the
static pressure gradually decreased due to the loss of
friction resistance along the tunnel. From the distribution
of static pressure, it also indicated that the distance required for the pressure-rise was approximately 90∼115 m,
and it was not aﬀected by the average air velocity of tunnel
short duct inlet and the structure parameters of the
guiding vane. Comparing Figures 8(a) with 8(b), the slope
of curves were reduced when the average air velocity of the
tunnel short duct inlet increased from 1 m/s to 3 m/s,
which demonstrated that the eﬀectiveness of the pressurerise was lowered. Comparing Figures 8(a) with 8(c), as the
installation angle of the guiding vane increased from 4° to 10°,
the slope of curves declined considerably, revealing that the
eﬀectiveness of the pressure-rise was reduced signiﬁcantly.
3.4. Distribution of Streamline. Figure 9 shows the local
distribution of streamlines on the X-Z plane of the tunnel
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Figure 7: Curves of static pressure with ht for various α. (a) u � 1 m/s. (b) u � 2 m/s. (c) u � 3 m/s.
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Figure 8: Static pressure proﬁles at diﬀerent positions at X-axis. (a) α � 4°, u � 1 m/s. (b) α � 4°, u � 3 m/s. (c) α � 10°, u � 1 m/s. (d) α � 10°,
u � 3 m/s.

with average air velocity of the tunnel short duct inlet
u � 1 m/s. Figure 10 shows the local distribution of
streamlines on the X-Z plane of the tunnel with average air
velocity of the tunnel short duct inlet u � 1 m/s and
Y � 0.5 m. In Figures 9 and 10, it is found that the vortex
appeared on both sides of the air outlet in the downstream
of the tunnel, which interfered with the ﬂow of ﬂuid in the
tunnel and increased the pressure loss in the ventilation
system. However, when the guiding vane was set up with
the optimum structural parameters, the inﬂuencing zone
induced by the vortex was minimized. As shown in Figure 9, before the guiding vane was set up, i.e., α � 0°, ht � 0,
the length of the vortex along the tunnel reached 10.5Dt,;
when α � 4°, ht � 0.300, it was reduced to 7Dt; and when
α � 10°, ht � 0.300, it was increased to 9Dt. Therefore, by
setting up the guiding vane with the optimum structure
parameters at the air supply outlet, the vortex eﬀect on the
tunnel ﬂow ﬁeld of the downstream of the air supply outlet
can be signiﬁcantly minimized, and the pressure loss in the
ventilation system can be also reduced. Comparing Figure 9 with Figure 10, it is demonstrated that the higher the
average air velocity at the tunnel short duct inlet is, the
smaller the inﬂuencing zone induced by the vortex in the
tunnel will be.
3.5. Distribution of Velocity. Figure 11 shows the local
distribution of velocity on the X-Y plane with the average
air velocity of tunnel short duct inlet u � 1 m/s. Figure 12
shows the local distribution of velocity on the X-Y plane
with the average air velocity of tunnel short duct inlet
u � 3 m/s. In Figure 11, it is found that the air velocity near
the dome was relatively high, and there was a negative
velocity area in the downstream of the air supply outlet.
The existence of the area led to the generation of vortex
and energy loss. Also, the friction between the high

velocity ﬂuid near the dome and the wall in the tunnel
caused energy loss. Comparing Figures 11(a) and 11(b)
with 11(c), it is indicated that when the guiding vane was
set up with the optimum structural parameters, the
negative velocity area was minimized, and the velocity at
the dome was also greatly decreased. For example, as
shown in Figure 11, at X � 105 m, the velocity at dome was
about 20 m/s (shown in Figure 11(a)), whereas it was
15 m/s (shown in Figure 11(b)) and 18 m/s (shown in
Figure 11(c)). Comparing Figure 11 with Figure 12, the
velocity negative area and the average air velocity in the
tunnel dome decreased with the increase of average air
velocity at the short duct inlet. Hence, the wall friction and
the energy loss of the ventilation system can be reduced
considerably with the guiding vane set up with the optimum structural parameters.
Figure 13 shows the distribution of velocity at diﬀerent
positions at Z -axis with u � 2 m/s, Y � 0.5 m. It is noted
that α � 0° referred to the condition without the guiding
vane. As shown in Figure 13, the velocity was symmetrically distributed along the Z -axis, and the velocity was
close to zero near both sides of the tunnel wall. Without the
guiding vane (shown in Figure 13(a)), at the early stage of
development of jet, such as X � 80 m, due to the entrainment eﬀect from the high velocity jet near the tunnel
dome, the velocity distribution of the low velocity ﬂuid in
the tunnel short duct ﬂuctuated and reached two minimum values on both sides of the tunnel. It is because the
backﬂow of the downstream of air supply outlet caused an
increase in the velocity near the wall of the tunnel. With
the further interaction of the two ﬂuids, at X � 100 m, the
velocity in the center of the tunnel decreased signiﬁcantly
to the minimum, and even smaller than that at the short
duct inlet, which indicated that the backﬂow eﬀect was
more prominent. At the later stage of the development of
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Figure 9: Local streamline distribution on X-Z plane for u � 1 m/s and Y � 0.5 m.
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Figure 10: Local streamline distribution on X-Z plane for u � 3 m/s and Y � 0.5 m.

the jet, the velocity in the center of the tunnel gradually
increased, and it was parabolically distributed with respect
to the Z-axis. Subsequently, the velocity distribution
gradually became stable. When the guiding vane was set up,
α � 4°, ht � 0.3, as shown in Figure 13(b), the velocity disturbance zone was signiﬁcantly reduced, and the velocity
distribution was more stable in the area. At X � 100 m, the
velocity in the center of the tunnel had a small change, and
the extremum corresponding to the minimum velocity
shifted to both sides. At X � 120 m, the minimum velocity
disappeared. With the increase of the installation angle of
the guiding vane, the velocity disturbance zone by the jet
gradually increased as shown in Figure 13(c). Therefore, it
is demonstrated that the air velocity in the tunnel tends to
be more stable, which not only reduces the disturbance
zone of the ﬂow ﬁeld induced by the jet but also reduces the
energy loss.

4. Conclusions
In this study, a local 3D physical model was proposed for
the shaft blowing and exhausting longitudinal ventilation
for highway tunnel. A guiding vane was proposed to set up
on the tunnel dome at the downstream of the air supply

outlet to change the characteristics of ﬂow ﬁeld. CFD
approach was also used to simulate the eﬀects of installation angle and height of the guiding vane on the
ventilation systems. Main conclusions from this study can
be drawn as the follows:
(1) By setting up the guiding vane with the optimum
structural parameters at the downstream of the air
supply outlet, the eﬀects from the vortex and the air
velocity of the dome wall were signiﬁcantly minimized, which was found to play a signiﬁcant role in
drag reduction.
(2) Under the same working conditions, the greater the
diﬀerence of the static pressure between the inlet
and outlet is, the greater the pressure-rise of the air
outlet will be. It is concluded that the optimum
installation angle of the guiding vane was in the
range of 2°∼5°, and the optimum equivalent height
of the guiding vane was in the range of 0.2∼0.35.
With the optimum structural parameters of the
guiding vane, the frictional loss and vortex loss in
tunnel were greatly reduced, leading to a substantial
reduction of the energy loss in the ventilation
system.
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Figure 11: Local velocity distribution on X-Y plane for u � 1 m/s and Z � 0 m. (a) α � 0°. (b) α � 4°. (c) α � 10°.
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(3) The required distance for the pressure-rise was
approximately 90∼115 m, and it is not aﬀected by
the average air velocity in the tunnel short duct
inlet and the structural parameters of the guiding
vane.
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A laboratory test was conducted to investigate the eﬀect of the freeze-thaw action of liquid nitrogen on the pore structure and
permeability of coal rock. First, coal rock samples with similar sound velocities and permeabilities were selected. These samples
were prepared in diﬀerent water saturation levels and subjected to nuclear magnetic resonance (NMR) test before and after the
freeze-thaw action. Furthermore, the freeze-thaw cycle of liquid nitrogen, freezing time, and water saturation of coal rocks were
controlled in permeability test. Results showed that the pore diameter, porosity, and permeability of the coal rocks increase
after the freeze-thaw action of liquid nitrogen. These characteristics increase further with the increase of water saturation. The
fracturing mechanisms of the freeze-thaw action of liquid nitrogen were summarized in two aspects, phase change of pore
water and cold shock, and cold shock was mainly discussed. The results indicate that the eﬀect of cold shock is still crucial at low
water saturation, but it is limited by the degree of temperature drop. In general, freeze-thaw action of liquid nitrogen can cause
damage to pore structure, promote the formation of fracture networks, and consequently improve the permeability of
coal rock.

1. Introduction
Many gas reservoirs achieve low natural production because
of low permeability. Hydraulic fracturing is widely used in
permeability enhancement of gas reservoir because of its
high eﬃciency, but its application has become problematic because of the shortage of water resources and the
underground water pollution caused by fracturing ﬂuid
additives [1].
Earlier research has attributed the growth of pores in
materials, such as rock and concrete to freeze-thaw action
of liquid nitrogen [2], which can promote the growth of
rock pores and provide a new method for increasing the
permeability of a gas reservoir. Liquid nitrogen is used as
fracturing ﬂuid to increase gas and oil production toward
the end of the last century [3, 4]; this application is an
eﬀective means of increasing production with zero air and

underground water pollution. Several researchers have
explored the possibility of stimulating reservoir fracturing
with liquid nitrogen jet [5]. In general, these methods aim
to increase pore connectivity and permeability. Thus, the
research on pore damage properties and permeability
changes caused by the freeze-thaw action of liquid nitrogen
is essential.
Changes in the petrophysical properties of rocks after
artiﬁcial freeze-thaw action have extensively been discussed in coal region science [6]; in this ﬁeld, most researchers focus on the eﬀect of pore water on the
microstructure and physical properties of rocks; when the
temperature around rocks rapidly declines, the pore water
inside the rocks freezes, and their volume expands by
approximately 9.05%; the expansion of pore water exerts
a compressive stress on the pore walls, thereby resulting in
rock damage [7]. Lim and Ma [8] conducted density and

2
sound velocity tests on marbles of various water saturation levels before and after liquid nitrogen freezing and
found that marbles with high water saturation show
a large drop in density and sound velocity. Chen et al. [9]
performed similar studies but adopted dense intervals of
water saturation; thus, these researchers proposed critical
water saturation, denoting that the deterioration of
welded tuﬀ can be clearly observed when the critical water
saturation is surpassed. In the work of Cai et al. [10, 11],
nuclear magnetic resonance (NMR) test was used to study
the changes in the pore structure of dry sandstone,
marble, and shale before and after liquid nitrogen freezethaw; permeability change of dry coal rock was also
mentioned. Qin et al. [12] studied the changes in the
petrophysical properties of coal by NMR under the freezethaw action of liquid nitrogen.
The aforementioned studies are reviewed to establish
the current work, but they failed to uncover the pore
damage and permeability evolution properties of coal rock
with diﬀerent water saturation levels caused by the freezethaw action of liquid nitrogen. Cold shock by liquid nitrogen freezing can damage coal rocks despite excluding
the role of pore water in freezing [10, 13]; this eﬀect is
disregarded in the studies on hydrous coal rocks. Therefore,
in the current work, we focus on pore damage and permeability changes of both hydrous and dry coal rocks.
Initially, the NMR parameters and permeability of coal
rock samples were tested. Then, these samples were prepared in diﬀerent water saturation levels and subjected to
the freeze-thaw action of liquid nitrogen. The NMR and
permeability tests of these samples were repeated. Finally,
the mechanism of the freeze-thaw action of liquid nitrogen
and the temperature drop of coal rocks during freezing
were discussed.

2. Experimental Method
2.1. Sample Preparation. The raw coal samples used in the
experiments were obtained from the Yima Group, Henan
Province. The basic components were tested in the laboratory (Table. 1). The samples were cut from the same
coal block and assembled into cylinders, each with a diameter and height of 50 and 50 mm, respectively. The
samples were dried in a dry box at 60°C until the sample
weight is unchanged after preparing the samples, which
were then subjected to sound velocity and initial permeability tests. The samples with similar velocities and
initial permeabilities were selected for further testing to
ensure that they are parallel. The velocities and initial
permeabilities of the samples used in this work are listed
in Table 2.
Coal samples with diﬀerent water saturation levels are
required in the tests. The degree of water saturation is
diﬀerent from that of water content, and water saturation
is deﬁned by the ratio of current moisture content to
maximum moisture content. The preparation process of
coal samples with diﬀerent water saturation levels is as
follows:
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(a) A predetermined water saturation level is set,
marked as P, %
(b) The selected samples are saturated with water and
then weighed; the saturated weight is marked as ms
(c) The samples are dried at 60°C and then weighed
every 30 min until the sample weight is near the
predetermined weight denoted as m
The predetermined weight is calculated by using
m � md + p ms − md ,

(1)

where m is the predetermined weight, m; md is the dry
weight, m; p is the predetermined water saturation level, %;
and ms is the saturated weight. The water saturation levels of
the coal rock samples used in the experiments are presented
in Table 2, where No. 1 to 4 are used for NMR test, and the
rest are used for permeability test.
2.2. NMR Test. NMR is a mature, fast, and nondestructive,
high-resolution detection technology, which has been used
for rock pore structure analysis for a few decades [14]; it is
superior to other methods because of its largest detection
range for pore diameters at approximately 0.1–100,000 nm
[15].
The relaxation properties of water in pores are critical to
the NMR test, during which a Carr–Purcell–Meiboom–Gill
pulse sequence is emitted to a fully saturated rock; the
intensity of the pulse sequence attenuates when crossing
water in pores; a curve that reﬂects the relaxation properties of water in pores is obtained by ﬁtting the attenuation
constant and shows the transverse relaxation time T2
distribution [16]. Micropores obtain a small T2 value because the pulse sequence loses less intensity in micropores
than in macropores, so, the NMR parameter T2 is directly
proportional to pore diameter [17]. However, when there
are many pores with the same pore diameter, the signal
intensities will add up to increase the amplitude; it indicates
that the amplitudes of each peak in the T2 distribution
curve reﬂect the number of pores [18]. The area covered by
the T2 distribution curve in Figure 1 is the T2 spectral area,
which is the multiplication of pore number and pore diameter; therefrom, T2 spectral area is positively correlated
to porosity [18]. Figure 1 shows a T2 distribution curve of
a coal rock. In this curve, the ﬁrst peak (P1) is much higher
than the second peak (P2), thereby indicating that the
micropores are more than the macropores in the coal rock
tested.
2.3. Permeability Test. A triaxial seepage experiment system
was used in the permeability test. The working principle
diagram of this system is illustrated in Figure 2. During the
test, 1 MPa uniaxial pressure and 2 MPa conﬁning pressure
were loaded on coal rock by a manual metering pump. High
gas pressure (inlet pressure, 0.45 MPa) is loaded at one
end of the sample, and atmospheric pressure (outlet pressure, 0.1 MPa) is loaded at the other end. The gas pressure diﬀerence between the two ends allows nitrogen to

Advances in Civil Engineering

3

Table 1: Component and basic parameters of coal rocks used in the experiments.
Tests
Parameters/values
Mad
Vdaf
Aad
Proximate analysis (%)
3.94
16.52
12.24
V
I
E
Maceral composition (vol%)
78.26
16.17
4.46
Cdaf
Hdaf
Ndaf
Elemental analysis (%)
68.80
5.09
1.00
Density (g/cm3)
Elastic module (GPa)
Compressive strength (MPa)
Basic parameters
1.48
2.35
18

FCad
67.30
M
1.11
Odaf
25.11
Poisson’s ratio
0.28

Note. Proximate analysis was based on the standard of GB/T212-2008. Mad, moisture, air-drying basis; Aad, ash yield, air-drying basis; Vdaf, volatility, dry ashfree basis; FCad, ﬁxed carbon content, air-drying basis. V, vitrinite; I, inertinite; E, exinite; M, minerals.

Table 2: Initial information of coal rock samples.
1
2
3
4
5
6
7
8
9
10
11
12
13
Sound velocities (m/s)
1378 1467
1408
1397 1469 1486 1519 1397 1436 1468
1501
1430 1459
Initial permeability (10−15 m2) 0.093 0.0945 0.0986 0.0943 0.091 0.1 0.0925 0.099 0.097 0.0915 0.0913 0.0921 0.09
Water saturation (%)
0
34.2
67.8
92.4
0
0
0
10.9 31.8
48.2
68.7
81.4
100

Micropores

Macropores

Increasing quantity of pores

750

600

Amplitude

450

Spectral area (porosity)

20
15
10

300

P1

P2

5
0
100

150

200

300 400 500

0
0.1

1

10

100

1000

10000

T2 (ms)

Figure 1: T2 distribution curve of coal rock.

permeate through the coal rock sample. The permeated ﬂow
information is collected by a ﬂowmeter. The permeability of
the coal rock samples is calculated by using the following
equation.
0.2p0 μLQ
k�
,
A p21 − p22 

(2)

where k is the permeability of the sample, 10−15 m2; p0 is the
atmospheric pressure, 0.1 MPa; μ is the nitrogen dynamic
viscosity, 17.805 × 10−6 pa·s; L is the sample length, 5 cm; Q is
the air ﬂow capacity, cm3/s; A is the bottom area of the

sample, 19.625 cm2; and p1 and p2 are the inlet and outlet
pressures, respectively, 0.45 and 0.1 MPa.

3. Results
3.1. NMR Test Results. In the NMR test, the coal rock
samples were subjected to NMR test after being saturated
with water. Then, they were prepared into diﬀerent water
saturation levels and immersed in liquid nitrogen for 2 h.
After that the samples were resaturated with water and
subjected to NMR test again. The concise experimental
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Figure 2: Equipment used in the experiment and concise experimental procedures.

procedures are depicted in Figure 2. The experimental results are as follows.
3.1.1. Changes in T2 Distribution Curve. The pore damage
properties were obtained by comparing the T2 distribution
curves before and after liquid nitrogen soaking. The changes
of the T2 distribution curve are presented in Figure 3, which
indicates the following three properties.
(1) The T2 distribution curve moves upward after liquid
nitrogen freezing, characterized by the increase of
peak amplitudes. The increase of the amplitude of
each peak with water saturation is displayed in
Figure 4. The increase of the amplitude is more
obvious in the second peak than in the ﬁrst peak.
This result indicates that new pores, especially
macropores, are generated after liquid nitrogen
freezing.
(2) The T2 distribution curve moves to the right after
liquid nitrogen freezing, characterized by the increase of the maximum transverse relaxation time.
The maximum relaxation time of the dry sample
increases from 265.8 ms to 305.4 ms, whereas the
maximum relaxation time of the sample with a saturation of 92.4% signiﬁcantly improves from
305.3 ms to 432.9 ms. The results indicate an increase
in pore diameter.
(3) The two results highlight the importance of water
saturation. Liquid nitrogen freezing causes more
damage to hydrous than to dry coal rock.
3.1.2. Changes in T2 Spectral Area. The changes of spectral
areas are illustrated in Figure 4. The T2 spectral areas increase after the freeze-thaw action, especially for the second
peak and hydrous coal rock. This result indicates that the
porosity of the coal rock grows after liquid nitrogen freezing,

and macropores exhibit a signiﬁcant growth. The water in
pores plays an important role in pore volume growth under
liquid nitrogen freezing.
After the freeze-thaw action of liquid nitrogen, the
porosity and pore diameter of coal rock increase, and new
pores are produced. The growth of new pores and the porosity of macropores are exponentially related to water
saturation, whereas linear ﬁt is used for the growth of micropores. The ﬁtting curve depicts that the increase in the
number and volume of micropores at a water saturation of
92.4% is much lower than the ﬁtting curve. This result indicates that certain micropores are connected to macropores, thereby leading to a signiﬁcant increase in the number
of macropores and a minimal increase in the number of
micropores.
3.2. Permeability Test Results. Permeability is an important
parameter for measuring reservoir yield and is highly related
to pore diameter and porosity. Permeability is deﬁned in
Equation (3) on the basis of Darcy’s law [19].
k�

r2 φ
,
8

(3)

where r is the capillary radius and φ is the porosity. Thus,
the permeability of coal rock can be increased by liquid
nitrogen freeze-thaw action because the enhancement of
pore diameter and porosity occurs after liquid nitrogen
freezing. In the permeability test, three factors, namely,
freezing cycle, freezing time, and water saturation of coal
rock, were controlled (Figure 2). In controlling freezing
cycle, the dry coal rock sample was immersed in liquid
nitrogen for 5 min each cycle. At the intervals of each cycle,
the sample was recovered to room temperature in an
airtight bag and subjected to another permeability test. In
controlling freezing time, the dry coal rock was frozen in
liquid nitrogen for 5 min in the ﬁrst cycle and then frozen
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Figure 3: Contrast of T2 distribution curve before and after the freeze-thaw action of liquid nitrogen. (a) Water saturation 0%. (b) Water
saturation 34.2%. (c) Water saturation 67.8%. (d) Water saturation 92.4%.

for 5 min more than the last cycle in the next few cycles. In
controlling water saturation, the coal rocks of diﬀerent
water saturation levels were frozen in liquid nitrogen for 2 h
and recovered to room temperature, dried, and subjected to
another permeability test. The experimental results are
discussed below.
3.2.1. Freeze-Thaw Cycle and Freezing Time. The eﬀects of
the freeze-thaw cycle and freezing time on permeability are
illustrated in Figure 5. The permeability of dry coal rock
sample improves by 34.98% after six cycles of freeze-thaw
action. However, the permeability of the sample increases
signiﬁcantly after the ﬁrst cycle and barely shows any
change in the next ﬁve cycles. The freeze-thaw cycles in the

experiment can be considered cyclic loads. The last ﬁve
cyclic loads are below the determined strength of coal rock;
nevertheless, cyclic loads may cause minimal damage due
to the eﬀect of fatigue failure [20]. However, fatigue
damage caused by several freeze-thaw cycles is so minimal
that it cannot be detected in the experiment. Thus, the
permeability change rule under freeze-thaw cyclic conditions is valid only in several cycles because fatigue
damage should be considered if the number of freeze-thaw
cycles is high [21].
The permeability of the coal samples continuously increases when the freezing time is extended in the next cycle
but stabilizes afterward. Thus, the permeability of coal rock
can be enhanced by increasing the freezing time over
a period of time, but must not as long as possible, because the
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Figure 4: Increases in amplitude and spectral area with water
saturation.
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and 980% when the water saturation levels of the coal rocks
are 10.9%, 31.8%, 48.2%, 68.7%, 81.4%, and 100%, respectively, thereby presenting an exponential function with
water saturation. These results imply that permeability has
a slow growth rate under low water saturation and a rapid
growth rate under high water saturation, thus indicating
critical water saturation. The critical water saturation is
about 70%. The critical water saturation is also observed in
the increase of amplitude and spectral area of P2 with water
saturation (Figure 4).

4. Discussion

permeability of coal rock sample is unchanged when the
freezing time exceeds 20 min. Overall, the permeability of
the dry coal rock increases by 52.34%.

4.1. Negative Damage. Several researchers compared the T2
distribution curves of dried sandstone before and after liquid
nitrogen freeze-thaw and found that the T2 distribution
curve shifts downward and leftward, indicating a decrease in
the porosity and pore diameter of sandstone; certain researchers refer to this decreasing phenomenon as negative
damage [10, 22]. In the current work, the experimental data
denotes that negative damage does not exist in a dried coal
rock (Figures 3, 5, and 6). Therefore, coal rock has diﬀerent
pore damage properties with sandstone after liquid nitrogen
freeze-thaw. The pore structure of coarse-grained rock types
with high heterogeneity is likely to become damaged when
these rocks are subjected to cold shock, whereas ﬁne-grained
rock types with low heterogeneity are prone to crack healing
[13]. Therefore, sandstone is prone to negative damage,
whereas coal rock, which is a porous medium with mixed
components and colloid particles (Table 1), is likely to show
the growth of pores.

3.2.2. Water Saturation. Figure 6 illustrates that the permeability of the dry sample increases by approximately
49.18% after freeze-thaw cycle, but the increase is insigniﬁcant relative to the hydrous samples. The permeability
increases by 66.80%, 130.33%, 207.48%, 322.52%, 533.40%,

4.2. Fracturing Mechanism of the Freeze-Thaw Action of
Liquid Nitrogen. The experimental results indicate that
water in coal rock plays an important role in the freeze-thaw
action of liquid nitrogen. During freezing, pore water causes
damage to the coal rock in three techniques [23], namely,

0.120
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0

1

2

3
Cycles
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5 minutes more than last cycle
5 minutes for each cycle

Figure 5: Changes in permeability with freeze-thaw cycles of liquid
nitrogen.

Advances in Civil Engineering
frost-heaving force, formation of ice lens or wedge, and
hydraulic pressure. Frost-heaving force is the main factor
[24]. The water in a coal rock becomes ice during freezing,
thereby resulting in volume expansion, which causes the
squeezing of pore walls. Several studies have shown that
frost-heaving force caused by pore water phase change is
more than 60 MPa [2, 25], which is greater than the compressive strength of coal rock and apparently suﬃciently
large to disrupt pore structure and coal matrix, thus leading
to the expansion and the generation of pores. The volume of
water after phase transition increases by approximately
9.05%. For the coal rock with low water saturation, the water
saturation of most pores is lower than 90.95%, so, the
volume expansion of water caused by phase transition is
insuﬃcient in ﬁlling the entire pore space and fails to
generate frost-heaving force. At a high water saturation level,
frost-heaving force exists in most pores, and the migration of
pore water causes the water saturation of numerous pores to
exceed 90.95% [9]. Consequently, critical water saturation
exists.
In addition to the eﬀect of water in hydrous coal rocks,
the damage of dry coal rock was observed in the NMR and
permeability tests with the upward movement of the T2
distribution curve and the increase of permeability. This
result predicts the role of cold shock during freezing. The
temperature of the surface drops when coal rock is rapidly
cooled, while the internal temperature remains unchanged
due to poor heat transfer. The surface contraction is limited
by the internal matrix, thereby leading to tensile stress on the
surface [26]; the concentration of tensile stress on the tip of
the pore causes the expansion of pore diameter [27]. In
addition, colloid particles demonstrate diﬀerent cold contractions with the coal rock matrix, and the diﬀerences in
contraction can disrupt the colloid structure by generating
new micropores [22]. Therefore, the increase of porosity
and pore diameter were detected in the NMR test (Figures 3
and 4).
Many researchers highlight the importance of pore water
during freeze-thaw action [9, 12]. The damage of dry coal
rock is caused by cold shock, whereas the damage of hydrous
coal rock is the joint eﬀect of pore water and cold shock.
However, Figure 6 illustrates that cold shock plays an important role in the low water saturation phase.
4.3. Temperature Drop of Coal Rock. Temperature drop is
a physical parameter that measures the range of temperature
change. Previous studies have shown a correlation between
temperature drop and pore damage [27]. The temperature
drop of coal rock was indirectly tested in the experiments in
the current work, but temperature drop was closely related
to freezing time [28]. An extended freezing time leads to
a signiﬁcant temperature drop, serious damage [27], and
considerable increase of permeability (Figure 5). Thus, the
temperature drops of each cycle are basically the same with
the same freezing time. Temperature drop can continuously
increase only when the freezing time is extended. However,
the temperature of the coal rock equals the temperature of
liquid nitrogen when the freezing time is suﬃciently
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extended; this will lead to an end to the increase of the
permeability of coal rock. Therefore, the cumulative freezing
time is disregarded. This result can also explain the permeability change in the freeze-thaw cycle and freezing time
(Figure 5). The temperature drop distribution of the coal
rock when the ambient temperature changes can be
expressed by the following equation [28]:
x
T(x, t) � T0 ⎡⎣erf √�� + exphx + h2 κt
2 κt
(4)
√��
x
× erfc √�� + h κt ⎤⎦,
2 κt
where T(x, t) is the temperature drop of coal rock, °C; x is
the distance between the interior and surface, m; t is the
freezing time, s; T0 is the maximum temperature drop (°C) in
this work, that is, 226°C (coal rock, 30°C; liquid nitrogen,
−196°C); h is the ratio of the surface heat transfer coeﬃcient
to thermal conductivity (105.19 m−1); and κ is the thermal
diﬀusivity (4.914 × 10−7 m2/s). The relationship between the
average temperature drop T(t) and freezing time t is obtained by integrating x in Equation (4). The relationship
between the average temperature drop and freezing time of
the coal rock sample with a diameter and height of 50 and
50 mm, correspondingly, is plotted in Figure 7.
In Figure 7, the surface temperature drop increases
quickly, whereas the middle temperature drop remains 0 for
the ﬁrst 2 min and denotes a relatively slower growth than
the surface temperature drop. This result indicates that the
internal coal rock requires additional time to transmit heat
to liquid nitrogen. Heat transfer time is determined by the
size of the coal rock and its heat transfer property [29];
therefore, coal rocks with a large-size and poor heat-transfer
property require additional time to reach the maximum
temperature drop. Consequently, the stability time of permeability varies and depends on the size and heat-transfer
property of coal rocks.
The average temperature drop of the coal and rock
samples did not reach the maximum temperature drop after
freezing for 30 min, and only reached approximately 86% of
the maximum temperature drop. The experimental data
indicated that the permeability of the coal rock samples
stabilizes even when the temperature does not reach the
maximum. During freezing, liquid nitrogen may seep into
a coal rock through ﬁssures. Mass transfer allows coal rocks
to easily transfer heat to liquid nitrogen [30], which is
disregarded in Equation (4). Thus, permeability is stabilized
ahead.
In general, the change in the average temperature drop
and permeability of coal rock with freezing time indicates
a similar trend. Thus, a linear relationship may exist between
temperature drop and permeability. The relationship can be
expressed as follows:
k � aT(t) + b,

(5)

where a and b are the ﬁtting parameters, T(t) is the average
temperature drop, and k is the permeability of coal rock. The
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Figure 8: Linear ﬁt of temperature drop and permeability.

equation was used to ﬁt the experimental data in Figure 5.
The result is displayed in Figure 8.
Figure 8 depicts that most data are above ﬁtting curve
due to mass transfer. However, vaporizing liquid nitrogen at the coal rock surface prevents the action of
mass transfer at the beginning of freezing. In this case,
mass transfer is inoperative. Evaporation is diminished
with the surface temperature drop, and the action of mass
transfer should be considered. Therefore, the ﬁtting
curve is consistent with the experimental data at the
beginning but is lower than the tested data afterward.
Nevertheless, the ﬁtting accuracy is 0.92. Therefore, the
linear relationship between the permeability of coal rock
and the average temperature is reasonable. The permeability of coal rocks can be increased by enlarging the
cold shock range.

The pore damage properties and permeability changes of
coal rocks after the freeze-thaw action of liquid nitrogen
were investigated. The fracturing mechanisms of liquid
nitrogen and the temperature drop of coal rocks during
freezing were discussed. The major conclusions of this work
are summarized as follows.
After the freeze-thaw action of liquid nitrogen, the increase in pore diameter, porosity, and permeability is observed in the experiments, these changes continue with the
increase of water saturation, especially when the water
saturation is higher than 70%. Two aspects of the fracturing
mechanism of liquid nitrogen, namely, cold shock and pore
water phase change, were also studied. The thermal degradation of dried coal rocks results in cold shock, whereas
the damage of hydrous coal rocks is the joint eﬀect of the two
aspects. These eﬀects expand pores and destroy the colloid
structure of coal rocks, thereby resulting in an increase in
pore diameter, porosity, and permeability. Even though
phase change of pore water is the main cause of pore
damage, cold shock still plays an important role in the low
water saturation stage.
Coal rocks hardly exhibit negative damage after cold
shock because of its coarse-grained and heterogeneous
structure. However, the cold shock is limited in terms of
increasing permeability. The concept of temperature drop of
coal rocks was proposed to clarify this limitation. Permeability growth stops when the temperature drop reaches the
maximum. The evolution of temperature drop is highly
related to pore diameter, heat transfer properties, and
freezing time. Coal rocks with a large size and poor heat
transfer properties require an extended freezing time to
reach its limitation. On the basis of the temperature drop
evolution model, a linear relationship was established between temperature drop and permeability and conﬁrmed by
ﬁtting the experimental data.
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The linear failure criterion is generally adopted in the stability problem of geotechnical engineering, whereas the experiments have
indicated that there is a nonlinear relationship between the maximum and minimum principal stresses in weak surrounding rock.
According to the characteristics of weak rock, the failure mechanism of deep cavity is constructed by combining the nonlinear
Hoek–Brown failure criterion and the upper bound theorem of limit analysis. The upper bound solution of the surrounding rock
pressure was deduced using the tangent method. The results show that the surrounding rock pressure of deep cavity is aﬀected by
surrounding rock grade, cavity depth, and section size. Especially, the inﬂuence of the disturbance factor is quite obvious. Upper
bound solution based on nonlinear Hoek–Brown failure criterion can fully take the inﬂuence of parameters on surrounding rock
pressure. Therefore, this method is more scientiﬁc than the linear failure criterion to calculate the surrounding rock pressure.

1. Introduction
The stability problem of deep cavity has been highlighted
greatly and continuously in the ﬁeld of the underground
engineering, whereas the problem that needs to be solved
urgently is how to accurately obtain the surrounding rock
pressure when the deep cavern is destroyed [1, 2]. Currently,
the analytic methods for solving the surrounding rock
pressure mainly include the limit equilibrium method and
the limit analysis method, both of which have been illustrated widely in literature. However, the former does not
consider the constitutive relationship of rock, while the latter
does by adopting the orthogonal ﬂow rule. Therefore, the
upper bound theory is more rigorous than the limit equilibrium method. Especially, there is no need to study the
whole process of rock’s elastic-plastic deformation, but directly to pay attention to the ultimate failure state of rock.
Thus, its calculation process is simple and has been regarded
as one of the most eﬀective approaches to solve the surrounding rock pressure problem in the deep cavity [3–5].

In recent years, some scholars have adopted the limit
analysis method to study the surrounding rock pressure of
deep cavity. According to the results of the model test, Davis
et al. [6] proposed four failure mechanisms for underground
cavity, which included the arch collapse mode and vault
collapse mode bordered wall, and obtained the upper bound
solution of the surrounding rock pressure by the limit
analysis method. Takemura et al. [7] constructed the failure
mechanism of the deep cavity using the centrifugal model
test. The failure model is composed of 5 rigid blocks, and the
limit analysis method is used to solve the surrounding rock
pressure of the underground cavity under the anisotropic
soil conditions. The results were compared with the measured values, and the validity of the results has been veriﬁed.
Yang and Yang [8] proposed the destruction mechanism of
underground chambers composed of n blocks. According to
the requirement of calculation accuracy, the upper bound
solution of surrounding rock pressure under diﬀerent
number of blocks was obtained. Through comparison, the
destruction characteristics of deep cavity can be better
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illustrated with more rigid blocks, and accordingly, the
surrounding rock pressure is more accurate. However, the
above research studies are applied to shallow buried cavity
where the Mohr–Coulomb failure criterion is used and more
suitable for soil mass.
For deep cavity, Atkinson and Potts [9] established the
failure mode of circular which were based on the results of
model tests, obtained the upper bound solution of the
surrounding rock pressure using the limit analysis method,
and the correctness of the results was veriﬁed. And the curve
failure mechanism of the deep cavity based on the limit
analysis method was proposed by Fraldi and Guarracino
[10–12], which the Hoek–Brown failure criterion and the
variational method were applied to solve the analytic expression of the curve and got the surrounding rock pressure
under the limit state of the vault collapse. Yang and Yang [8]
combined the limit analysis theory with the variational
principle, deduced the expression of the surrounding rock
pressure of deep rectangle cavity and speciﬁed the corresponding failure range. In addition, Huang et al. [13] took
the inﬂuence of pore water based on the previous research
studies into account and got a reasonable result. The limit
analysis method was used to calculate the surrounding rock
pressure of deep buried circular cavity. Compared with the
existing research results, the correctness of the calculation
results was veriﬁed. Qin et al. [2] considered the multilayer
rock mass and used the upper bound method to study the
inﬂuence of the variation of the parameters of the Hoek–
Brown failure criterion on the surrounding rock pressure of
the deep buried rectangular cavity. The vault of deep cavity
was only considered and assumed to obey a curve function
f(x) in the abovementioned studies, and yet, the side wall
was ignored in the analysis. However, it could not accord
with the conditions in reality.
Therefore, by referring to the previous research results,
the multiblock and logarithmic spiral curves are used to
construct the failure mechanism of deep cavity in this paper.
Based on the upper bound theorem of limit analysis and
Hoek–Brown failure criterion, the vault and side wall
damage state is investigated to determine the rock pressure
when the deep cavity collapses and provide the scientiﬁc
basis for the design in engineering.

2. Hoek–Brown Nonlinear Failure Criterion and
Tangent Method
In 1980, Brown proposed the initial Hoek–Brown failure
criterion on the basis of Hoek’s experimental research
studies on rock plastic behaviors. Subsequently, Hoek made
a further revision to the failure criterion and put forward the
modiﬁed generalized Hoek–Brown criterion. It is expressed
as follows [14, 15]:
σ 1′ � σ 3′ + σ ci mb

σ 3′
σ ci

α

+ S ,

(1)

where σ 1′ and σ 3′ are the maximum and minimum eﬀective
principal stress of rock mass at critical failure, respectively;
σ ci is the uniaxial compressive strength of rock; α is the

physical index relating to the integrity of rock; mb and S
indicate the dimensionless parameters related to geotechnical materials, which characterizes the integrity of the
rock. The above parameters can be calculated through the
GSI index; the speciﬁc process is as follows [16–18]:
GSI − 100
mb � mi exp 
,
28 − 14D
S � exp 

GSI − 100
,
9 − 3D

(2)

1 1
α � + + e−GSI/15 − e−20/3 .
2 6
For the upper limit solution of the deep cavity under the
Hoek–Brown failure criterion, it is necessary to use the
tangent method to obtain the counterforce of the support.
Among them, the correlations between ct and φt can be
written as follows [19, 20]:
ct cos φt ma 1 − sin φt 
�


σ ci
2
2 sin φt

(a/1−a)

−

(a/1−a)

·

ma 1 − sin φt 

2 sin φt

+

tan φt
sin φt
1 +

m
a

s
tan φt .
m
(3)

In the above formula, the nonlinear shear strength index
φt can be optimized by the least energy principle when the
upper bound is calculated. The ct is obtained by Equation (3)
after the determination of φt .

3. Building Destruction Mechanism
During the excavation process of the deep cavity, the collapse easily happens due to the untimely support or weak
strength. Based on the existing research results [8, 10] and
the requirement of the upper bound theorem of limit
analysis, the failure mode of deep cavity was structured, as
shown in Figure 1. The width of the chamber is l, and the
height is h. The wedge ABGOG1B1 at the top of the cavity is
collapsing vertically and downwards at a rate of v0 . The BGC
and B1G1C1 segments, respectively, rotate failure around G
and G1 points. The triangles CGD, DGE, and EGF and
C1G1D1, D1G1E1, and E1G1F1 would undergo translational
failure. The surrounding rock pressure of vault and side wall
are q and e, respectively, and e � Kq.
The velocity vector diagram corresponding to this failure
mechanism is shown in Figure 2.
Calculation of speed and velocity discontinuity’s length:
V1 � V0 .

(4)

Based on the analysis of the velocity ﬁeld in the shear
zone of the circular arc radiation, the following can be
obtained:
V2 � V1 · eα1 tan 2φ � V0 · eα1 tan 2φ .

(5)

From Figure 2 and geometric triangle relationship can be
obtained:
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A

GE � cos α4 GF,
EF � sin α4 GF,

φ

GD � cos α3 GE,
DE � sin α3 GE,
GC � cos α2 GD,
CD � sin α2 GD,
(7)

V0

GB � GC,
B1

B
φ V1

G

α1

α2
α3 α
4
V
C V2 φ 23
V34
φ
φ
V3
D
φ V4
φ
E

AO � AB · cos φ + BG · sin φ,

G1

O

AB �

q
e

C1

h

D1
F

E1

F1

BG
GO
+
,
tan φ sin φ

l
⎪
⎧
⎪
⎪
⎨ GO � 2,
⎪
⎪
⎪
⎩
GF � h.

l

Figure 1: Diagrammatic sketch of circular sandwich failure
mechanism.
α2

4. Calculation of Surrounding Rock Pressure
According to the upper bound theorem of limit analysis, the
external power and internal energy dissipation rate can be
obtained when the deep cavity collapses. If the external
power and internal energy dissipation rate are equal, the
surrounding rock pressure at the collapse of the deep cavity
can be obtained.

α3

V4
V34
V3
V2

π/2+2φ –α2

4.1. Calculation of External Power
π/2+ 2φ– α3

4.1.1. Power of Gravity.
Area of each rigid block:

V23

1
1
1
� SABGO � BG · AB + AO · GO,
S
2 ABGOG1 B1
2
2

Figure 2: Velocity vector diagram.

V23 �
V3 �

sin α2
V,
cos 2φ 2

SGBC � 

cos 2φ − α2 
V2 ,
cos 2φ

1
SGCD � GC · CD,
2

(6)
cos 2φ − α3 
V3 ,
V4 �
cos 2φ
V34 �

sin α3
V.
cos 2φ 3

The recurrence relation of various velocity discontinuities is as follows:

α1
0

1 2
GB dθ′ ,
2
(8)

1
SGDE � GD · DE,
2
1
SGEF � GE · EF.
2
The gravitational power generated by each rigid slider is
as follows.
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Quadrilateral rigid block ABGO:
1
1
W1 � c · SABGO · V0 � c ·  BG · AB + AO · GO
2
2

B

· V0 � c · V0 · h2 · f1 ,

φ

V1

1
cos α2 cos α3 cos α4
l
+
f1 � cos α2 cos α3 cos α4 · 

2
2h sin φ
tan φ

θ′
φ

cos α2 cos α3 cos α4
l
+ ⎡⎣
+

2h sin φ
tan φ

Vθ′

dw2

dθ′

C

l
· cos φ + cos α2 cos α3 cos α4 · sin φ⎦⎤ · .
4h

α1

(9)
Sector region GBC:
The power calculation of circular shear zone BGC is
shown in Figure 3.
W2 � c 

α1
0

1
π
′
· GB2 · dθ′ · V0 eθ tan 2φ sin  − θ′  � c · V0 · h2 · f2 .
2
2

G

Figure 3: Schematic diagram of the power calculation of circular
shear zone BGC.

Triangular rigid block GEF:
π
1
W5 � c · SGEF · V4 · cos  + φ − α4  � c · GE · EF · V4
2
2

(10)

· sin α4 − φ � ch2 V0 f5 .

Among them,

(16)

1 cos2 α2 cos2 α3 cos 2 α4
f2 � ·
1 + tan 2 2φ
2

Among them,
(11)
α1 tan 2φ

·  sin α1 + tan 2φ cos α1 e

− tan 2φ.

1
cos 2φ − α3  · cos 2φ − α2  α1 tan 2φ
f5 � sin α4 · cos α4 ·
e
2
cos2 2φ
· sin α4 − φ.

Triangular rigid block GCD:
π
W3 � cSGCD V2 cos  + φ − α2 − α3 − α4 
2

(17)
Power of gravity:

1
� c · GC · CD · V2 · sin α2 + α3 + α4 − φ � ch2 V0 f3 .
2
(12)
Among them,
1
f3 � sin α2 · cos α2 · cos2 α3 · cos2 α4
2
α1 tan 2φ

· sin α2 + α3 + α4 − φ · e

(13)
.

Wsoil � ch2 V0 f1 + f2 + f3 + f4 + f5 .

(18)

4.1.2. Power of Supporting Force.
l
WT � −q · · V0 − e · h · V4 · sin α4 − φ,
2
l
cos 2φ − α3  · cos 2φ − α2  α1 tan 2φ
� −q · · V0 − Kq · h ·
e
cos2 2φ
2

Triangular rigid block GDE:
π
W4 � c · SGDE · V3 · cos  + φ − α1 − α2 
2

· V0 · cos α4 − φ,

1
� c · GD · DE · V3 · sin α3 + α4 − φ � ch2 V0 f4 .
2
(14)
Among them,
1
cos 2φ − α2  α1 tan 2φ
f4 � sin α3 · cos α3 · cos2 α4 ·
·e
cos 2φ
2
· sin α3 + α4 − φ.
(15)

� −qV0 hf6 .

(19)
Among them,
e � Kq,
f6 �

l
cos 2φ − α3  · cos 2φ − α2  α1 tan 2φ
e
+K·
cos2 2φ
2h
· cos α4 − φ.

(20)
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4.1.3. Total External Power. The total external power is equal
to the sum of the deadweight power of the surrounding rock
and the power of the supporting counterforce. That is,

Energy dissipation along discontinuity line GD:
DGD � c · GD · V23 · cos φ � chV0 f11 ,

Wext � Wsoil + WT � ch2 V0 f1 + f2 + f3 + f4 + f5 

f11 �

− qhV0 f6 .
(21)
4.2. Internal Energy Dissipation Power. Energy dissipation
along discontinuity line AB:
DAB

h · cos α2 · cos α3 · cos α4
l
� c · AB · V0 · cos φ � 
+

tan φ
2 sin φ

(22)
Among them,
cos α2 · cos α3 · cos α4
l
+
 · cos φ.
tan φ
2h sin φ

f9 �

(27)

DGE � c · GE · V34 · cos φ � chV0 f13 ,
cos φ cos α4 sin α3 cos 2φ − α2  α1 tan 2φ
.
e
cos2 2φ

(28)

DEF � c · EF · V4 · cos φ � chV0 f14 ,
f14 �

sin α4 cos φ cos 2φ − α3 cos 2φ − α2  α1 tan 2φ
.
e
cos2 2φ
(29)

Dint � chV0 · f7 + f8 + f9 + f10 + f11 + f12 + f13 + f14 .
(30)

cos α4 cos α3 cos α2 · cos φ α1·tan 2φ
− 1.
e
sin 2φ

4.3. Calculation of Supporting Counterforce. According to
the principle of virtual power,

Energy dissipation along discontinuity line CD:

q�

cos 2φ − α2 sin α3 cos α4 cos φ α1 tan 2φ
e
.
cos 2φ

Total internal energy dissipation:

c · BG · V1 · cos φ α1·tan 2φ
− 1 � chV0 f9 ,
e
sin 2φ

f10 � sin α2 cos α3 cos α4 · eα1 tan 2φ · cos φ.

f12 �

Energy dissipation along discontinuity line EF:

cos α4 cos α3 cos α2 · cos φ α1·tan 2φ
− 1,
e
tan 2φ

DCD � c · CD · V2 · cos φ � chV0 f10 ,

DDE � c · DE · V3 · cos φ � chV0 f12 ,

(23)

(24)
DGBC �

Energy dissipation along discontinuity line DE:

f13 �

Energy dissipation of circular shear surface BC and shear
zone GBC:
c · BG · V1 · cos φ α1·tan 2φ
DBC �
− 1 � chV0 f8 ,
e
tan 2φ
f8 �

(26)

Energy dissipation along discontinuity line GE:

· c · V0 · cos φ � c · V0 · h · f7 .

f7 � 

sin α2 cos α3 cos α4 cos φ α1 tan 2φ
e
.
cos 2φ

(25)

Wext � Dint .

(31)

The expression of surrounding rock pressure is

c · h · f1 + f2 + f3 + f4 + f5  − c · f7 + f8 + f9 + f10 + f11 + f12 + f13 + f14 
.
f6

Above all of the formulas, h is the height of the cavity,
measured in meter. l represents the width of the cavity,
measured in meter. q is the vertical supporting pressure, and
e is the lateral supporting pressures of which the unit is kPa.
φ is the internal friction angle, measured in degree. c is the
unit weight of soil, measured in kg/m3. c is the cohesion,
measured in kPa. K is the lateral pressure coeﬃcient. V0 , V1 ,
V2 , V3 , and V4 are the speed in the velocity ﬁeld. α1 , α2 , α3 ,
and α4 are the geometrical variables which determine the
shape of the failure mechanism whose unit is degree. W is
the external power, Wexit is the external total power, Wsoil is
the weight power of surrounding rock, WT is the power of
support of the antiforce, and the unit is watt. W1 , W2 , W3 ,

(32)

W4 , and W5 are variables. D is the dissipation power of
internal energy, and f0 , f1 , f2 , . . ., f14 are variables.
The constraint condition of Equation (32) is
α1 + α2 + α3 + α4 �

π
+ φt ,
2

(33)

Invoking the command in the Matlab software optimization toolbox, it will generate a set of angle data under
the constraint condition (33). According to the formula of
the surrounding rock pressure, an upper bound solution q is
obtained; then, by adjusting the variable parameter values,
numerous q values are obtained, in which the maximum q is
the upper bound solution of the surrounding rock pressure.
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Under the nonlinear Hoek–Brown failure criterion, the
upper bound theorem is used to analyze the inﬂuence of
related parameters on the surrounding rock pressure of deep
cavity. According to the failure mechanism and method
mentioned above, the calculation results are as follows.
5.1. Inﬂuence of c and K on Surrounding Rock Pressure.
To investigate the inﬂuence of c and K on the surrounding
rock pressure, the parameters are assumed as follows: Cavity
width l � 10 m, height h � 10 m, geological strength index
GSI � 20, rock mass constant mi � 20, uniaxial compressive
strength σ ci � 400 kPa, disturbance factor D � 0, and c is the
soil gravity, which had taken the values of 16, 18, 20, 22, 24,
and 26 kN/m3, respectively, in the experiment. Similarly, the
coeﬃcient K was taken 0.4, 0.6, 0.8, 1.0, 1.2, and 1.4, respectively. According to the failure mechanism constructed
in this paper which combined translational destruction and
rotational destruction together, the upper bound solution of
the surrounding rock pressure obtained by the limit analysis
method is shown in Tables 1 and 2 and Figures 4 and 5. The
tables and ﬁgures present that the surrounding rock pressures q and e increase with the rising of soil gravity c, and the
pressure of surrounding rock q decreases, the surrounding
rock pressure e increases with the rising of coeﬃcient K. It
shows that the buried depth has certain inﬂuence on the
surrounding rock pressure.
The graph is drawn from the above table, as follows.
5.2. Inﬂuence of Chambers Section Size on Surrounding Rock
Pressure. Likewise, to study the inﬂuence of chambers
section size on the surrounding rock pressure, the parameters are soil gravity c � 20 kN/m3 , coeﬃcient K � 1.0,
geological strength index GSI � 20, rock mass constant
mi � 20, uniaxial compressive strength σ ci � 400 kPa, disturbance factor D � 0; the value of chamber width l and
height h was taken as 5, 6, 7, 8, 9, and 10 m, respectively, in
the experiment to conduct further analysis. According to the
failure mechanism constructed in this paper which combined translational destruction and rotational destruction
together, the upper bound solution of the surrounding rock
pressure obtained by the limit analysis method is shown in
Tables 3 and 4 and Figures 6 and 7. The tables and ﬁgures
present that the surrounding rock pressures q and e increase
with the rising of the chamber width l and height h, and the
eﬀect is obvious. Based on the research and above illustration, it is obvious that the chambers section size has
a great inﬂuence on the pressure of surrounding rock.
5.3. Inﬂuence of GSI and mi on Surrounding Rock Pressure.
To study the inﬂuence of GSI and mi on the surrounding
rock pressure, the parameters are soil gravity c � 20 kN/m3 ,
coeﬃcient K � 1.0, cavity width l � 10 m, height h � 10 m,
uniaxial compressive strength σ ci � 400 kPa, disturbance
factor D � 0, and the value of geological strength index GSI
was taken as 10, 15, 20, 25, 30, and 35, respectively; rock mass

TABLE 1: Upper bound solution of the surrounding rock pressure
q at diﬀerent c and K.
c(kN/m3 )
16
18
20
22
24
26

q (kPa)
K � 0.4 K � 0.6 K � 0.8 K � 1.0 K � 1.2 K � 1.4
112.1
84.0
67.2
56.1
48.2
42.2
153.9
115.7
92.8
77.6
66.6
58.4
201.9
152.3
122.5
102.5
88.1
77.3
255.8
193.6
156.0
130.7
112.5
98.8
315.5
239.5
193.3
162.1
139.7
122.7
380.9
289.9
234.3
196.8
169.6
149.1

Table 2: Upper bound solution of the surrounding rock pressure
e at diﬀerent c and K.
c(kN/m3 )
16
18
20
22
24
26

e (kPa)
K � 0.4 K � 0.6 K � 0.8 K � 1.0 K � 1.2 K � 1.4
44.8
50.4
53.8
56.1
57.8
59.1
61.5
69.4
74.2
77.6
80.0
81.8
80.7
91.4
98.0
102.5
105.7
108.2
102.3
116.2
124.8
130.7
135.0
138.3
126.2
143.7
154.6
162.1
167.6
171.8
152.3
173.9
187.5
196.8
203.6
208.8

400

300

q (kPa)

5. Result Analysis
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200

100

0
16

18
K = 0.4
K = 0.6
K = 0.8

20
22
γ (kN/m3)

24

26

K = 1.0
K = 1.2
K = 1.4

Figure 4: Eﬀect of c and K on the surrounding rock pressure q.

constant value mi was taken as 5, 10, 15, 20, 25, and 30,
respectively. According to the failure mechanism constructed in this paper which combined translational destruction and rotational destruction, the upper bound
solution of the surrounding rock pressure obtained by
the limit analysis method is shown in Tables 5 and 6 and
Figures 8 and 9.
The graph is drawn from the above table, as follows.
When coeﬃcient K � 1.0, the surrounding rock pressure
e � q. The tables and ﬁgures show that the surrounding rock
pressure q and e decrease with the increasing of the geological strength index GSI and rock mass constant mi , and
the inﬂuence is apparent. It could be concluded that the
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Figure 6: Eﬀect of l and h on the surrounding rock pressure q.
110

90

e (kPa)

5
6
7
8
9
10

h�6m
19.4
24.9
31.3
38.7
47.0
56.2

q (kPa)
h�7m h�8m
25.1
32.9
31.2
39.7
38.3
47.4
46.3
56.1
55.2
65.5
64.9
75.8

6
h= 5 m
h= 6 m
h= 7 m

Table 3: Upper bound solution of the surrounding rock pressure q
at diﬀerent l and h.
h�5m
15.0
20.3
26.6
33.9
42.0
50.9

5

K = 1.0
K = 1.2
K = 1.4

Figure 5: Eﬀect of c and K on the surrounding rock pressure e.

l (m)

50

70

50

30

Table 4: Upper bound solution of the surrounding rock pressure
e at diﬀerent l and h.
l (m)
5
6
7
8
9
10

h�5m
15.0
20.3
26.6
33.9
42.0
50.9

h�6m
19.4
24.9
31.3
38.7
47.0
56.2

e (kPa)
h�7m h�8m
25.1
32.9
31.2
39.7
38.3
47.4
46.3
56.1
55.2
65.5
64.9
75.8

h�9m
42.2
49.8
58.3
67.5
77.6
88.3

h � 10 m
53.0
61.3
70.5
80.4
91.1
102.5

The graph is drawn from the above table, as follows.

quality of surrounding would have a signiﬁcant and direct
inﬂuence on the pressure of surrounding rock.
5.4. Inﬂuence of σ ci and D on Surrounding Rock Pressure.
To study the inﬂuence of σ ci and D on the surrounding rock
pressure, the parameters are soil gravity c � 20 kN/m3 ,
coeﬃcient K � 1.0, cavity width l � 10 m, height h � 10 m,
geological strength index GSI � 20, rock mass constant
mi � 20, uniaxial compressive strength had taken the value
of 200, 400, 600, 800, 1000, and 1200 kPa, and the disturbance factor D had taken the value of 0, 0.2, 0.4, 0.6, 0.8,

10

5

6
h=5m
h=6m
h=7m

7

l (m)

8

9

10

h= 8 m
h= 9 m
h= 10 m

Figure 7: Eﬀect of l and h on the surrounding rock pressure e.
Table 5: Upper bound solution of the surrounding rock pressure
q at diﬀerent GSI and mi .
GSI
10
15
20
25
30
35

mi � 5
1117.3
896.2
718.9
575.5
458.6
362.6

mi � 10
505.8
394.9
306.0
234.2
176.1
129.0

q (kPa)
mi � 15 mi � 20
301.4
199.8
227.7
145.3
169.0
102.5
122.2
69.2
85.1
40.7
56.2
29.3

mi � 25
140.0
97.5
64.9
41.7
27.3
15.5

mi � 30
101.3
67.4
43.4
25.0
16.1
6.7

and 1.0, respectively, to conduct further analysis. According
to the failure mechanism constructed in this paper
which combined translational destruction and rotational
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Table 6: Upper bound solution of the surrounding rock pressure
e at diﬀerent GSI and mi .
GSI
10
15
20
25
30
35

mi � 5
1117.3
896.2
718.9
575.5
458.6
362.6

mi � 10
505.8
394.9
306.0
234.2
176.1
129.0

e (kPa)
mi � 15 mi � 20
301.4
199.8
227.7
145.3
169.0
102.5
122.2
69.2
85.1
40.7
56.2
29.3

mi � 25
140.0
97.5
64.9
41.7
27.3
15.5

mi � 30
101.3
67.4
43.4
25.0
16.1
6.7

1,200

Table 7: Upper bound solution of the surrounding rock pressure
q at diﬀerent σ ci and D.
σ ci (kPa)
200
400
600
800
1000
1200

D�0
262.5
102.5
49.9
30.0
18.0
12.0

D � 0.2
400.6
177.2
98.1
59.2
39.6
25.5

D � 0.8
2366.8
1278.2
879.8
668.5
536.2
445.0

D � 1.0
6292.6
3473.7
2443.0
1897.5
1556.1
1320.9

Table 8: Upper bound solution of the surrounding rock pressure e
at diﬀerent σ ci and D.

1,000

σ ci (kPa)
800
q (kPa)

q (kPa)
D � 0.4 D � 0.6
647.8
1148.6
314.9
595.8
193.5
393.1
130.4
285.7
92.2
218.8
67.1
173.0

200
400
600
800
1000
1200

600
400

D�0
262.5
102.5
49.9
30.0
18.0
12.0

D � 0.2
400.6
177.2
98.1
59.2
39.6
25.5

e (kPa)
D � 0.4 D � 0.6
647.8
1148.6
314.9
595.8
193.5
393.1
130.4
285.7
92.2
218.8
67.1
173.0

D � 0.8
2366.8
1278.2
879.8
668.5
536.2
445.0

D � 1.0
6292.6
3473.7
2443.0
1897.5
1556.1
1320.9

200
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Figure 8: Eﬀect of GSI and mi on the surrounding rock pressure q.
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Figure 10: Eﬀect of σ ci and D on the surrounding rock pressure q.
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Figure 9: Eﬀect of GSI and mi on the surrounding rock pressure e.

destruction, the upper bound solution of the surrounding
rock pressure obtained by the limit analysis method is shown
in Tables 7 and 8 and Figures 10 and 11.

The graph is drawn from the above table, as follows.
When coeﬃcient K � 1.0, the surrounding rock pressure
e � q. The tables and ﬁgures show that the surrounding rock
pressure q and e decrease with the increasing of the uniaxial
compressive strength σ ci , while the surrounding rock pressure
q and e increase with the rising of disturbance factor D. And the
eﬀect is obvious, which reveals that the disturbance factor
would inﬂuence the pressure of surrounding rock directly.

6. Conclusion
(1) The nonlinear Hoek–Brown failure criterion is
applied to the upper bound of limit analysis by the
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Figure 11: Eﬀect of σ ci and D on surrounding rock pressure e.

tangent method to construct the circular arc
failure mechanism of deep cavity. According to
the principle of virtual power, the analytic expression of surrounding rock pressure could be
deduced, and the upper bound solution of the
surrounding rock pressure of deep cavity could be
obtained.
(2) The surrounding rock pressures increase obviously
with the rising of soil gravity c, tunnel width l, and
tunnel height h. Besides, the pressure of surrounding
rock q decreases with the rising of coeﬃcient K,
whereas the change rule of the surrounding rock
pressure e is quite the opposite.
(3) The surrounding rock pressures decrease signiﬁcantly with the increase of GSI, mi and σ ci , while the
surrounding rock pressure increase greatly with the
rising of D.
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Pore and fracture structures in coals and their distribution features play an important role in the enrichment and osmosis
migration of coalbed methane (CBM). The modiﬁcation and antireﬂection of pore and fracture in coal reservoir through ultrahigh
and ultralow temperature stress, such as liquid nitrogen frozen-induced cracking and thermal antireﬂection of coal reservoir, have
attracted wide research attention. This study conducted a nuclear magnetic resonance (NMR) experiment of pore and fracture
features of coal samples under two extreme temperatures (100°C, −196°C) using the Meso MR23-060H-I low-ﬁeld NMR and
imaging instrument. The inﬂuencing law of ultrahigh and ultralow temperature stress on pore and fracture development in highrank coal was discussed. Results demonstrated that temperature can inﬂuence pore and fracture development of high-rank coal
samples. The pore volume, porosity, and permeability of the coal sample increase after low-temperature (−196°C) treatment. The
proportion of microspores decreases, the proportion of small pores increases, the proportion of mesopores remains the same, and
the proportion of macrospores increases to some extent. The pore volume of coal sample decreases after high-temperature (100°C)
treatment. Porosity and permeability decrease. The proportion of mesopores declines, the proportion of mesopores remains
basically same, and the proportion of macrospores decreases.

1. Introduction
Coal reservoirs are dual structural systems composed of pores
and fractures. The pore-fracture system in a coal reservoir is
the accumulation place and migration channel, respectively,
of coalbed methane (CBM). The distribution and structural
features of pores and fractures in coal reservoir aﬀect the
enrichment and osmosis migration of CBM [1]. Pore and
fracture development and deformation in coal reservoirs are
highly sensitive to axial pressure, conﬁning pressure, temperature stress, and gas pressure [2, 3] because of the low
strength and signiﬁcant deformation amplitude of the porefracture system under eﬀective stress. High-rank coal reservoir is characterized by high degree of metamorphism, strong
anisotropism, matrix density, high adsorption capacity of

coalbed, and poor permeability [4]; these characteristics result
in the low gas extraction eﬃciency of CBM in high-rank coal
reservoirs. Therefore, increasing the gas extraction eﬃciency
of CBM by changing the permeability of high-rank coal
reservoir is one of the key challenges in unconventional CBM
extraction and gas disaster control in coal mines.
Chinese and foreign scholars conducted experimental
studies on the sensitivity of pore and fracture development in
coal or rocks to temperature stress. Wu et al. [5, 6] discussed
the mechanical properties of sandstone, limestone, marble,
and granite after high-temperature treatment. Qiu et al. [7]
studied the eﬀects of temperature on fracture density and the
release rate of damage strain energy of granite. Yang [8, 9]
analyzed the strength features of coal petrography and
sandstone under the same conﬁning pressure but diﬀerent
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temperatures and under the same temperature but different conﬁning pressures. He found that the strength
growth of coal rock with reduced temperature is mainly
attributed to the increased peak strength of water-rich
frozen rocks due to mineral shrinkage, ice strength, and
frost heaving of rocks. Feng et al. [10] studied the permeability characteristics of coal rock during anthracite
deformation under temperature eﬀects. Hu et al. [11]
conducted an experiment on the eﬀect of temperature on
the permeability characteristics of lignite. Li [12] explored
the changes of permeability characteristics and microstructure of lignite at pyrolysis. Yang and Zhang [13]
conducted an experimental study of the inﬂuencing law of
temperature on gas permeability in coals. These results
comprehensively showed the variation characteristics of
pores and fractures in coal body and the adsorptiondesorption law of gas in the temperature range of −30°C to 80°C. These studies also facilitated increased
understanding of the relationship between pore and
fracture characteristics in coal body and temperature
stress.
Research on modiﬁed antireﬂection of pores and
fractures in coal reservoir through temperature stresses
(e.g., liquid nitrogen frozen-induced cracking technology
and thermal antireﬂection of coal reservoir) have attracted
wide attention. How do high temperature (>100°C) and
ultralow temperature (about −200°C) inﬂuence the pore
and fracture development of coal body under new technological conditions? These problems require urgent and
in-depth analysis. Thus, pore and fracture characteristics
under ultrahigh and ultralow temperature stress were
studied using low-ﬁeld NMR. This approach aimed at
disclosing the inﬂuence of ultrahigh and ultralow temperature stress on pore and fracture characteristics and
providing theoretical references and guidance for the
applications of coal modiﬁcation, CBM extraction, and
other relevant technologies under ultrahigh and ultralow
temperature stress.

2. Principle of Low-Field NMR Experiment
NMR is a physical phenomenon that generates spectral
signals through the interaction between spinning atomic
nucleus with odd nucleus (e.g., 1H, 13C, 19F, and 31P) and
low-frequency electric wave [14]. Low-ﬁeld NMR is used to
test coal by low magnetic ﬁeld intensity and detect the
nuclear magnetic signal of 1H in water-saturated coal rock
pores to gain the transverse relaxation time (T2 ) spectrum of
1
H and the T2 spectrum of water in water-saturated coal
rock. This T2 spectrum can be used to analyze the characteristics of pore diameter distribution and the connectivity
and physical characteristics of coal samples [15].
Relaxation time refers to the duration of vector magnetization from the excited state to equilibrium. Relaxation
can be divided into transverse (T2 ) and longitudinal (T2 ).
The applications of NMR in coal rocks mainly focus on (T2 )
tests [16]. The relaxation mechanisms of T2 include free
relaxation, surface relaxation, and diﬀusion relaxation [17],
which can be expressed as
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where T2 means the transverse relaxation time of the porous
ﬂuid collected by Carr–Purcell–Meiboom–Gill (CPMG)
sequence, T2F is the free relaxation time, T2S is the surface
relaxation time, and T2D is the diﬀusion relaxation time.
T2F and T2D are determined by the physical properties
(e.g., chemical components and viscosity) of ﬂuid. The experiments are generally performed in a uniform magnetic
ﬁeld. Thus, the inﬂuences of free and diﬀusion relaxations
can be neglected. T2S is the relaxation action of pore surface
in coal rock on the ﬂuids and is unrelated to the speciﬁc
surface area of pores. T2S also takes the dominant role in
relaxation. Equation (1) can be simpliﬁed into
1
1
S
≈
� ρ2 ×   × P,
(2)
T2 T2S
V
where ρ2 means the surface relaxation rate of coal samples
and (S/V) × P is the speciﬁc surface area of pores. Suppose
pore is a cylinder with a radius of R. Then, (2) can be further
simpliﬁed as follows:
T2 � FS × R,
FS �

1
.
2ρ2

(3)

Equation (3) shows that T2 distribution is related to
pore size. The larger the pore size is, the higher the T2 and
the longer the water relaxation time in pores will be. By
contrast, T2 is smaller under smaller pore diameter, which
is accompanied by stronger constraint to water in pores and
shorter relaxation time. This ﬁnding shows that the position of relaxation peak and peak area size are related to pore
diameter [18, 19]. According to the literature review [20],
the surface relaxation rate of high-rank coal core is
ρ2 � 5.4 μm/s. Therefore, the T2 spectrum of coal samples
can be converted into pore diameter distribution graph of
coal samples.
Low-ﬁeld NMR measures porosity in the core and
extracts core sample into vacuum followed by water saturation to ﬁll the pores in the sample with water. Thus, the
pore volume of samples is equal to water yield. Water yield
could be measured by NMR. High porosity contributes
high water yield and strong nuclear magnetic signals.
Samples (generally 3–6) with certain volume and known
porosity will ﬁrst gain the relation curve between NMR
signal strength and porosity (spectrum sample curve).
Next, samples with unknown porosity were measured by
this spectrum sample curve to facilitate calculation of the
porosity of samples [21, 22].
NMR permeability calculation used the Coates model
[23]. Pore size parameters are used in an implicit manner
through the cutoﬀ value of T2 . These parameters determine
the ratio between free ﬂuid index (FFI) and bound ﬂuid
index (BVI).
The expression of permeability (K) in the Coates model
is given as
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Table 1: The basic parameters and proximate analysis results of coal samples.
Sample
JLS
ZG1
ZG2
WTP

Original
quality m1 (g)
42.53
39.7
37.57
43.97

Saturated water
quality m2 (g)
43.57
41.16
38.82
45.79

Density ρ
(g/cm3)
1.48
1.42
1.45
1.69

Volume v
(cm3)
29.439
28.986
26.772
27.095

4

ϕ
FFI 2
K �  × 
,
C
BVI

(4)

where ϕ means porosity and C is coeﬃcient and is an
empirical parameter that varies with the samples. FFI is the
free ﬂuid index and BVI is the bound ﬂuid index.

3. Experimental Contents
3.1. Coal Samples and Parameters Test. Coal samples were
collected from No. 1 coal mine in Zhaogu (ZG1), No. 2 coal
mine in Zhaogu (ZG2), Jiulishan Mine (JLS), in Jiaozuo Coal
Group, and Wangtaipu Mine (WTP) in Jincheng Coal
Group. According to the laboratory and ﬁeld test standardization committee of International Society for Rock
Mechanics (ISRM) and to meet the condition of the nuclear
magnetic test equipment (the diameter 25 mm of NMR test
coil), the speciﬁcations of coal samples were
V25 mm × 50 mm. Through the parameter test instrument,
the industrial analysis results of coal samples are obtained
and shown in Table 1.

Water content
Mad (%)
4.69
1.665
2.5
1.805

Ash content
Aad (%)
9.91
16.51
7.415
15.5

Volatiles
Vdaf (%)
6.38
7.37
7.11
6.095

Carbon content
Fcad (%)
83.615
77.075
85.83
79.085

returned to room temperature and then immersed in liquid
nitrogen for 5 h.
Low-ﬁeld NMR experiments of coal samples were performed before and after the treatment.
(1) Experiment instruments: the instrument is opened
and calibrated. Porosity was indicated by a marked
line.
(2) Main steps: coal samples were dried for 12 h in an
electro thermal blowing dry box, followed by 12 h of
water saturation in a vacuum-saturated device and
24-h immersion in water until the mass of coal
samples remained constant. Coal samples reached
the state of water saturation. Finally, the coal samples
were enveloped by a preservative ﬁlm and then
placed in the experiment table to test their T2 distribution, porosity, permeability, and pore diameter
distribution.

4. Results and Discussion
4.1. Eﬀects of Temperature on T2 Distribution

3.2. Preparation for the Experiment. The instruments used
for this experiment included the Meso MR23-060H-I lowﬁeld NMR made by Shanghai Niumag Company. Resonance frequency was 21.67568 MHz. Magnet temperature
was controlled at 31.99°C to 32.01°C. Magnetic ﬁeld intensity was 0.5 T, and radiofrequency pulse was
21.67568 MHz. T2 spectrum of samples was tested by lowﬁeld NMR instrument. The test parameters of CPMG sequence of coal rock samples were SW � 333.333 KHz,
TE � 0.406 ms, NS � 32, TW � 3000 ms, NECH � 10000,
RG1 � 15 db, DRG1 � 3, DR � 1, and PRG � 0, and
T2cutoff � 4 ms and an empirical value [24, 25]. The water
saturation of coal samples was accomplished by the vacuum
saturation equipment, and coal samples were dried in
a vacuum drying oven.
3.3. Experiment Steps. Coal samples were denoted as ZG1-1,
ZG2-1, JLS-1, and WTP-1 which were used for the lowtemperature experiment, and ZG1-2, ZG2-2, JLS-2, and
WTP-2 were used for high-temperature experiment.
In the high-temperature treatment, coal samples (ZG1-2,
ZG2-2, JLS-2, and WTP-2) were placed in a drying oven
(100°C) for 5 h. In the low-temperature treatment, coal
samples (ZG1-1, ZG2-1, JLS-1, and WTP-1) were placed in
a drying oven (30°C) for the ﬁrst 1 h, and they were then

4.1.1. Experimental Results. Test results of T2 spectra of all
coal samples under diﬀerent temperatures are shown in
Figures 1 and 2.
4.1.2. Result Analysis. Figure 1 shows that wave peaks in the
T2 spectra of ZG1-1, ZG2-1, JLS-1, and WTP-1 expand,
especially the ﬁrst one. This ﬁnding shows that low temperature signiﬁcantly inﬂuences the porosity of high-rank
coals. The area of all T2 spectra increases to some extent,
which indicates that pore and fracture volume in coal
samples increase, which are processed under lowtemperature treatment. Figure 2 shows that the peak
values of all T2 spectra of ZG1-2, ZG2-2, JLS-2, and WTP-2
decrease, which is also manifested by changes of the ﬁrst
wave peak. Therefore, high temperature can signiﬁcantly
aﬀect the porosity of high-rank coals. The narrowing T2
spectral area reﬂects the reduction of pore and fracture
volume in coal samples after high-temperature treatment.
This ﬁnding is attributed to thermal expansion and cold
contraction of the coal matrix. The cold contraction of the
coal matrix under low temperature increases pore and
fracture volume. By contrast, expansion under high temperature squeezes the original pores, thereby reducing pore
and fracture volume.

4
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Figure 1: T2 spectra of coal samples under low-temperature conditions.

4.2. Eﬀects of Temperature on the Porosity and Permeability of
Coal Samples
4.2.1. Experimental Results. The test results of T2 spectra of
all coal samples under diﬀerent temperatures are shown in
Tables 2 and 3.
4.2.2. Result Analysis. Table 2 shows that the porosity and
permeability of JLS-1, ZG1-1, ZG2-1, and WTP-1 all increase to some extent. The growth amplitudes of porosity are
3.8%, 6.8%, 5.1%, and 5%, whereas the growth amplitudes of
permeability are 32.7%, 29.5%, 34%, and 35.6%. Table 3
shows that the porosity and permeability of JLS-2, ZG1-2,
ZG2-2, and WTP-2 decline. The former decreases by −10.5%,
−13.6%, −7.9%, and −11.2%, whereas the latter one decreases
by −42.2%, −28.1%, −30.3%, and −31.9%, respectively. The
growth/reduction amplitudes of permeability are always
higher than those of porosity. The analysis shows that high
temperature can decrease the porosity and permeability
of coal samples, whereas low temperature can increase
these two parameters. Porosity is less sensitive to temperature compared with permeability because temperature inﬂuences pores, and fractures of coal samples can be

easily closed or expanded but they cannot be easily recovered. Permeability diﬀers from porosity. The throat
structure is located opposite to the pore structure and
shows a buttress.
4.3. Eﬀects of Temperature on Pore Diameter Distribution in
Coal Samples
4.3.1. Experimental Results. The test results of T2 spectra of
all coal samples under diﬀerent temperatures are shown in
Figures 3 and 4.
4.3.2. Results Analysis. Figures 3 and 4 show that the distribution of pore diameter changes after low-temperature
and high-temperature treatments.
From Figure 3, it can be seen that after low-temperature
treatments, the proportion of microspores (0–10 nm) decreases, the proportion of small pores (10–100 nm) increases, the proportion of mesopores remains the same,
and the proportion of macrospores increases to some
extent. The reason to this phenomenon is when the liquid
nitrogen contacts with the coal and cools it with temperature of −196°C, it can produce a shrinkage stress about
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Figure 2: T2 spectra of coal samples under high-temperature conditions.

Table 2: Porosity and permeability of coal samples under low temperature.
Number
JLS-1
JLS-1
ZG1-1
ZG1-1
ZG2-1
ZG2-1
WTP-1
WTP-1

Temperature (°C)
30
−196
30
−196
30
−196
30
−196

Porosity
2.959
3.107
6.457
6.7
7.228
7.721
8.976
9.438

Project
Increase rate (%)

27 MPa, which is more than the compressive strength of
coal. The stress damages the coal’s inner structure and
increases the total porosity of coal. Also, due to the
shrinkage stress impacts, it increases the radius of the pores
and the width of macrospores. All these caused some
micropores into small pores and increased the proportion
of macrospores.
From Figure 4, it can be seen that after high-temperature
treatments, the proportion of microspores increases, the

5
3.8
6.8
5.1

Permeability (10−4·mD)
0.087
0.118
2.688
3.568
40.078
51.916
623.459
835.536

Increase rate (%)
35.6
32.7
29.5
34

proportion of small pores decreases, and the proportion of
macrospores decreases to some extent. As the anthracite coal
undergoes high temperature or magmatic erosion during the
coaliﬁcation process, it can resist high temperature and has
a higher tensile strength. With the treatments of high
temperature on coal, the coal rock matrix is expanded, the
space of the original fracture is squeezed, and the porosity is
reduced. All these eﬀects make the porosity decrease, the
ratio of pore to total porosity increases, the proportion of

6

Advances in Civil Engineering
Table 3: Porosity and permeability of coal samples under high temperature.

Number

Temperature (°C)
30
100
30
100
30
100
30
100

JLS-2
JLS-2
ZG1-2
ZG1-2
ZG2-2
ZG2-2
WTP-2
WTP-2

Porosity
3.178
2.821
6.679
5.981
7.387
6.382
10.743
9.89

Project
Increase rate (%)
−11.2
−10.5
−13.6
−7.9

Increase rate (%)
−31.9
−42.2
−28.1
−30.3

60

60

50

50
40

Proportion (%)

Proportion (%)

Permeability (10−4·mD)
0.072
0.049
2.824
1.632
41.71
29.991
743.256
518.364
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Figure 3: Histogram of pore size distribution of coal samples under low temperature.

small pore decreases, and the proportion of large pores has
been reduced. Similarly, the reduction of porosity and
permeability of JLS-2, ZG1-2, ZG2-2, and WTP-2 is the
consequence of proportion reduction of small pores and
macrospores under high temperature.

5. Conclusions
(1) Peak value, spectral area, pore volume, porosity, and
permeability increase in the T2 spectra of coal samples
after low-temperature treatment. The proportion of
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Figure 4: Histogram of pore size distribution of coal samples under high-temperature conditions.

microspores decreases, the proportion of small pores
increases, and the proportion of mesopores remains
the same, and the proportion of macrospores increases to some extent. The peak value, spectral area,
pore volume, porosity, and permeability decrease in
the T2 spectra of coal samples after high-temperature
treatment. The proportion of microspores increases,
the proportion of small pores decreases, the proportion of mesopores remains the same, and the
proportion of macrospores decreases to some extent.
Permeability is signiﬁcantly more sensitive to temperature stress than porosity.
(2) Based on the experiment of coal samples after ultrahigh and ultralow temperature treatment, the
peak values on the T2 spectra of all coal samples
increase gradually with the reduction of temperature.
This result is accompanied with growths of spectra
area, pore and fracture volume, porosity, and

permeability. Accordingly, the proportion of microspores decreases, the proportion of small pores
increases, the proportion of mesopores remains the
same, and the proportion of macrospores increases
to some extent.
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To reveal the performance of the stepped subsidence and the strong roof weighting during shallow coal mining, taking the fully
mechanized mining face with large mining height in the Shendong mining area in China as the engineering background,
theoretical analysis and numerical simulation were used to analyze the pressure-arching eﬀect of the hanging roof blocks. Three
typical pressure-arch models of the roof structure were proposed, such as the symmetrical pressure-arch of two key blocks, the
step pressure-arch of multiple key blocks, and the rotative pressure-arch of multiple key blocks. Results indicate that the
horizontal stress displays a nonlinear distribution at the abutments of the symmetrical pressure-arch, and there is a linear
distribution of horizontal stress with a higher peak value at the midspan of the pressure-arch. The high horizontal stress at the arch
abutment is necessary to form the rotative pressure-arch of multiple key blocks. The horizontal stress is relatively less at the arch
abutment of the step pressure-arch structure. The main key block is easier to slide in this structure as the boundary horizontal
stresses display the nonlinear distribution. The results are of instructive signiﬁcance for roof weighting forecast and strata control
during shallow horizontal mining for a thick coal seam.

1. Introduction
The shallow coal resource is huge in western China, but the
fragile ecological environment and mining-induced disaster
also restricted the development of the mining area seriously.
The Shendong mining area in western China was characterized by large thickness, shallow buried, and ﬂat dipping
coal seams, which was a typical high eﬃciency mining
district of shallow thick coal mining and the largest underground coal mining area in the world. The fully mechanized longwall mining with large mining height was widely
used in this district, and the width of the panel can be
reached at 450 m.
The roof weighting and ground subsidence induced by
shallow coal mining also aﬀected the development of similar
mining engineering in the world [1–3]. So it is an important
problem to reveal the performance of the stepped subsidence
and the strong roof weighting during shallow coal mining.
The large-scale shallow mining for full thickness of coal

increased the failure range of the thin bedrock roof, and the
load of fractured strata was not carried eﬀectively by the roof
block structure, resulting in strong mine pressure. So the
mechanical model was widely used in analyzing the roof
structure and weighting forecast, and the application of the
voussoir beam model, cantilever beam model, Euler beam
model, and hinged arch bar model also proved its practicality in many engineering cases [4]. The fully mechanized
mining for thick coal with large mining height would aggravate the shallow strata movement, the moving law and
structure types of the roof blocks were special in these cases,
and the weighting step and load intensity were characterized
by alternating with long and short periods. So the slip instability of the roof blocks would cause the movable column
being retracted sharply, and then the supports were being
crushed.
Aiming at these problems, a great deal of research has
been conducted. For examples, Ju and Xu used the cantilever
and voussoir beam structural models to reveal the periodic
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alternating law of the weighting step and strata behavior
through ﬁeld observation on the longwall face with 7.0 m
mining height and pointed out that the key strata broken in
advance and step subsidence would lead to the periodical
changes in gentle and strong roof weighting [5]. Liu et al.
carried out the simulation experiment on large height
mining of the thick coal in a mine by using FLAC3D, and the
results showed that the height of the fractured zones increased with the mining thickness of the shallow coal seam
[6]. Through physical similarity tests, Ren et al. pointed out
that the bedrock ﬁssure zone conducting surface was the
main cause of the long and short periodical roof weighting
during the shallow mining [7]. Zhang et al. conducted the
numerical simulation on a working face in the Shendong
mining area by using UDEC and proposed that if the basic
roof could form a stable bearing structure, the overlying
strata would present a continuous bending down without
slip instability and whole step subsidence [8]. Huang et al.
found that the inclined step rock beam of the key strata was
a common structure type in the mining ﬁeld with superlarge
mining height in the Shendong mining area [9].
The cantilever beam [4, 10] and voussoir beam [11–13]
models were widely applied in analyzing the roof weighting,
but these models in previous studies mostly were to estimate
the horizontal thrust between roof blocks and the action
position by empirical formulas, not taking into account the
eﬀects of the stress distribution on the structure stability.
However, the slip instability and rotational deformation
were usually all aﬀected by the horizontal stress [14]. BakunMazor et al. indicated that the horizontal stress distribution
along the boundary of the key roof blocks was not necessarily
linear and the exact geometry distribution of that stress must
be determined by the experimental studies [15]. Tsesarsky
studied the arching law of the compressive stress within the
layered sedimentary rocks in shallow mining by using FLAC
and analyzed the eﬀects of block size and joint space on the
horizontal stress distribution [16]. Shabanimashcool et al.
[17] and Helm et al. [18] found that the maximum span of
the voussoir roof beam prior to the ﬁrst roof caving
depended upon the initial horizontal stress and the roof
beams formed a large stable span when they were subjected
to the high horizontal stress.
Due to the current models of the roof structures being
paid more concerns on the gravity eﬀect on the stability of
the roof blocks, the arching law of the principle stress and
boundary horizontal stress distribution were not well recognized; ignoring the inﬂuence of the pressure-arch structure on the roof movement behavior, the fractured roof of
the large height working face under shallow mining for thick
coal displayed obvious step subsidence, frequently support
crushing accident, and commonly ground cracks [1, 9], and
these abnormal performances induced by shallow mining
were still not being explained reasonably. In this paper, the
fully mechanized mining face with large mining height in the
Shendong mining area in China was taken as the engineering
background, and theoretical analysis and numerical simulation were used to analyze the pressure-arching eﬀect and
the distribution of the horizontal stress in the roof block
structure. It was of guiding signiﬁcance for obtaining the
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instability and roof weighting characteristics of the pressurearch structure in the key roof blocks to ensure shallow
mining safety.
Since there are still many problems needed to be solved
in the shallow coal mining, this paper would conduct further
study on the roof weighting of a typical shallow coal mining.
Taking the fully mechanized mining face with large mining
height in the Shendong mining area as the engineering
background, theoretical analysis and numerical simulation
were used to analyze the arching law of the principle stress
and the distribution of the horizontal stress in the roof block
structure. Considering that the pressure-arch eﬀect in the
roof blocks can improve the rationality of the mechanical
model, three typical pressure-arch models of the roof
structure were proposed and the related instability criteria
were derived. The results are of important meaning for safety
mining in the similar engineering.
The remainder of this study was organized as follows. In
Section 2, structural characteristics of key blocks and their
veriﬁcation analysis of the typical engineering under shallow
coal mining are conducted. In Section 3, the evolution
process of the pressure-arch in the key blocks during coal
mining is analyzed. In Section 4, the discussion of the results
is provided. Section 5 summarizes the conclusions.

2. Pressure-Arching Characteristics
2.1. Symmetric Pressure-Arch of Two Key Blocks of Initial
Fractured Roof. As shown in Figure 1, with the mining face
advancing from the open-oﬀ cut, the cracks were generated
at both ends and the midspan of the basic roof when
reaching its limit span, forming trapezoid and arc blocks.
The basic roof was periodically broken into multiple removable trapezoid blocks in the middle of the working face.
The movements of these arc blocks at both sides were
controlled by the trapezoid blocks.
The original fractured blocks Fa, Fb and periodic fractured blocks Pa, Pb continuously sank and contacted the
waste rocks, and the hanging blocks were squeezed with the
rear blocks to form the fractured structure. The stability of
the fractured roof structure depended on the movement of
the key blocks, while the slip instability of the main block
over the support was a direct factor to induce roof cutting
and strong strata behavior.
After the full thickness of the coal seam being mined, the
caving immediate roof was not enough to ﬁll the goaf, so the
large mining height technology provided a movable space
for the roof blocks. The hanging blocks showed the step
structures after separating from the upper strata. The roof
weighting for sliding blocks was stronger than the normal
height mining [9]. The middle of the mining face was the
critical control area as roof weighting, so it was feasible to
analyze the movement of key roof blocks by using the plane
model.
The symmetrical pressure-arch model of two key blocks
was established, as shown in Figure 2. After the basic roof
original breaking, the separated roof blocks rotated under
their weights and were compressed reciprocally at the
abutments in the surface contact state. The friction and
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support. However, the instability could be avoided when the
contact friction, T tan φ, was larger than the shear force QO ,
namely, T tan φ > QO .
Substituting Equations (2) and (6) into the abovementioned inequality, then
σm >

Advancing

Figure 1: Typical geometry structure of the fractured roof blocks.

horizontal thrust at the abutments directly aﬀected the instability types of the roof blocks, and the internal and
boundary stress distribution of the blocks was essential to
the stability analysis of the roof structures.
The horizontal stress σ xx at the left abutment of the block
(Figure 2(c)) was distributed [15]:
σ xx � f(x) � a(x − h)b ,

(1)

where h is the distributed height of the horizontal stress at
the left abutment, f(x) is the distribution function of the
horizontal stress, and x is the coordinate position.
The horizontal stress σ xx at the coordinate origin point
O was the largest value at x � 0; the maximum value of the
stress σ m � f(0) � a(−h)b according to the stress distribution law in Equation (1); the horizontal thrust T and its
position XT were, respectively, given by
h

T �  a(x − h)b dx �
0

ah(−h)b σ m h
�
,
b+1
b+1

(2)

cL(b + 1) H + H1 
.
h tan φ

2.2. Step Pressure-Arch Structure of Key Blocks of the Periodic
Fractured Roof. As shown in Figure 3, with the mining
face advancing, the basic roof was fractured periodically.
Field observation and simulation experiment showed
that the quantity of removable blocks that aﬀected the
stability of the mining face was limited, so only the migration of key blocks hanging above the support space was
worth considering.
The typical step pressure-arch structure of multiple key
blocks is shown in Figure 3(a). The rotating angle α1 of the
main block Pa was larger than the angle α2 of the rear block,
and the block Pa contacted with adjacent blocks at the hinged
ends, and then a semiarch of stress formed in the main block.
The rear blocks Pb and Pc with little rotating angle compressed mutually and slid to form a step structure under the
action of the horizontal thrust and shear force.
To analyze the mechanics of the key blocks Pa and Pb,
taking the moment at the left hinged point A,  MA � 0, since
the vertical resultant force was zero, let , sin α1 + sin α2 � A1 ,
cos α1 + cos α2 � A2 , and then the following equilibrium was
given:
T H − LA1 − 2XT  − W 1.5L cos α1 + 0.5L cos α2 + 2H sin α1 
+ QB LA2 + H sin α1  � 0,

h

XT �

1
h
.
 f(x)x dx �
T 0
b+2

− W(1.5L cos α + H sin α) � 0,
QO + QN � 2W,

QA + QB � 2W.

(5)

(6)

The roof block Fa was the main key block over the mining
working face. The slip instability of the block Fa would
lead to the roof step subsidence and strong pressure on the

(9)

Combining Equations (8) and (9), then
QB �

W0.5L 2 cos α1 + A2  + 2H sin α1 
LA2 + H sin α1

(10)

TH − LA1 − 2XT 
−
,
LA2 + H sin α1

(4)

where QO , QN are the shear force, H is the block height, α is
the rotating angle, W is the bearing load of the roof block,
namely, cL(H + H1 ), c is the unit weight of the roof rock,
and H1 is the thickness of the upper loading layer.
Arranging Equations (4) and (5), then
QO � QN � cL H + H1 .

(8)

(3)

Assuming that the boundary stress distribution of the
contact surface was the same, the horizontal thrust T was
equal. If the pressure-arch structure of key blocks was in the
equilibrium state, taking the moment at the left point O, then
 MO � MQN − Mw � 0,  Y � 2W − QO − QN � 0.
So the equilibrium equation was given by
QN (2L cos α + 2H sin α) − W(0.5L cos α + H sin α)

(7)

QA �

0.5WL A2 + 2 cos α2  + TH − LA1 − 2XT 
.
LA2 + H sin α1

(11)

For the main block Pa, tan φ was the friction coeﬃcient of
the contacted surface; if T tan φ < QA , the block would slide
along the working face. According to Equations (2), (3), and
(11), let sin α1 tan φ � A3 , (2h/(b + 2)) � A4 , and then the
following formula was obtained:
σm <

0.5cL2 (b + 1) A2 + 2 cos α2  H + H1 
.
hL tan φA2 + H A3 − 1 + LA1 + A4 

(12)

Equation (12) can be used as the slip instability criterion
for the main block in this structure.
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Figure 2: Pressure-arch structure of two key blocks of the initial fractured roof. (a) Sketch map of the structure of key blocks. (b) Mechanical
model. (c) Boundary stress distribution at the abutment.
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Figure 3: Step pressure-arch structure of key blocks of the periodic fractured roof. (a) Sketch map of the structure of key blocks.
(b) Mechanical model.

2.3. Rotative Pressure-Arch Structure of Key Blocks of the
Periodic Fractured Roof. The rotative pressure-arch
structure of the multiple key blocks was shown in Figure 4(a). The rotating angle of each block was approximately equal, and the horizontal thrusts among these
blocks were suﬃcient to mobilize a frictional resistance to
balance the shear force. The roof blocks rotated gradually
without slip instability, and the rotative pressure-arch
with bearing capacity produced a protective eﬀect on
the mining space.
The moment at the left hinged point A  MA � 0, and
the vertical resultant force was zero, and then the equations
were given as follows:
T H − 3L sin α − 2XT  + QB (3L cos α + H sin α)
− W(4.5L cos α + 3H sin α) � 0,
QA + QB � 3W.
Combining Equations (13) and (14), then

QB �

QA �

W(4.5L cos α + 3H sin α) T H − 3L sin α − 2XT 
,
−
3L cos α + H sin α
3L cos α + H sin α
(15)
4.5WL cos α + T H − 3L sin α − 2XT 
.
3L cos α + H sin α

The roof block sliding should be avoided to ensure the
formation of the structure, namely, T tan φ > QA .
Substituting Equations (2), (3), and (16) into this inequality, and letting sin α1 tan φ � A3 and (2h/(b + 2)) � A4 ,
then
σm >

(13)
(14)

(16)

4.5 cos αcL2 (b + 1) H + H1 
.
h3L(tan φ cos α + sin α) + H A3 − 1 + A4 

(17)

2.4. Stability Analysis of the Main Key Block of the Initial
Fractured Roof. Taking No. 1−2 coal with 7.0 m mining
height at the Shangwan mine in Shendong mining area as the
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Figure 4: Rotative pressure-arch structure of key blocks of the periodic fractured roof. (a) Sketch map of the structure of key blocks. (b)
Mechanical model.
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engineering background, the panel was at an average depth
of 115.4 m, which dipped 0–3°. The thickness of coal was
3.8–9.2 m and 7.0 m thick in average. The average thickness
of the ground overburden of alluvial sand was 13.7 m, and
the average thickness of the bedrock was 102.1 m.
The length of the fully mechanized mining panel No.
51101 was 3654 m, the width was 300 m, and the designed
mining height of the panel was 5.2–5.4 m. The total caving
method to manage roof was adopted, which matched the
German Eickhoﬀ SL-500 shearer, and double column shield
hydraulic supports 2 × 4319 kN.
The immediate roof of the mining ﬁeld was mostly sandy
mudstone or siltstone, whose thickness was 0.5–7.1 m, 3.0 m
in average. The basic roof was sandstone, whose thickness
was 6–15.1 m, 9 m in average, and the compressive strength
of that was 16.6–33.8 MPa, 25 MPa in average. The span of
the initial roof weighting step was 53.8 m, and there was six
times periodic roof weighting in all during the ﬁeld observation. The span of the roof weighting in the middle of the
mining face was 10.9–32.7 m, 20.39 m in average.
Based on the technical parameters of panel No. 51101,
the thickness H of the basic roof was 9 m, and the block
length L was 26.9 m according to the initial roof weighting
step. The rotating angle α was taken as 4°, the friction coeﬃcient tan ϕ was 0.5, the bulk density of the roof was
25 kN/m3, and the compressive strength σ c was 25 MPa. As
shown in Figure 5, the curves were calculated from Equation
(7), which was used to judge the stability of the main block in
the symmetrical stress arch structure. The slip instability was
avoided when the maximum horizontal stress reached the
curve value σ m . The variable h in Figure 5 was the abutment
thickness of the stress arch.
The following results were found: (1) When the
boundary horizontal stress displayed the nonlinear distribution, the stable stress σ m of the block was higher, so the
block with nonlinear boundary stress was easier to slide
under the same crustal stress condition. (2) When the
abutment thickness h of the pressure-arch was 0.1 H for the
nonlinear boundary stress, the maximum horizontal stress
needed to reach 40 MPa to ensure the blocks without sliding,
while the stress σ m had exceeded the compressive strength of
the blocks under this condition, so the plastic failure at the
hinged end of the blocks occurred, which led to further
rotation of the roof blocks. (3) The critical stress σ m decreased with the thickness h increasing, the decreasing trend
was most obvious in the range of 0.1–0.3 H, and this trend

20
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Figure 5: Stability curve of the symmetric pressure-arch structure
of two key blocks.

indicated that it no longer required a high level of stress to
avoid the slip instability when the pressure-arch abutment
reached a certain thickness.
Therefore, the decreasing stress reduced the plastic failure
of the block ends and prevented further rotation to increase
roof weighting. So the increasing abutment thickness of the
pressure-arch could improve the stability of the key blocks.
2.5. Stability Analysis of the Main Key Block of the Periodic
Fractured Roof. According to Equations (12) and (17), the
rotating angle α1 and α2 of the key blocks in the step
pressure-arch structure was adopted, respectively, as 4° and
1°, and the rotating angle α of the key blocks in the rotative
pressure-arch structure was adopted as 4°. The length L of
the block was 20 m according to the periodic weighting step,
and the other parameters remain unchanged. The stability
judging curves of the step pressure-arch and the rotative
pressure-arch structure were obtained, as shown in Figure 6.
The following results were found: (1) The horizontal
stress needed to maintain the stability of the multiple key
blocks’ structure which was higher than that of the symmetrical pressure-arch structure of two key blocks. With the
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Figure 6: Stability curves of the pressure-arch structure of multiple
key blocks.

abutment thickness of the pressure-arch being less than
0.2 H, the maximum horizontal stress σ m would exceed
the compressive strength σ c of the blocks, and the plastic
failure occurred at the hinged end of the block. (2) The stable
horizontal stress of the rotative pressure-arch was the largest
under the same ground stress condition, and the rotative
pressure-arch was more diﬃcult to form. (3) The pressurearch with smaller abutment thickness required higher stress
to maintain the stability of the key blocks, and the greater
plastic failure would occur at the block ends.

3. Evolution Characteristics of Pressure-Arch
3.1. Building Computational Model. Based on the geological
condition and the mining ﬁeld in the Shanwan mine, the
discrete element software UDEC was used to analyze the
instability characteristics of the pressure-arch of key blocks
under the shallow coal mining condition. The numerical test
was to simulate the mechanical behavior of the fractured
strata blocks, considering the vertical and horizontal virtual
joints’ condition, the normal stiﬀness and tangential stiﬀness
of each joint can be approximately calculated through the
joint structure and the deformation of intact rock mass, so
the normal stiﬀness and tangential stiﬀness were set as
4.0 GPa/m.
As shown in Figure 7, the full mining thickness of the
coal seam was 7 m, and the thickness of the immediate roof
was 3 m. Considering the falling size of the immediate roof,
the virtual joint space was set as 3 m. The thickness of the
basic roof was 9 m. Since the periodic weighting length was
10.9–32.7 m in the practical engineering, this numerical test
was focused on the stress distribution in the strata blocks
during shallow coal mining, so the virtual block size was set
as 15 m in the basic roof according to the weighting length.
The thickness of the strata over the basic roof was set as
30 m to focus on the movement law of the roof strata.
According to the ﬁeld observation and similar material
experiment results, the thickness/span ratio of the broken

strata decreased with the layer position rising, the fractured
strata block in high position was longer the basic roof block
[4, 10], so the length of a single virtual block was set as 30 m,
25 m, and 20 m in strata ①–③ in Figure 7, respectively.
The model size was 450 m long and 54 m high, and the
upper boundary loading was calculated as the bedrock strata
of 70 m thickness. The bottom boundary of the model was
ﬁxed, and the lateral boundaries of the model were ﬁxed in
the horizontal direction.
The position of start mining was 50 m away from the left
boundary, and the advancing distance was 350 m. The
monitoring line was arranged along the Y direction at the
interval of 1 m in the range of 15–24 m to obtain the evolution law of the stress ﬁeld and displacement ﬁeld in the
roof structure during mining. The physical and mechanical
parameters of the model were listed in Table 1, and MohrCoulomb criteria were used in the numerical calculation.
3.2. Evolution Process of the Pressure-Arch of Key Blocks during
Coal Mining. For mining face No. 51101, advancing 10 m
each time was adopted in the simulation. As shown in
Figure 8(a), the compressive stress was positive, while the
tensile stress was negative, and the principle stress showed
an obvious arching eﬀect in the initial stage of coal mining.
As the advancing distance was 30 m, the immediate roof
displayed the initial caving, the symmetrical pressure-arch
formed in the basic roof, and the global pressure-arch
formed in the overlying strata. Overall, the roof kept stable. The monitoring data showed that the peak value of the
major principle stress occurred at the abutment of the
pressure-arch and the maximum horizontal stress at both
abutments was 1.72 MPa and 1.81 MPa, respectively.
As shown in Figure 8(b), the initial caving of the basic
roof occurred when the advancing distance was 50 m, and
the load of the fallen roof blocks was transferred to the
surrounding rock by the squeezing and clamping between
the blocks. The principle stress was redistributed and delivered through the contacting face. The step pressure-arch
structure formed in the main key blocks and the fallen roof
blocks moved along the stress transferring trace. The peak
value of major principle stress occurred at the surrounding
rock of mined-out area, and the maximum horizontal stress
at the right arch abutment was 2.41 MPa, but the maximum
horizontal stress on the surface of the sliding block was only
0.41 MPa.
As shown in Figure 9(a), the overlying bedrock strata
were moved totally with the mining face advancing 210 m,
the coal mining reached the complete mining stage, and the
global pressure-arch structure of the bedrock strata was
transformed into the single pressure-arch structure in each
layer. The rotating angle of the basic roof block increased
signiﬁcantly compared with the previous state, the front half
pressure-arch formed in the hanging basic roof at the mining
face side, and the pressure-arch top was located in the step
sliding basic roof block at the midspan of the mined-out
area. The hanging basic roof carried the upper strata load
and was kept stable by the structure eﬀect of the pressurearch, and the roof weight was relatively weak in this period.
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Figure 7: The computational model: ① sandstone; ② coarse sandstone; ③ sandstone; ④ mudstone; ⑤ coal; ⑥ siltstone.
Table 1: Physical and mechanical parameters of the materials.
Name
Coarse sand-stone
Sand-stone
Mud-stone
Coal
Silt-stone

Elastic modulus
(GPa)
35
32
23
15
26

Unit weight
(kN/m3)
24.3
25.0
22.4
13.1
24.6

Poisson’s
ratio
0.23
0.24
0.15
0.29
0.22

Cohesive strength
(MPa)
5.5
7.3
2.5
0.79
3.9

Tensile strength
(MPa)
4
4.9
1.7
0.57
2.5

Friction
angle (°)
33
35
30
27
38
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Figure 8: Evolution process of the pressure-arch in the initial mining stage. (a) Initial caving of the immediate roof. (b) Initial caving of the
basic roof.

It can be seen from Figure 9(b) that, with the mining face
advancing 230 m, multiple layers of the bedrock strata rotated
and sank toward the mined-out area, and the sank roof strata
were compacted in the range of abscissa of 190–220 m. The
pressure-arch structure of basic roof produced instability under

the dynamic load of the upper strata during this structure
rotation process, the step sliding basic roof blocks in the
pressure-arch top reached maximum subsidence, and the
rotated instability of basic roof in the front pressure-arch would
increase the resistance of the support at the working face side.
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Figure 9: Evolution process of the step pressure-arch structure of the basic roof. (a) Step pressure-arch. (b) Instability of the pressure-arch of
the basic roof.

Compared with the stable state of the pressure-arch in
the basic roof, the instability of the pressure-arch in the
hanging basic roof led to the load of the upper bedrock strata
losing carrier; the additional load acting on the roof support
caused the strong periodic roof weighting.
As shown in Figure 10(a), with the mining face advancing
250 m, the rotative pressure-arch structure was rebuilt in
the basic roof, and the peak value of major principle stress
at the left arch abutment was 50.23 MPa. As shown in Figure 10(b), with advancing 280 m, the basic roof sank toward
the mined-out area and compacted at the midspan of the
pressure-arch, and the peak value of major principle stress
was 65.40 Mpa, the bearing load of the pressure-arch structure
of the basic roof was transferred to the caved zone behind the
mined-out area of the mining face side.
3.3. Structural Characteristic Analysis of the Symmetrical
Pressure-Arch of Key Blocks. To explore the distribution
characteristics of the symmetrical pressure-arch and the
block size eﬀect, diﬀerent models were built considering the
block length ranging from 10 m to 20 m, and the length L of
the single block was increased 1 m for each time. As shown
in Figure 11, the major principle stress distributed as the
obvious symmetrical pressure-arch in the basic roof when
the roof span reached 2 L gradually.

As shown in Figure 12, it was found that the horizontal
stress at the pressure-arch abutments in the basic roof
displayed the nonlinear distribution characteristics with
quadratic function law. The stress σ xx decreased from the
bottom to the top along the direction of the distributed
height hx , and the maximum horizontal stress was located at
the lowest position of the arch abutments at hx � 0.
The horizontal stress at the midspan of the pressure-arch
increased linearly from the bottom to the top along the
direction of the height hx , and the maximum horizontal
stress σ m at the midspan was greater than that at the
abutments. The horizontal compressive stress was distributed in the range of hx � 4–8 m, and the midspan thickness of
the arch was less than that of the abutments.
The peak value of the boundary horizontal stress increased with the block length increasing, and the maximum
horizontal stress was 1.12 MPa, 1.81 MPa, and 2.38 MPa
when the block length was 10 m, 14 m, and 20 m, respectively, while the abutment thickness of the pressure-arch
reduced gradually with increasing span.

4. Discussion of the Results
The shallow coal mining with a large height would induce
roof collapse, support crushing, and ground subsidence. The
structure instability of the basic roof and overlying bedrock
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Figure 10: Evolution process of the rotative pressure-arch structure of multiple key blocks. (a) Rotative pressure-arch structure. (b) Sinking
of the pressure-arch of the basic roof.

strata were the main cause of these mining damage, so it was
very important to reveal the structure instability characteristics of the hanging roof blocks. Before the roof caving, the
arching law of the principle stress made the roof block
structure to have the capacity of bearing loading. The instability of the arch structure induced by mining often leads to
the roof weighting. The load bearing structure of the roof
blocks could be formed after the fully mechanized mining with
large mining height, and the structural characteristic of the
hanging blocks were more remarkable and the roof weighting
would be unusually strong in the large mining space.
The symmetrical pressure-arch structure of the basic
roof formed after the initial mining, and the horizontal stress
at both sides of the arch displayed the nonlinear distribution,
which was consistent with the ﬁndings of the literature [15].
But the horizontal stress was linearly distributed at the
midspan of the arch, and the peak value of the horizontal
stress was greater than that at both abutments, while the
midspan thickness of the arch decreased.
Diﬀerent views on the thickness of the arch were proposed [16]: (1) When the ratio of the arch thickness h to the
roof height H was 0.75, the arch structure was at equilibrium, and the ratio h/H � 0.3-0.4, which was near failure. (2)
When the ratio h/H � 0.3, the arch structure was in the
equilibrium state, while the ratio h/H � 0.1, which was near
failure. The results indicated that as the pressure-arch

reached a certain thickness at the abutments, the required
horizontal stress avoiding slip instability obviously reduced,
and the increasing thickness of the pressure-arch could
improve the stability of the key blocks. In addition, the
distribution of the principle stress in blocks showed the size
eﬀect. With the block length increasing, the abutment
thickness of the pressure-arch decreased and the midspan
thickness kept unchanged; however, the peak value of the
horizontal stress increased in all.
During the periodic fracture phrase of the roof, the
pressure-arch structure still existed in the key blocks of the
large height mining face, mainly behaving as the step
pressure-arch structure of multiple key blocks and the rotative pressure-arch structure of multiple key blocks.
Through mechanical analysis and numerical simulation, it
was found that the suﬃcient horizontal stress was necessary
to form the rotative pressure-arch structure, and the high
horizontal thrust at the arch abutments made the load
transfer along the arch trace in the blocks. This structure
would not be maintained without strong horizontal constraint, and the horizontal stress on the surface decreased
dramatically after the structure instability.
The horizontal stress was relatively lower at the arch
abutment of the main key block in the step pressure-arch
structure, the main key block was easier to slide under the
nonlinear distributed boundary stress, and a step structure
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Figure 11: Symmetric pressure-arch structure of two key blocks with diﬀerent block sizes. (a) L � 10 m. (b) L � 14 m. (c) L � 20 m.
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Figure 12: Distribution law of the horizontal stress in the arch structure. (a) L � 10 m. (b) L � 14 m. (c) L � 20 m.

was formed by the sliding block and the rear blocks. When the
semiarch formed again in the main key block over the mining
face, the basic roof evolved into a new step pressure-arch
structure. Filed observation showed that step subsidence and
strong roof weighting were common, which were induced by
shallow mining for the large height working face [4, 9], and
the cyclic evolution of the step pressure-arch structure was the
main reason to produce these mining performances. The
continuous mining in the large space would weak the arching
eﬀect of the compressive stress in the overlying bedrock strata,
and the pressure-arch of the bedrock developed upward with
the arch abutments moving backward. Moreover, the global
pressure-arch structure of the bedrock strata was transformed
into the multiple single-layer hinged arch structure and the
long periodic roof weighting was produced.

5. Conclusions
Taking the fully mechanized mining face with large mining
height in the Shendong mining area as the engineering
background, theoretical analysis and numerical simulation
were used to reveal the pressure-arching eﬀect and the
mechanical evolution characteristics of the key blocks under
shallow coal mining. The conclusions are listed as follows:
(1) There are three typical structures, such as the symmetrical pressure-arch of two key blocks, the step
pressure-arch of multiple key blocks, and the rotative
pressure-arch of multiple key blocks during shallow
coal mining. The stability of the pressure-arch is affected by the horizontal stress distribution, the roof
block is easier to slide as the boundary horizontal
stresses display the nonlinear distribution, and the
increasing abutment thickness of the pressure-arch
can improve the stability of the structure.

(2) In the symmetrical pressure-arch structure, the horizontal stresses show the nonlinear distribution at
both abutments and the linear distribution with
a higher peak value at the midspan of the arch. The
boundary horizontal stresses produce an obvious size
eﬀect. With the block length increasing, the peak
stress increases and the abutment thickness of the
pressure-arch decreases gradually.
(3) In the period of the periodic fracture of the basic roof,
the suﬃcient horizontal stress is necessary to form the
rotative pressure-arch of multiple key blocks. The instability and evolution of this structure are the main
causes to induce the common step subsidence and
strong roof weighting. The long periodic roof weighting
is the outcome of the instability of the global pressurearch structure of the multiple layered bedrock.
Due to the complexity of engineering geological conditions and diversity of the roof under shallow coal mining,
the bedrock thickness is an key inﬂuence factor to the roof
weighing; thus, the characteristics of the pressure-arching
eﬀect in the roof blocks under diﬀerent conditions need to be
further studied in the future.
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Aiming at the deﬁciency of the conventional multiphysics coupling model, the deterioration of strength parameters was
considered by deﬁning elastoplastic damage variables, and the heterogeneity of strength parameters was expressed by the Weibull
distribution function. In addition, the relation between eﬀective stress and the anisotropic permeability matrix was established,
and the blast was transformed into a load boundary condition. On this basis, an improved multiphysics coupling model that
considered damage and disturbance was constructed, while a corresponding ﬁnite element calculation program was developed.
Taking an excavation stope as the object, the characteristics of the mining-induced stress, seepage, and failure were analyzed by an
improved multiphysics coupling model and compared with actual detection data. The results show that the improved model
reﬂects the extent and range of mining-induced failure more accurately and ﬁts well with the actual detection. These results are
compared to the conventional multiphysics coupling model and a single physics model. It is indicated that the improved
multiphysics coupling model and corresponding calculation program are eﬀective and rational.

1. Introduction
Mineral resources are the material basis for developing
a national economy and safeguarding national security.
With the rapid industrialization and urbanization process in
China, the demand for mineral resources is signiﬁcant,
resulting in the depletion of shallow resources, and many
mines have now advanced to a deep mining stage. Deep
mining is accompanied by complex mining conditions. Rock
mass engineering is in a coupled system composed of a stress
ﬁeld, seepage ﬁeld, and temperature ﬁeld, and rock deformation and its failure mechanism is very complex. The
conventional single ﬁeld (usually stress ﬁeld) analysis has
major limitations, and the analysis of rock mass response and
failure under multiﬁeld coupling has not only become an
important subject of rock mechanics research [1], but also has
important practical signiﬁcance.

For most rock mass engineering applications, the variation in temperature gradient is small, and the study of
multiﬁeld coupling is mainly focused on the coupling of the
stress ﬁeld and seepage ﬁeld. Baghbanan and Jing [2]
simulated the coupling process of seepage and stress under
a diﬀerent fracture distribution and pressure coeﬃcient
using the discrete element software known as UDEC and
obtained the rule of stress variation on permeability and
seepage path. Figueiredo et al. [3] established the function
relationship between rock mass porosity and isotropic
volume strain. Then, the quantitative relationship between
rock mass deformation and permeability was determined,
and the numerical analysis of a ﬂuid-solid coupling process
in a deep rock mass project was realized. Based on pore
elasticity theory, Zhang and Wang [4] deduced the relationship between permeability coeﬃcient and stress variation and determined the range of mining failure in a mine.

2
A fully coupled mathematical model of a seepage ﬁeld and
stress ﬁeld was proposed by Wang et al. [5], and the two
developments of a corresponding numerical calculation
program and the application analysis of the ﬂuid solid response characteristics of a hydropower station were realized.
According to the actual construction situation of a tunnel
[6], the analysis model of tunnel excavation under the action
of ﬂuid structure interaction was established by using
elastoplastic theory, which provided technical reference for
the design and construction of a tunnel.
At present, multiﬁeld coupling research is usually based
on the Biot consolidation theory, which assumes that the
deformation of rock is linearly elastic and the seepage obeys
Darcy’s law. The conventional multiﬁeld coupling analysis has
good practicability, which can realize reliable analysis and
solve problems in engineering, but there are also several
shortcomings. On the one hand, conventional multiﬁeld
coupling research does not consider the eﬀect of damage,
which means that elastic modulus, cohesion, and coupling
strength parameters are constant in the calculation process
and that the research will not reﬂect the nonlinear elastic
compression or expansion of microdefects caused by deformation, an important feature of strain hardening or
softening stage. The rock mass will behave as an ideal elastoplastic body, which is inconsistent with a real-world scenario. Several scholars have gradually focused on the
inﬂuence of damage and built the corresponding multiﬁeld
coupling model [7, 8], but the assumption is that damage
occurs only in the plastic stage, which ignores the existence of
elastic damage. On the other hand, the engineering disturbance (especially blasting) time is very short compared to the
geological action, but the eﬀect and inﬂuence of blasting on
rock engineering is very strong. In the area of multiﬁeld
coupling research, the disturbance eﬀect is seldom considered. In addition, the conventional multiﬁeld coupling study
also lacks the consideration of the important characteristics
such as rock mass strength heterogeneity and seepage
anisotropy.
Therefore, in this study, the deﬁnition of staged damage
variables and the equivalent calculation of blasting were
taken into account. Considering the heterogeneity of rock
mass strength parameters and seepage anisotropy, an improved multiﬁeld coupling model that considers damage
and disturbances was established, and the corresponding
numerical calculation program was compiled. Through
numerical analysis and comparison of the excavation response and failure characteristics of a stope, the eﬀectiveness
of the improved multiﬁeld coupling model and its calculation program was veriﬁed.

2. Conventional Multifield Coupling Model
In order to simplify the expression of the formula, this study
adopts the abstract notation of a tensor (black body representation). The deﬁnition of the rock stress tensor sigma,
strain tensor for, based on the assumption of small deformation, equilibrium equations and geometric equations
of rock mass are as follows:
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2
where ∇ is the Laplace operator, F is the volume force tensor,
and u is the displacement tensor.
It is generally believed that the internal seepage of a rock
mass is incompressible and obeys Darcy’s law:
∇ · v � Qm

⎪
⎫
⎪
⎪
⎪
⎬
,
⎪
(∇p + ρgh) ⎪
⎪
⎪
v�−
K⎭
μ

(2)

where v is the seepage speed, Qm is the source item, p is the
seepage pressure, μ is the dynamic viscosity coeﬃcient of
ﬂuid, ρ is the ﬂuid density, g is the gravitational acceleration,
and K is the permeability tensor.
The conventional multiﬁeld coupling method is mainly
based on the Biot consolidation equation [9], that is, the
coupling of stress and seepage through eﬀective stress
principle and volume strain source term:
σ′ � C : ε − αp ⎫
⎪
⎪
⎪
⎬
,
⎪
⎪
zεv
⎪
⎭
Qm � −
zt

(3)

where σ′ is the eﬀective stress tensor, C is the elastic stiﬀness
tensor of rock mass, α is the eﬀective stress coeﬃcient of
Biot, and εv is the volumetric strain of rock mass.
Compared to the single stress ﬁeld analysis, the multiﬁeld coupling model considers the interaction between
seepage and stress, which can reﬂect a real-world scenario
more eﬀectively. However, the conventional multiﬁeld
coupling model does not consider the inﬂuence of damage,
disturbance, rock mass heterogeneity, and other important
factors, it is still not suﬃcient to solve the deformation and
failure analysis of a rock mass under complex conditions.
Therefore, it is necessary to improve the conventional
multiﬁeld coupling model.

3. Improved Multifield Coupling Model
3.1. Damage Variable Deﬁnition. Damage is the existence
and evolution of microdefects, and the deterioration of material stiﬀness and strength is caused by macroscopic damage.
The conventional multiﬁeld coupling model does not consider
the inﬂuence of damage, which will lead to the omission of
nonlinear elastic rock mass deformation and the softening or
hardening of plastic strain. The rock mass becomes an ideal
elastoplastic body, which is inconsistent with real-world behavior. Therefore, the corresponding damage variables are
deﬁned for the elastic and plastic stages, respectively. Referring
to the related research [10, 11], the damage evolution of the
elastic stage is related to elastic strain, and the damage evolution
of plastic stage is related to the equivalent plastic strain. The
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expression of damage variable, D, is deﬁned by the following
stages:
s
εe 1
⎪
⎧
⎪
1
−
exp
−



,
⎪
ε
⎪
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⎨
D �⎪
⎪
⎪
⎪
⎩ 1 − exp−s ε ,
2 p

plastic stage,
(4)
plastic stage,

where εe is the elastic strain, εe0 is the mean value of elastic
strain, εp is the equivalent plastic strain, and s1 and s2 are
correction coeﬃcients.
The experimental results of Yu et al. [12] show that the
damage has obvious inﬂuence on the elastic modulus and
cohesion, but has little inﬂuence on the internal friction
angle. According to the Lemaitre strain equivalence principle, the relationship between the strength parameters of
rock mass and the damage degradation is obtained:
E(D) � E0 (1 − D)
(5)
,
c(D) � c0 (1 − D)
where E0 and c0 are initial modulus of elasticity and cohesion and E(D) and c(D) are modulus of elasticity and
cohesion considering damage.
3.2. Improved Multiﬁeld Coupling Model. The damage variable, D, is introduced into the conventional multiﬁeld
coupling model, and the improved multiﬁeld coupling
model at the elastic stage is obtained as follows:
∇u + u∇
⎪
⎫
∇ · C(D) : 
 − αp + F � 0 ⎪
⎪
⎪
⎪
2
⎪
⎬
.
(6)
⎪
⎪
⎪
(∇p + ρgh)
zεv
⎪
⎪
∇ · −
K(D) +
�0 ⎪
⎭
zt
μ
In the improved multiﬁeld coupling model, by considering the damage elastic stiﬀness tensor and permeability
tensor C(D) K(D), we can reﬂect the eﬀect of stress and
seepage damage. In addition, αp in the rock constitutive
equation reﬂects the eﬀective stress eﬀect of seepage, and the
bulk strain source, zεv /zt, reﬂects the rock mass eﬀect of
deformation on seepage continuity. The coupling action of
stress, seepage, and damage has taken into account in the
improved model. At the same time, seepage usually shows
anisotropic characteristics [13], the relationship between
permeability and eﬀective stress is as follows:
eωσ′1 0
0
⎢
⎤⎥⎥⎥
⎡
⎢
⎢
⎥⎥⎥,
⎢
′
ωσ 2
K(D) � k0 ⎢
⎢
0
e
0
⎥⎥⎦
⎢
⎢
⎣
ωσ ′3
0
0 e

(7)

where k0 is the initial permeability, ω is the correlation
coeﬃcient (0.35 MPa−1), and σ ′ i is the eﬀective principal
stress.
After entering the plastic stage, the improved multiﬁeld
coupling model lies in the diﬀerence of the constitutive
equations of the rock mass, that is, the stress and strain are no
longer subjected to one-to-one correspondence and are related

to the loading-unloading path. Therefore, it is necessary to
use the incremental theory to express the relationship
between stress and strain. In this study, the Drucker–
Prager yield model (DP model) [14, 15] which considers
three principal stresses are used, and the damage variable
is introduced into the DP model, while the yield function
and potential function are in turn:
��
F(σ, κ, D) � αI1 + J2 −(1 − D)κ ⎫
⎬
,
(8)
��
G(σ, κ, D) � βI1 + J2 −(1 − D)κ ⎭
where I1 is the ﬁrst invariant of the stress tensor, J2 is the
second invariant of the tensor of partial stress, φ and ψ are
internal friction angle and expansion angle of rock mass, and
κ is the hardening function.
The plastic strain increment is calculated by the associated ﬂow rule:
εp � c

zF
s
zκ
� cαI + �� −(1 − D) ,
zσ
zσ
2 J2

(9)

where
c
is
the
plastic
multiplier,
I � δij ei ⊗ ej , and s � σ − (I1 /3)I.
The loading-unloading criterion is described as follows:
F(σ, κ, D) ≤ 0,

unload

c ≥ 0, F(σ, κ, D)c � 0,

load

.

(10)

The piecewise linear hardening function is used to approximate the nonlinear hardening function, and the expression is described as follows:
6c cos φ
κ � κ σ, κc  � √�
+ κc ,
3(3 − sin φ)

(11)

where κc is plastic hardening or softening internal variables
of a rock mass [16].
Compared to the conventional yield model, the modiﬁed
yield model takes into account the inﬂuence of damage
variables. In the calculation process, the strength parameters
will deteriorate with the evolution of damage. Meanwhile,
the piecewise linear function is used to approximate the
nonlinear hardening function. Therefore, the improved
model can overcome the deﬁciency of rock mass as an ideal
elastoplastic body in conventional multiﬁeld coupling, thus
reﬂecting the strain hardening or softening characteristics of
the rock mass yielding stage.

3.3. Blasting Equivalent and Expression of Strength
Heterogeneity. The eﬀect and inﬂuence of blasting on rock
engineering is very strong, but it is seldom considered in
a multiﬁeld coupling study. Blasting can be converted into
an action load by an equivalent calculation based on the
charge conﬁguration in a given engineering application, and
it is applied to the boundary of a free surface in a numerical
simulation to reﬂect the eﬀect of blasting on the multiﬁeld
coupling process. The method of uncoupled charge is usually
used in deep hole blasting in a mine, and the equivalent load
Ps of blasting is calculated as follows [17]:
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Ps �

c

−α

nρ0 v2b dc
l
r
−Mt
− e−Nt   ,
   e  e
2(1 + c) db
lb
r0

(12)

where ρ0 is the density of explosives, vb is the explosive
velocity, c is the isentropic exponent of explosives, dc is the
charge diameter, db is the hole diameter, le is the total length
of charge, lb is the hole length, n is the pressure increase
coeﬃcient, and M and N are the attenuation coeﬃcients of
the blasting load.
The Weibull probability density function [18] is used to
characterize the heterogeneity of rock mass strength
parameters:
m

ξm
⎪
⎧
⎪
⎪
⎨ 1 − exp−ξm  , x ≥ 0,
Fξ m , ξ m , m �  fξ m , ξ m , mdx � ⎪
⎪
−∞
⎪
⎩
0,
x < 0,
x

(13)
where ξ m are the rock mass strength parameters (such as
elastic modulus, cohesive force, etc.), ξ m is the mean value of
the strength parameter, and m is the correlation coeﬃcient
of inhomogeneity.
As shown in Figure 1, when the value of the nonhomogeneous coeﬃcient, m, is higher, the value of the intensity parameter becomes more concentrated and tends to
the mean value.
3.4. Failure Criterion. For rock mass engineering, the
concept of break approaching degree is introduced to
quantitatively indicate the failure degree of rock mass units.
The physical meaning is that the distance between the most
unfavorable stress path to the yield surface and the distance
between the most stable reference point and the most unfavorable stress path along the most unfavorable stress path
to the yield surface in the same Rhodes angle is calculated as
[19]
√� ��
I sin φ/3 + cos θσ − sin θσ sin φ/ 3  J2 − c cos φ
Fs � 1
,
I1 sin φ/3 − c cos φ
(14)
where θσ is the stress Rhodes angle.
Through a series of geotechnical engineering applications, Zhang et al. [20] obtained the criterion of failure
approaching degree: when the calculated value of Fs is
greater than 2, the rock mass element will be destroyed.

4. Numerical Calculation Programming
The improved multiﬁeld coupling model is constructed by
a set of diﬀerential equations that include multiple dependent
variables, while considering the heterogeneity of rock mass
strength parameters and seepage anisotropy. The model is
highly nonlinear, and the coupling relation is very complex. It
is diﬃcult to obtain an analytical solution by means of series
variation or integration. Therefore, the improved multiﬁeld
coupling model is solved using a numerical method.
COMSOL Multiphysics is a ﬁnite element numerical analysis
software speciﬁcally designed to solve multiﬁeld coupling
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Figure 1: Weibull probability density function curve.

problems. It also provides powerful programming functions.
Based on the COMSOL numerical platform, a program for
improving the multiﬁeld coupling model is developed by
using the Matlab M programming language. In Figure 2, the
programming codes of some cores are listed, which mainly
relate to the function relation between permeability coeﬃcient
and stress, the deﬁnition of the damage variable, the eﬀective
stress, and the source of volume strain.
The validity and rationality of the improved multiﬁeld
coupling model and its calculation program will be veriﬁed
by practical application.

5. Engineering Application
5.1. Engineering Situation. An underground room mining
area is located between a −400 m level and −360 m level
section. The stope ore reserves are approximately 22,200 t,
the lower ore average angle is 55°, and the ore grade (Pb + Zn)
is 14%. The regional strata are D3ta, and the main lithology is
deep gray thick-bedded limestone. A total of six blasting
schemes are planned for the stope. The mining method is
column back lateral caving method without a bottom hole
(shown in Figure 3), which is composed of the upper hole
down a drilling formation, and the stope is disposed of hollow
holes as the initial compensation space, layer by layer formed
by ring groove blasting area, the remaining ore body is mined
by lateral cave blasting. The lower part is a nonpillar mining
ﬂat-type chamber. The ore is transported by remote LHD, and
the cavity is subsequently backﬁlled.
5.2. Simulation Parameters and Conditions. Several parameters (mainly from ﬁeld research group and laboratory
test [21]) are listed in Table 1, and the dynamic strength
parameters of rock mass are obtained by [22] and used for
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…
model.variable.create('var1');
model.variable('var1').model('comp1');
model.variable('var1').set('k1',
'k0∗exp(lamda∗(solid.sp1-alpha∗p))');
model.variable('var1').set('k2',
'k0∗exp(lamda∗(solid.sp2-alpha∗p))');
model.variable('var1').set('k3',
'k0∗exp(lamda∗(solid.sp3-alpha∗p))');
model.variable('var1').set('D', '(1a1∗abs(solid.evol))∗(solid.epe<=0)+(1a2∗solid.epe)∗(solid.epe>0)');
…
model.physics('dl').feature.create('ms1', 'MassSource', 3);
model.physics('dl').feature('ms1').set('Qm', 'alpha∗(uXt+vYt+wZt)∗rho');
…
model.physics('solid').feature.create('bl1', 'BodyLoad',
3);
model.physics('solid').feature('bl1').selection.all;
model.physics('solid').feature('bl1').set('FperVol', { 'alpha∗pX' '-alpha∗pY' '-alpha∗pZ'} );
…

5
Drilling chamber
Drilling hole

Roof

Lateral
blasting

Ore pass chamber
Blasting roof
Kerf blasting

Figure 3: Sketch of mining method.
Table 1: Partial parameter value.

Figure 2: Partial program code of improved multiphysics coupling
model.

blasting numerical simulation. Based on gravity stress and
tectonic stress, the initial geostress ﬁeld is obtained by using
the multiple regression method. The expression of the
heterogeneity of rock mass strength parameters is achieved
by deﬁning the Weibull probability density function
(Figure 4). According to the actual charge situation and the
equivalent calculation method (Formula (14)), the split
blasting of the stope is equivalent to the load time history
curve (Figure 5), which is applied to the excavation free
surface as a boundary condition.

Parameter type

Mechanical parameters of
rock mass

Seepage parameters

Explosive parameters

Parameter name and value
Initial modulus of elasticity
E0: 30 GPa
Poisson ratio λ: 0.23
Initial cohesive force c0: 4 MPa
Internal friction angle φ: 45°
Tensile strength σ t: 2.35 MPa
Dynamic viscosity coeﬃcient
μ: 1 × 10−3 Pa·s
Initial permeability
k0: 1 × 10−12 m2
Density of explosives
ρ0: 1300 kg/m3
Explosive velocity Vb : 3800 m/s
Isentropic coeﬃcient of
explosives c: 3
Pressure increase coeﬃcient n: 10

5.3. Simulation Results, Analysis, and Veriﬁcation
(1) Stress distribution characteristics: the stope is perpendicular to the direction of the ore body (northsouth strike), the east and west ends are the ore rock
interfaces, and the two northern and southern ore
bodies are adjacent to the ore body. The mechanical
response and failure characteristics of stope will
directly aﬀect the stoping of the adjacent stope.
Therefore, the typical proﬁle of the maximum and
minimum principal stress in the direction of direction is intercepted, and the stress distribution
characteristics are analyzed (the tensile stress is
positive, and the compressive stress is negative).
As shown in Figure 6, because of the homogeneity of the
rock mass strength parameters, the stress ﬁeld distribution
obtained by numerical simulation is also heterogeneous. The
excavation causes the redistribution of stress around the
stope, which is mainly caused by the stress drop and stress

concentration which is caused by unloading in several areas.
The stress concentration area is mainly located at the top and
bottom of the stope, and the maximum principal stress is
30.2 MPa. The unloading area is mainly located on the stope
side, and the maximum principal stress is 5.81 MPa. Because
of unloading and blasting, a certain range of tensile stress
zones is formed, and the maximum tensile stress value is
3.03 MPa (Figure 6), which exceeds the tensile strength
(2.35 MPa) of the surrounding rock. This causes tensile
failure to occur.
(2) Seepage distribution characteristics: a typical seepage
characteristic proﬁle is extracted from the strike
direction, as shown in Figure 7. In the ﬁgure, the
arrow represents the direction of ﬂuid ﬂow, and the
digital label corresponds to the seepage contour.
There is a redistribution of seepage pressure around
the stope because of excavation unloading. As the
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Figure 5: Equivalent load curve of blasting.

goaf is approached, the water pressure decreases
rapidly and tends to zero. Under the action of water
head pressure diﬀerence, the ﬂow is obviously
ﬂowing to the goaf, and the isoline of seepage
pressure bends to the goaf, and ﬁnally presents the
distribution similar to the precipitation funnel type.
(3) Damage eﬀect analysis: according to the analysis results of stress and seepage, the characteristic points in
the direction of mining inﬂuence in the strike direction (Figure 8) were selected, and the change
characteristics of their elastic modulus during excavation were monitored. As shown in Figure 9, the
deformation strength of the surrounding rock shows

(b)

Figure 6: Distribution characteristics of principal stress (unit:
MPa). (a) Maximum principal stress; (b) minimum principal stress.

a downward trend due to the damage caused by excavation. Because of the heterogeneity of the strength
parameters, the initial values of the elastic modulus of
the monitoring points are diﬀerent. After excavation,
the elastic modulus of the measuring points decreases
by 8.7%, with an average decrease of 6.4%. The results
of the numerical analysis and ﬁeld test of Zhu et al.
[23] and Ji [24] (excavation area of elastic modulus
damage decreases by an average of 4%–14%) are
consistent, which reﬂects the rationality of damage on
the strength parameters of rock mass deterioration. As
a result, a damage variable is deﬁned.
(4) Failure analysis and test veriﬁcation: the failure is the
result of coupling of stress, seepage, damage, disturbance, and so on. The failure characteristics of
mining were analyzed and compared with the
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measured results so that the validity of the improved
multiﬁeld coupling model can be veriﬁed. In numerical analysis, the distribution and coalescence of
the plastic zone are often used for judging the failure
of rock mass. In essence, the plastic characterization
is that the element enters the state of yielding and
irreversible deformation, which is not enough to reﬂect the damage degree of the unit. Therefore, a rock
mass failure scenario can be quantitatively judged
based on the damage approaching degree function
deﬁned in the previous paper. Using CMS (cavity
monitoring system) to carry out ﬁeld measurements
in the mined out area, a three-dimensional measurement model was obtained (Figure 10). At the
same time, the conventional multiﬁeld coupling and
excavation simulation under the single stress ﬁeld

were carried out. The section with the most severe
failure degree is extracted and compared with the
numerical simulation results, as shown in Figure 11.
As shown in Figure 11, the red contour is the measured
failure boundary, and the numerical simulation results only
show the area where the break approaching degree is greater
than two (damage zone). Mining failure is mainly distributed
on both sides of the side and presents an asymmetric shape.
The most serious damage distance from the design boundary
reaches to 1.98 m. The numerical simulation of the control
and improvement of the multiﬁeld model by considering the
heterogeneity eﬀect of blasting damage, strength parameters,
and the failure form of the simulation also showed asymmetry. The damage range is signiﬁcantly greater than the
conventional single and multiﬁeld coupling model of the
stress ﬁeld and has a high degree of agreement with the
measured results. The failure range of the conventional
multiﬁeld coupling and single ﬁeld model is obviously smaller
than the measured range, and the damage presents symmetry.
The comparison results verify the eﬀectiveness and rationality
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Figure 11: Comparison of numerical failure characteristics with measured ones.

of the improved multiﬁeld coupling model and the calculation
program.

6. Conclusion
(1) Aiming at the shortcomings of the conventional
multiﬁeld coupling model, the phase deﬁnition of
elastoplastic damage variables and the equivalent of
blasting load were taken into account, while the
heterogeneity and anisotropy of the permeability of
rock strength parameters were also considered. An
improved multiﬁeld coupling model that takes
damage and disturbances into account was established, and a corresponding numerical calculation
program was compiled.
(2) The improved multiﬁeld coupling model was used to
analyze the response characteristics of excavation
stress, seepage, and the failure of a stope. The obtained results were compared with other numerical
simulation conditions and ﬁeld measurement results. The results show that the improved multiﬁeld
coupling model can reﬂect the extent of mining
damage more accurately than the conventional
coupling and single ﬁeld model and has a high degree
of agreement with ﬁeld measured result. This veriﬁes
the validity and rationality of the improved model
and its calculation program.
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Gas extraction cycle is too long in low-permeability coal seam. In order to solve the problem, the basic principle about gas drainage
drilling for gas injection technology is studied to increase permeability. And the mathematical model is established. Gas is injected
into the low-permeability coal seam by numerical simulation. The results indicate that the best condition is a negative pressure
drainage at 26 kPa and a gas injection pressure at 0.6 MPa in the vertical direction and in the horizontal direction of the injection
hole. In Shanxi Daping Coal Mine 3113 working face, the ﬁeld test is implemented. As a result, the test is successful. During the
14 d gas injection constantly, gas content of coal seam is reduced from 12.33 m3/t to 7.12 m3/t, greatly reducing the risk of coal and
gas outburst elimination time required.

1. Introduction
At present, the overall situation of gas extraction in China is
bad, mainly because of the low-permeability of coal seam [1].
China coal seam permeability is less than 1 mD accounted
for 82%, 2-3 orders of magnitude lower than the United
States [2, 3]. Low-permeability coal seam has the characteristics of low pressure, low permeability, and low saturation, and improving the permeability of coal seam is a big
problem. This has a direct impact on the process of improving gas extraction rate and preventing and controlling
gas disaster. Gas injection technology for permeability enhancement is a new type of permeability increasing technology, which could increase the permeability of coal seam
eﬀectively [4].
The technology of gas injection and permeability enhancement has been developed from the ﬁeld of coal bed
methane development. In 1970s, Americans injected CO2
into the coal seam in the San Juan basin to improve CBM
recovery and achieved good results [5]. America, Japan,

Canada, and China have conducted diﬀerent degrees of
research, but the research on displacement mechanism of
gas injection mostly adopts the method of theoretical
analysis and numerical simulation [6–9]. No ﬁeld tests are
carried out, and the eﬀect veriﬁcation is lacking. Therefore,
further improvements are still needed. Since 2007, Yang
Hong-min of Henan Polytechnic University had applied gas
injection to replace coal seam gas technology in the ﬁeld of
coal mine gas control. Field tests were successfully carried
out [10–12], such as gas injection to eliminate outburst
danger and gas injection to promote gas drainage, and
certain eﬀect was achieved. But, they were not ideal.
This paper aims at solving the low-permeability coal
seam existing drainage problems in large quantities in
China, through the study of gas injection to increase permeability mechanism and model of gas drainage drilling
holes. The mathematical model of gas drainage drilling
through gas injection is constructed for low-permeability
coal seam, and the numerical simulation analysis is carried
out. According to the actual situation of mine, this paper
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adopts the test method of injecting compressed air into the
gas drainage borehole and carries out ﬁeld test in the 3113
Lane driving face of Daping Mine in Shanxi Province.

2. Theory of Gas Injection Technology for
Improving Permeability
The mechanism of gas injection technology to improve permeability is mainly based on the diﬀerent adsorption capacities of CH4, CO2, N2, and other gases. And the competitive
adsorption, displacement desorption, and mutual displacement are analyzed. The adsorption capacity of coal to CH4,
CO2, and N2 was CO2 > CH4 > N2 in turn. A large number of
studies have shown that CO2 and N2 have great diﬀerences in
the displacement and displacement of CH4 in coal seams [13].
(1) The adsorption constant of CO2 is larger than that of
CH4, and CO2 has obvious advantage in gas competition absorption in coal seam. The mechanism
of enhancing the permeability by CO2 injection
into coal seam mainly is that, on one hand, CO2 can
displace the free CH4 in coal seam by pressure
displacement; on the other hand, it can displace CH4
adsorbed on coal body through CO2. Thus, CO2 is
retained in the coal seam, and CH4 is displaced out of
the coal seam, thus increasing the permeability of the
coal seam.
(2) N2 has a disadvantage in competing with CH4. First
of all, the displacement of CH4 by N2 is driven and
carried by pressure gradient. Secondly, after the N2
was injected into the coal seam, the concentration
diﬀerence was formed, and N2 and CH4 were diffused and “displaced” inwards and outwards under
the action of concentration diﬀerence. Finally, after
N2 injection into the coal seam, partial pressure of
CH4 is reduced to produce the competitive adsorption of multiple gases. In these three aspects, N2
completed the displacement of CH4 to have increased permeability of coal seam.
Because the proportion of N2 in air accounts for 79.8%
and it is very convenient to obtain compressed air under the
mine, the air injection is selected to enhance the permeability. Therefore, the numerical simulation process uses air
as the simulation condition, and the compressed air in the
compressed air system is taken as the gas source to conduct
the ﬁeld gas injection permeability enhancement test.

3. Mathematical Model of Gas Injection for
Improving Permeability
According to the theory of seepage mechanics, seepage
Darcy law, Fick’s law of diﬀusion and multicomponent gas
adsorption equilibrium theory, the law of conservation of
mass and the ideal gas equation, the paper constructs the
continuity equations of gas injection and permeability
enhancement model and establishes the model of gas injection and permeability enhancement in low-permeability
coal seam.

3.1. Seepage Equation of Gas in Fracture. It is assumed that
the migration of free gas in the fracture can be regarded as
a ﬂuid percolation process, and the mass conservation
equation of gas ﬂowing through coal is
zmi
(1)
+ ∇ ρi v � Qi (i � 1, 2),
zt
where ρi is the density of gas component i (kg/m3), v is
the total seepage velocity of gas (m/s), and mi is the content
of free gas component i (kg/m3). mi � φρi , where φ is the
porosity.

3.2. Adsorption Equilibrium Equation of Multicomponent
Gas. The content mpi of adsorbed component under the
assumed equilibrium pressure pi can be expressed by the
generalized Langmuir isotherm adsorption equation as
ρi ρc a i b i p i
mpi �
,
(2)
1 + b1 p1 + b2 p2
where ρi is the density of coal (kg/m3), ai is the individual
ultimate adsorption capacity of component i in coal seams
(m3/kg), bi is the adsorption constant of component i
(MPa−1), p1 and p2 represent the partial pressure of gas
components 1 and 2, respectively.
3.3. Mass Exchange Equation. The mass exchange between
adsorbed gas on the surface of coal and free gas in the
fracture system can be deﬁned as
Qi � ci − mpi τ,

(3)

where τ is the desorption diﬀusion coeﬃcient, τ � 1.42.
3.4. Equation of State for Ideal Gas. Because the gas injection
pressure is small, the gas compression process can be ignored, and gas can be regarded as ideal gas. The equation of
state of ideal gas can be expressed as
Mp
ρi � i a ,
(4)
RTa
where Mi is the molar mass of the gas component i (g/mol),
R is the universal gas constant, pa and Ta are the gas pressure and temperature under the standard conditions, respectively. pa � 0.1 MPa and Ta � 273 K.
3.5. Seepage Velocity Equation. As the gas component ﬂows
in the coal body that conforms to Darcy’s law, the total gas
seepage velocity v is
∇pk
v�−
,
(5)
μi
where k is the permeability of coal body (m2), μi is the
dynamic viscosity coeﬃcient for gas component i (Pa·s), and
p is the total pressure (gas injection pressure, MPa),
p � p1 + p 2 .
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3.6. Cross-Coupled Equation. Substituting (2)–(5) into (1),
we can obtain simultaneous equations with cross coupling
(6)

3.7. Diﬀusion Equation of Gas in Porous Media. Assuming
that the motion of the adsorbed gas agrees with Fick’s
diﬀusion law, we can see that the diﬀusion equation of CH4
and N2 in the pore system is the equation of diﬀusion:
zci
(7)
+ ∇ −Di ∇ci  � −Qi (i � 1, 2),
zt
where i is the gas component, i � 1 represents CH4, i � 2
represents N2, ci is the mass concentration (kg/m3), Di is
the diﬀusion coeﬃcient (m2/s), t is the gas injection time,
∇ is the Hamiltonian operator, and Qi is the Huiyuan item.
According to the reasoning analysis, (6) and (7) constitute the continuity control equation of gas permeability
enhancement in low-permeability coal seam.

4. Numerical Simulation and Analysis
4.1. Geometric Model and Related Parameters. Because the
gas permeability enhancement model is a three-dimensional
structure, in order to facilitate the simulation, we simplify
the model to a two-dimensional geometric model and select
the radial study of drilling. The geometric model of gas
injection and permeability enhancement is shown in
Figure 1.
In order to facilitate the comparison between numerical
simulation and ﬁeld test and to better solve practical
problems, the parameters in the simulation are all used in
Shanxi Daping Coal Mine. The other parameters are obtained by referring to the data, and the speciﬁc parameters
are shown in Table 1:
4.2. Initial Conditions and Boundary Conditions. The geometric model selected in the simulation experiment is 2 m
high and 3.6 m wide. The borehole layout is revealed on the
coal face in the heading face, as shown in Figure 1. We set
two gas injection holes, and the surrounding boreholes are
all empty. The distance between the injection hole and the
horizontal drainage hole is 0.6 m. The initial adsorption gas
content is 12.33 m3/t. The drilling depth was 100 m.
4.2.1. Initial Condition. The original methane pressure of
coal seam is p0 . The pressure injected into compressed air is
0 kPa.
4.2.2. Boundary Condition. The numerical model has a zero
ﬂow boundary. The atmospheric pressure in the mine is
0.1 MPa. The boundary conditions of the drainage holes,
respectively, are 18 kPa, 22 kPa, 26 kPa, and 30 kPa. The
boundary conditions of the gas injection holes, respectively,
are 0.2 MPa, 0.4 MPa, 0.6 MPa, and 0.8 MPa.

Vertical distance (m)

φMi zpi
M kp
− ∇ i i ∇p � Q.
RTa zt
RTa μi

3.6 m

0.5

Drainage
drill hole

0
–0.5

Gas injection
drill hole

–1.2

Drainage
drill hole

Gas injection
drill hole

–0.6
0
0.6
Horizontal distance (m)

2m

Gas injection
drill hole

1.2

Figure 1: Plots of gas injection to improve the permeability model.
Table 1: Parameters for coal and gas in need.
Parameter
Value
1.38 × 103 kg·m−3
Density of coal body, ρc
Porosity of coal body, φ
0.0320
Permeability of coal body, k
1.35 × 10−17 m2
Density of CH4 in the standard condition, ρ1
0.717 kg·m−3
Dynamic viscosity coeﬃcient of CH4, μ1
1.03 × 10−5 Pa·s
Ultimate adsorption capacity of CH4
In coal seam adsorption alone, a1
0.03832 m3·kg−1
Adsorption equilibrium constant of CH4, b1
0.51 MPa−1
Density of N2 in standard condition, ρ2
1.25 kg·m−3
Dynamic viscosity coeﬃcient of N2, μ2
1.69 × 10−5 Pa·s
Ultimate adsorption capacity of N2
In coal seam adsorption alone, a2
0.01658 m3·kg−1
Adsorption equilibrium constant of N2, b2
0.46 MPa−1
Pressure of gas in standard condition, pa
0.101325 MPa

4.3. Results of Numerical Simulation. Using the established
mathematical model, the numerical simulation software
is used for the simulation analysis. In the horizontal direction and vertical direction of gas injection, we simulate
the variation of gas content in coal seam under diﬀerent
pumping negative pressure and diﬀerent gas injection
pressure and get the time needed to eliminate outburst
danger. In order to facilitate detection, in the horizontal
direction, we choose distance gas injection hole 0.8 m as the
gas content detection position and choose distance gas injection hole 0.4 m as gas content detection position in the
vertical direction.
4.3.1. In the Horizontal Direction. In the negative pressure of
26 kPa and gas injection pressure of 0.8 MPa, we simulate the
gas injection pressure of 0.2 MPa, 0.4 MPa, and 0.6 MPa.
And in the gas injection pressure of 0.6 MPa, the negative
pressure of 18 kPa, 22 kPa, and 26 kPa are respectively
simulated. The changes is 30 kPa vacuum extraction in the
horizontal 0.8 m of gas injection hole. The simulation results
are shown in Figure 2.
4.3.2. In the Vertical Direction. We set up the same test
conditions as the suction pressure and gas injection pressure
in the horizontal direction and had analyzed the change of
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Figure 2: Plots of content variation of gas at 0.8 m in the horizontal direction of gas injection. (a) Inﬂuence of diﬀerent negative pressure on
eliminating outburst risk. (b) Inﬂuence of diﬀerent gas injection pressure on eliminating outburst risk.
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Figure 3: Plots of content variation of gas at 0.4 m in vertical direction of gas injection. (a) Inﬂuence of diﬀerent negative pressure on
eliminating outburst risk. (b) Inﬂuence of diﬀerent gas injection pressure on eliminating outburst risk.

gas at 0.4 m in the vertical direction of the gas injection hole.
The simulation results are shown in Figure 3.
From Figure 2 we can obtain that, in the horizontal
direction, ﬁrstly, negative pressure is negatively correlated
with coal seam gas content. When the suction pressure
increases from 18 kPa to 30 kPa, the gas content at 0.8 m in
the horizontal direction decreases by 0.13 m3/t. The outburst
cycle is shortened for 6.5 h after 12 days of gas injection.
Secondly, the gas injection pressure is negatively correlated

with the gas content of the coal seam. When the injection
pressure increases from 0.2 MPa to 0.8 MPa, the gas content
in the horizontal direction 0.8 m decreases by 0.28 m3/t. The
outburst prevention cycle 12.7 h is shortened. When the
injection pressure is about 0.6 MPa and the suction pressure
is about 26 kPa, the eﬀect of eliminating outburst danger is
most obvious. Therefore, it can be concluded that this
scheme is the best scheme for gas permeability enhancement
in low-permeability coal seam.
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5. Field Test
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5.2. Test Scheme. According to the actual production situation of Daping Coal Mine in Shanxi, the driving face of 3113
Lane is selected in the test site. According to research and
design, the construction of drilling is three rows, 21 holes
totally, which is divided by pumping holes and gas injection
holes. All the drainage holes are used to test the gas concentration detection hole. The drilling depth is 100 m. We
use 26 kPa suction negative pressure and 0.6 MPa injection
pressure to enhance permeability test. During the test, the
roadway should be reinforced to ensure the normal excavation, the gas prediction work should be done well, and
emergency warning and related safety measures should be
done. The speciﬁc drilling arrangement is shown in Figure 4.
5.3. Test Result. The eﬀect of the permeability enhancement
test of the gas drainage borehole in low-permeability coal
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Figure 4: Plots of gas drainage borehole distribution.
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5.1. General Situation of Test Site. At present, the length of
No.3113 roadway openings of Daping Coal Mine in Shanxi
province is 1436 m. The elevation located in the southeast of
the South slope is +390 m ∼ +483 m. The coal seam belongs
to low-permeability coal seam, whose average thickness of
coal seam is 6.25 m. The actual measured gas content of coal
seam is 12.33 m3/t. The current mine drainage parameters
are as follows: extraction negative pressure 18 kPa, gas extraction concentration 5.5%–6.5%, standard condition
mixed ﬂow 120 m3/min–130 m3/min, gas extraction pure 78 m3/min, and 3113 Lane gas extraction 0.1 m3/min.

13#

0

Gas concentration of detected hole (%)

From Figure 3, we can obtain that the vertical direction
is similar to the horizontal direction and the gas content of
coal seam is negatively correlated with the negative pressure
of drainage. When the suction pressure increases from 18 kPa
to 30 kPa, the gas content in the vertical direction 0.4 m
decreases by 0.12 m3/t and the outburst prevention cycle 5.9 h
is shortened after 12 days gas injection. Gas content is also
negatively correlated with gas injection pressure. However,
the inﬂuence coeﬃcient of gas injection pressure is smaller
in the horizontal direction due to gravity. When the injection pressure increases from 0.2 MPa to 0.8 MPa, the gas
content in the vertical direction 0.4 m decreases by
0.19 m3/t and the outburst prevention cycle 14 h is shortened. When the injection pressure is about 0.6 MPa, the
suction pressure is about 26 kPa and the eﬀect of eliminating outburst danger is most obvious. Therefore, it can be
concluded that this scheme is the best scheme for gas
permeability enhancement in low-permeability coal seam.
From simulation we can ﬁnd that, in both horizontal and
vertical directions, negative pressure and gas injection
pressure play an important role in reducing the gas content
and reducing the time needed for outburst elimination. The
inﬂuence coeﬃcient of suction pressure is 0.076, and the
inﬂuence coeﬃcient of injection pressure is 0.178. Under
the condition of ensuring safety and high eﬃciency, it is
concluded that the suction pressure of 26 kPa and the injection pressure of 0.6 MPa are the best scheme.
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Figure 5: Plots of gas concentration variation in the gas hole during
gas injection.

seam is mainly achieved by measuring the gas extraction
volume fraction of the drainage hole and taking the average
value. Because of the limitation of the length, we choose to
analyze the drainage eﬀect of 2#, 4#, and 6# drainage holes
and 9#, 11#, and 13# drainage holes in the vertical direction.
The measurement results are shown in Figures 5 and 6.
From Figure 5, we analyze the extraction eﬀect of 2#, 4#,
and 6# drainage holes: when the hole diameter is 113 mm,
extraction pressure is 26 kPa, gas injection pressure is
0.6 MPa, injected gas is compressed air (mainly nitrogen), and
mining hole gas volume fraction in the horizontal direction
ﬁrstly rises smoke adjacent, reaches a maximum value, decreases slightly, and ﬁnally tends to a steady value. In general,
there is a signiﬁcant increase in the total growth rate of 4 h
within 73.6%, which is consistent with the theoretical analysis
and numerical simulation results. From Figure 6, we analyze
the extraction eﬀect of 9#, 11#, and 13# drainage holes: in the
vertical direction, the gas volume fraction in the drainage hole
ﬁrstly increases continuously, reaches a larger value, decreases
slightly, then rises steadily, and ﬁnally tends to a steady value.
On the whole, there is a signiﬁcant increase, and the average
growth rate in 4 h is 69.7%.
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Figure 6: Plots of gas concentration variation in the gas hole during
gas injection.

Then, in order to further verify the model of the
drainage borehole gas injection scheme of the antireﬂective
eﬀect test in 3113 roadway heading face of Daping Mine in
Shanxi Province, when the conditions are the gas injection
pressure 0.6 MPa and the vacuum extraction 26 kPa, we
continue to gas drainage drilling for gas injection side
drainage boundary test for 14 days. As a result, the gas
injection permeability enhancement test has achieved remarkable results. The coal seam gas content of the 3113
Lane driving face decreased from 12.33 m3/t to 7.12 m3/t,
which greatly shortened the time needed to eliminate the
risk of coal seam gas outburst. Although the required
theoretical time is longer than the simulation, the speciﬁc
conditions of the test are not completely consistent. In the
error range allowed by the test, the ﬁeld test of No. 3113
roadway heading face of Daping mine in Shanxi province
has succeeded.

6. Conclusions
(1) According to the basic principle of borehole gas
injection pump-type coal gas permeability of low
permeability, and on the basis of gas seepage mechanics, gas adsorption theory, gas diﬀusion theory,
and law of energy conservation and mass conservation theory, we establish the mathematical model
through the coal seam gas injection in low permeability increase.
(2) The simulation software is used to simulate the inﬂuence law of gas on the gas content in coal seam
under the condition of gas injection in the side of the
gas drainage borehole. The inﬂuence law of diﬀerent
pumping negative pressure and gas injection pressure on eliminating outburst danger is simulated.
It is concluded that the negative pressure and gas
injection pressure have a signiﬁcant eﬀect on shortening the outburst cycle, and the negative pressure

of 26 kPa extraction and the injection pressure of
0.6 MPa are the reasonable parameters for gas permeability enhancement in low-permeability coal
seams.
(3) Through the ﬁeld test in 3113 roadway heading face
of Daping mine in Shanxi Province, it is concluded
that gas injection and permeability increase in the
gas extraction borehole of low-permeability coal
seam can obviously improve the gas volume fraction
in the drainage borehole in a short time. And after
continuous gas injection test, the gas content of the
coal seam decreased from 12.33 m3/t to 7.12 m3/t,
which greatly shortened the time needed for outburst
elimination.
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Aiming at the large deformation and the dynamic fracture of roadway during the underground excavation or mining, a physical
simulation and strain testing system was established, and the deformation process of surrounding body and its inner strain
characteristics of the simulated roadway under loading was carried out. Results showed that the inner strain change of the
measurement points can be divided into three types: the strain ﬁrstly increases and then decreases, the strain slowly increases and
then increases sharply, and strain ﬁrstly reduces and then increases. The strain starting time is closely related to the failure path and
boundary of tested samples. This paper suggested two criteria for determining the instability of roadways, which are a huge and
faster increase of strain at the location of the roof and ﬂoor with high absolute value, or a small increase with a peak value or
irregular ﬂuctuation. This paper provides a new idea for the simulation of roadway instability and is signiﬁcant in deeper
understanding the deformation and destabilization of underground roadway.

1. Introduction
The eﬃcient production and transportation of coal mine
cannot work without all kinds of roadway in the ground
mining system. Once the deformation of roadways occurred,
the normal production and transportation in mine will be
seriously aﬀected and personal casualties may even be
caused. With expense of mining depth and area, the environmental and geological conditions are more complicated.
The in situ stress of mining area increases associated with
higher fracture frequency and intensity of roadways. Thus,
the prediction and control of roadway deformation and
fracture still challenges the safe mining in deep mines [1, 2].
Real-time and reasonable monitoring of roadway deformation and accurate control of surrounding rock are very

important for realizing the stability of roadway surrounding
rock and ensuring the safety of roadway [3–7].
Previous studies studied the instability of the tunnel
through numerical simulations and experiments (laboratory
and ﬁeld). Numerical simulation software veriﬁes the
roadway deformation in an ideal state which failed to
consider the eﬀect of all factors on ﬁnal results [8–10]. The
laboratory simulation performed better than ﬁeld experiment for the isolated nuisance factors which cannot be
controlled. Through monitoring the long-term deformation
of underground tunnel in Jingchuan Mine and combined
with the engineering geological survey, the main factors
aﬀecting the instability of the mining roadway were obtained, and the ground pressure control measures were
proposed by Lu et al. [11]. Through the simultaneous
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monitoring program of stress, strain, acoustic emission
(AE), and ultrasonic (UT), Wang et al. [12] obtained the time
and spatial relationship between stability and these parameters and proposed a joint monitoring method to detect
the tunnel stability and rockburst disasters in coal mines.
Chai et al. [13] used the BOTDA (Brillouin Optical TimeDomain Analysis) distributed optical ﬁber sensing technology to simulate the movement of rock-similar material.
Based on similar simulation experiments, Zeng et al. [14]
studied the failure process of deep roadway, proposed the
boundary conditions of the model, and obtained the variation law of stress and strain and the failure path of the
roadway model during loading. With the continuous improvement of roadway monitoring technology, optical ﬁber
is employed for monitoring and early warning in mining
industry for it directly measures the strain and temperature
and indirectly measures the pressure, displacement, ﬂow,
acceleration, humidity, and other parameters. For example,
the Fabry–Pérot ﬁber-optic sensors were used to study the
hydration process in two diﬀerent concrete volumes, and the
results illustrated that the strain change of concrete was
based on the nature of the mix and the concrete volume [15].
The microscale strain cannot be accurately determined by
traditional technologies but can be monitored by the ﬁberoptic techniques. The very low strain in large-scale infrastructures was determined by a novel ﬁber-optic method,
which is invented by Regez et al. [16]. At the same time, other
studies [17–20] conducted the experiments in coal mine, and
the results were signiﬁcant to the study of monitoring deformation and fracture process of roadway by FBG.
The model test is often diﬃcult to achieve the desired
results, and accurate measurement of the internal deformation in the model test is rare. Thus, this paper establishes
a similar simulation of the deformation and destruction of
surrounding rock of roadway using the ﬁber Bragg grating
sensing technology. Findings extend the existing simulation
methods and oﬀer better strategy for the investigation of the
deformation and destruction of the surrounding rock.

2. Experimental Systems
2.1. Experimental System. The experimental system is composed of loading system and data acquisition system (ﬁber
grating strain acquisition system), as shown in Figure 1. The
loading system is composed of hydraulic oil pump, DCS
controller, and Power Test V3.3 control program. The data
acquisition system consists of FBG (ﬁber Bragg grating)
sensor, ﬁber grating demodulator (America Micron Optics
Company), and computer.
2.2. Experimental Program. The specimens were prepared by
pulling the required amount of paraﬃn and sand into the
mold after being dried and uniformly mixed (the mass ratio
between paraﬃn and sand is chosen from the paper [21] by
Wang et al.). They were then placed onto the bottom plate of
the testing equipment as shown in Figure 1. Top load was
then gradually applied to the specimen until its failure. Stress
and strain data were recorded during the test.
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2.3. The Model Sample Preparation. The tunnel model was
made as shown in Figure 2(a). The ﬁber grating sensor was
placed ﬁrstly in the design position, and then, the cylinder was
placed in the middle of the device. The mixed sand and
paraﬃn was put into the mold and compacted. After the
paraﬃn was cooled, the mold was removed and placed into
the loading chamber (as shown in Figure 2(b)) where the
membrane stress meter was installed. According to the diameter of the round rock roadway that is 3.75 m, the diameter
of similarity model was 75 mm as experimental design.
2.4. Sensor Placement. The deformation of surrounding rock
is gradually expanding from inside to outside, and the study
of internal deformation is a breakthrough to determine the
macroscopic deformation. Therefore, in this paper, ﬁber
Bragg grating sensing technology is used to study the internal strain characteristics of circular simulated roadway at
diﬀerent depths and orientations. According to the fractured
image and the experimental results, the ﬁber grating sensor
(Figure 3(a)) is selected. The radial distance of the model
circular hole wall is chosen as 10 mm, 20 mm, 30 mm, and
40 mm, and the interval between each adjacent point is 45°as
shown in Figure 3(b).

3. The Experiment Results of Internal
Deformation of Roadway
According to the diﬀerent radial distances experiment, the
results of internal tunnel strain are shown in Figures 4–7.
The results show that the strain variation observed by
four sensors is diﬀerent as shown in Figure 4. The strain
started from point 1, while the responding trends of points 1,
2, 3, and 4 are similar. Compared with the smooth variation
at points 1 and 3, the strain curves of points 2 and 4 were
jagged. It is noted from Figure 4(b) that the strain curves at
points 5–8 were signiﬁcantly diﬀerent from the former ones.
For example, the strain at point 8 increased rapidly at 125 s.
After reaching the minimum value, the strain at point 5 also
began to rapidly increase at 175 s. As a comparison, the
strain change of point 7 was more stable, and point 6 had
almost no change.
As shown in Figure 5, it can be seen that the change of
points 1 and 3 is similar, and so do the points 2 and 4. The
strain time of points 1 and 3 is earlier than that of points 2
and 4, and the value begin to rapidly increase at 140 s, after
which the trend is more intense. Although the changes of
points 5, 6, 7, and 8 are more complex, they are similar in the
whole, and there is one impulse change of each between
100 s and 250 s, and the changes of them express as sawtooth
shape from 250 s to the end of the experiment.
From Figure 6, the characteristics of strains at points 1, 4,
5, and 8 are similar. The strain at sensors 1 and 5 was observed
earlier than that at sensors 4 and 8, respectively. There are no
signiﬁcant changes between points 2, 3, 6, and 7.
It can be seen from Figure 7 that the strain increased
earlier and rapidly at points 1 and 3, and both of them
reached 3000 μm/m after 230 s. As a comparison, the strain
variation at point 2 is more stable, while one peak strain
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Figure 3: FBG sensor layout diagram: (a) grating sensor layout plane and (b) location of measuring points.
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Figure 4: The grating strain-time curve at 10 mm from the roadway wall: (a) the strain-time curve of 1–4 FBG sensors and (b) the straintime curve of 5–8 FBG sensors.
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Figure 5: The grating strain-time curve at 20 mm from the roadway wall: (a) the strain-time curve of 1–4 FBG sensors and (b) the straintime curve of 5–8 FBG sensors.

value 700 μm/m was observed between 200 s and 300 s at
point 4. However, the strains at points 5, 6, 7, and 8 mainly
change in the posttest stage. For both points 5 and 6,
negative peak strain values were observed at the time 180 s
and 260 s, respectively, which indicated the existence of local
ruptures. The strain value at points 7 and 8 rises as vertical
angle at 350 s and 410 s.

4. The Strain Law in Different Areas
The surrounding rock of roadway is divided into three regions: the cracked, plastic, and elastic regions [22], as

illustrated in Figure 8. The sample radius is r0 , the original
stress is p0 , the support load is pi , and the variables subscripted 1, 2, and 3 denote rupture, plastic, and elastic zones,
respectively.
Based on the equilibrium equation of the stress satisfaction in each zone (ignoring the volume force), the following equation is gained:
dσ r
σ −σ 
+ r θ � 0,
r
r

(1)

where σ is stress. The subscripts θ and r represent radial
direction and circumferential direction, respectively.
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Figure 6: The grating strain-time curve at 30 mm from the roadway wall: (a) the strain-time curve of 1–4 FBG sensors and (b) the straintime curve of 1–4 FBG sensors.
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Figure 7: The grating strain-time curve at 40 mm from the roadway wall: (a) the strain-time curve of 1–4 FBG sensors and (b) the straintime curve of 1–4 FBG sensors.

The stress of the surrounding rock in the presence of
plastic yield and rupture satisﬁes the Mohr–Coulomb criterion, which can be expressed as
F � σθ −

(1 + sin ϕ)
2c cos ϕ
−
� 0,
(1 − sin ϕ)σ r (1 − sin ϕ)

(2)

where φ is the internal friction angle and c is cohesion.
Based on the deformation law in each region, the following equation is gained:

zs ⎫
⎪
⎪
,⎪
⎪
zr ⎪
⎬
(3)
⎪
⎪
s ⎪
⎪
⎭
εθ � , ⎪
r
where ε is strain and s is displacement.
According to the plasticity theory, the plastic strain
depends on the plastic potential and corresponding to the
Mohr–Coulomb criterion, the plastic potential Φ is obtained
by the following equation:
εr

�

6
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where P1i � c1 cot φ1 + Pi , η1 � (1 − μ)(Μ1 β1 − 1)/(Μ1 + β1 )
− μ, M1 � (1 + sin φ1 )/(1 − sin φ1 ), β1 � (1 + sin δ1 )/
(1 − sin δ1 ), P10 � P0 + c1 cot φ1 .

P0

(2) The strain law in plastic zone

Elastic zones
Plastic zones
Rupture zone
R1
P
i

r0

P0

R2

εr2 �
P0

εθ2

[N2 η2 σ 1 P1i (r/R1 )N2 −1 + Bβ2 (R2 /r)β2 +1 − (1 − 2μ)P20 ] ⎫
⎪
⎪
,⎪
⎪
⎪
(2G)
⎪
⎬

[η σ (r/R1 )N2 −1 − B(R2 /r)β2 +1 − (1 − 2μ)P20 ]
� 2 1
,
(2G)

⎪
⎪
⎪
⎪
⎪
⎪
⎭

(8)
P1i (R1 /a)Μ2 −1

where σ 1 �
+ c2 cot φ2 − c1 cot φ1 , η2 � (1 − μ)
(M2 β2 + 1)/(M2 + β2 ) − μ, M2 � (1 + sin φ2 )/ (1 − sin φ2 ),
P20 � P0 + c2 cot φ2 , β2 � (1 + sin δ2 )/ (1 − sin δ2 ).
(3) The strain law in elastic zone

P0

Figure 8: Analytic model of a circular opening.

εr3 �
Φ � σ θ − βσ r ,

(4)

where β � (1 + sin δ)/(1−sin δ) and δ is the expansion angle.
Based on Equation (4) and nonassociated ﬂow rules, the
constitutive equation in rupture and plastic zone is
expressed as
(1 − μ) σ r − P0  − μ σ θ − P0 
− ξβ,
(2G)

⎫
⎪
⎪
⎪
⎪
⎪
⎪
⎬
⎪
⎪
⎪
⎪
(1 − μ) σ r − P0  − μ σ θ − P0 
⎪
+ ξβ, ⎪
εθ �
⎭
(2G)
εr �

(5)

where P0 is the initial stress and G is the shear modulus; μ is
Poisson’s ratio, and ξ is the plastic strain.
The stress boundary and contact condition of the
problem are as follows:
σ r1 � Pi
σ r1
σ r2
σ r3

(r � r0 ),

⎪
⎫
⎪
⎪
⎪
⎬
� σ r2 , u1 � u2 (r � R1 ), ⎪
⎪
� σ r3 , u2 � u3 (r � R2 ), ⎪
⎪
⎪
⎪
⎭
� P0 (r � ∞),

(6)

Based on the above condition and equations, the strain
laws in rupture, plastic, and elastic zones are gained as
shown in Equations (7)–(9).
(1) The strain law in rupture zone

εr1 �

εθ1

[Μ1 η1 P1i (r/β)M1 −1 + Aβ1 (R1 /r)β1 −1 − (1 − 2μ)P10 ] ⎫
⎪
⎪
,⎪
⎪
⎪
(2G)
⎪
⎬

[η P1 (r/β)M1 −1 + A(R1 /r)β1 −1 − (1 − 2μ)P10 ]
� 1 i
,
(2G)

⎪
⎪
⎪
⎪
⎪
⎪
⎭
(7)

εθ3 �

−(P0 − σ 2 )P22 r−2 ⎫
⎪
⎪
,⎪
⎪
⎪
(2G)
⎪
⎬
(P0 − σ 2 )P22 r−2
(2G)

⎪
⎪
⎪
⎪
⎪
⎭
, ⎪

(9)

where σ 2 � σ 1 (R2 /R1 )((1+sin φ2 )/(1−sin φ2 ))−1 + c2 cot φ2 .
It can be noted that the strain value decreases in radial
direction and increases in circumferential direction with the
distance increasing, while the strain value in radial direction
and circumferential direction is diﬀerent at one circumference. This explains how the strain changes under the load.
However, the actual change of strain at diﬀerent measuring
points needs to be judged by the experimental result.

5. Discussion
5.1. The Characteristics of Strain at Diﬀerent Points. Due to
the inﬂuence of excavation, the original stress state at the
roof and ﬂoor of the tunnel is changed from the steady state
to the stress concentration state and ﬁnally reaches the new
stress stabilization state. During this transaction, the sample
produces secondary cracks and new cracks, and the original
cracks are closed at the same time. At this point, the shape of
the sample may be expanded or compressed and may be
transferred from elasticity to plasticity and macroscopic
rupture. As the FBG is applied as the carrier of probe, FGB
will be stretched and shrunken during the loading process,
so the strain value will appear positive and negative values.
The strain value at point 7 in Figure 5 and points 5 and 8 in
Figure 7 is negative, which means that regions are compressed under pressure. The strain value at points 1 and 3 in
Figure 4 and points 4 and 8 in Figure 6 is positive, which
means that the specimen is stretched under the stress. With
the increases of axial load on specimen, the strain of the
diﬀerent probes varies. The types of the strain can be divided
into three categories: Firstly, with the increase of the load,
the strain ﬁrstly increases and then decreases. Secondly, the
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5.2. Relationship between Initial Strain Time and Final
Macrofracture Mode. Figure 10(a) shows the initial time
(moment) when the strain changes signiﬁcantly of diﬀerent
monitoring points in Figures 4–7. The initial time of strain is
important information to reﬂect where the sample will
rupture. In order to make a comparison between the initial
times of monitoring points and the ﬁnal macrofracture of
the specimen, we extract these initial times and draw this
color map as shown in Figure 10(a).
As there is a hole existed at the middle of the sample with
no strain, the start time of its strain is set to a longer time
(longer than the rupture time). In this paper, Surfer software
is used to plot the start time of strain and the position into
the cloud map as shown in Figure 10(a). It can be seen from
the cloud map that the ﬁrst response time of the sample’s
strain measurement point is distributed ring-shaped. Dang
et al. [23] conducted experiments and numerical simulations
on direct shear tests to analyze the variation of shear forces
and sample inclination during loading. The distribution is
shear type at the right wing and extends from the vicinity of
the wall to both ends and the direction of main stress. The
strain time is discontinuous at the top of the arc, and it
extended to the tunnel wall and the top of the arc. When the

Positive value
Type 1

Type 2

Strain

strain increases continually during the whole loading process. In detail, the growth rate is slow at the beginning, and
then at a certain moment, the strain increases exponentially.
The last category is that the strain of the specimen decreases
and then increases. As shown in Figures 4–7, the point 4 in
Figure 7 and the point 5 in Figure 5 belong to the ﬁrst type,
while the point 1 in Figure 4 and the points 1 and 3 in
Figure 5 belong to the second type. Surely, some points
belong to the third type, such as points 5 and 6 in Figure 7.
From Figure 9, during the loading process, the top of the
specimen bent to the free surface after loading is greater than
the degree of compaction, which is shown as type 1. Under
the axial stress, as the measuring point in the rupture zone is
close to the direction of the wall and principal stress, the
strain is negative and gradually decreases because the cracks
and pores inside the specimen are compacted during the
loading process. On the other hand, the sample is bent
toward free surface that causes the strain value to be greater
than zero and gradually increasing. At the early stage, the
eﬀect of them is basically equal, which causes the strain to
remain essentially unchanged. However, with the increase of
the load, the structure gradually loses the carrying capacity
which resulted in higher strain rate that increases rapidly
until the sample ruptured, and this change is type 2. When
the angle near the roof is 30°, the sample will slip. When be
obstructed at the axis of the roadway, the structure near it
will be compacted. Due to the conﬁning pressure, the pore at
the bottom of the sample will be gradually compressed.
When the compaction limit is reached, the conﬁning
pressure hinders its lateral expansion, resulting in a kick
drum phenomenon, manifested as type 3. Due to the uneven
distribution of internal porosity and structure of the sample,
diﬀerent probes of the sample showed the localized rupture
characteristics.

7

Time

Type 3
Negative value

Figure 9: Schematic diagram of strain change type.

points at left wing and bottom are measured and the characteristics is opposite at two lower wings, the results found
that the “time crack” extended from the border to the internal,
and there is no obvious change at the horizontal axis before
the macrofracture. However, the two lower wings became the
macroscopic rupture boundary. According to the research
[24–27], the stress region of both the postexcavation coal
mine roadway and the loaded specimen is divided into the
elastic zone and plastic zone with ring-shaped distribution
and other zone, and thus, the ﬁrst response time of the strain
measurement point is presented ring-shaped distribution
basically. As the load on the specimen increases, the radius of
plastic area continues to expand, which provides a channel for
crack extending. As the original structure of the right wing is
weak, the structure is damaged under load, and the secondary
and new cracks occur in this process. Those cracks extend to
the two ends in the shear type and expand to the main stress at
the same time. The area of the top of arc is obstructed by the
two wings, which causes that it failed to extend horizontally
and resulted in the formation of the vertical cracks which
extend to both ends. As the region of horizontal axial is in
force balance state and the internal structure is stable, the
sample is not compacted to cause secondary cracks. Due to
the squeezing force from both ends, the bottom structure is
broken and extends to the free face. Therefore, the nephogram
shows the law of the strain time and position and reﬂects
rupture path and boundary of the specimen at the same time.
5.3. Scale Eﬀect of the Physical Simulation. The scale eﬀect
means that the physical and mechanical properties of rock
materials are not constant, and it changes with the geometrical dimensions of the material. Scale eﬀect is widely
found in defective materials such as rock and coal. Martin
[28] experimented on 13 kinds of granite square specimens
with diﬀerent hole diameters and obtained the experimental
results as shown in Figure 11. When the diameter of the hole
is less than 75 mm, the eﬀect on the specimens’ damage is
more obvious which indicates that the hole diameter has
strength size eﬀect on cave wall failure. The study of Gong
et al. [29] also supports this conclusion. In order to study the
roadway stability, the geometrical similarity ratio usually
takes 20–50. This paper is based on a real rockburst coal

Advances in Civil Engineering
80
60

Distance (mm)

40
20
0
–20
–40
–60
–80

–80

–60

–40

–20

0

20

40

60

80

560
540
520
500
480
460
440
420
400
380
360
340
320
300
280
260
240
220
200
180
160
140
120
100
80
60
40

Time (s)

8

Distance (mm)

(a)

(b)

Figure 10: The strain-time cloud map and macrofracture ﬁgure: (a) the start time of strain and measurement points cloud map (b) the
macrofracture ﬁgure.

5.4. Judgement on Tunnel Instability. Based on the study, the
distance determines the plastic zone and the ﬁnal time of
rupture [32]. Therefore, the strain at 40 mm away from
tunnel wall was used to judge the rupture.

3.0
Ratio tangential stress (σc)

mine and the diameter of the rock tunnel is 3.75 m. As for
the design of the specimen containing hole for simulating
the roadway in a real coal mine, under the premise of
meeting the requirements, we optimized the scale and size of
the simulated roadway and reduced section area by reducing
radius of curvature. Therefore, the roadway diameter in the
simulated model is designed as 75 mm. And the model
similarity ratio takes 50 so that it can eﬀectively exert the
strength size eﬀect to enhance the stability of simulated
roadway.
It is absolutely correct that using merely one size or scale
is not perfect in the similar simulation tests, and the
size/scale eﬀect of the model hole must be taken into account. However, due to the size limitation of the servo press
machine in the simulation test, the crack propagation
characterizations in the deformation and failure process of
the surrounding rock in the similar simulation test are
relatively diﬃcult, and it lacks direct internal observation
approach to obtain the obvious characteristics of crack
development. Numerical simulation can make up for this
deﬁciency; for example, Gao et al. [30] and Zhang et al. [31]
used UDEC, ABAQUS, and other software to conduct indepth studies on deformation and failure of roadways and
instability of surrounding rock under actual size conditions.
The combination of physical model and numerical simulation can complement each other at diﬀerent scales.
Therefore, in the further studies, on the one hand, we need to
develop the internal observation approaches to obtain the
crack propagation process inside through the similar simulation tests considering its size eﬀect. On the other hand, we
are supposed to carry out large-scale reﬁned numerical
simulation to provide basic model parameters and complement diﬀerent scales with similar models.
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Figure 11: Tangential stress required to cause borehole fracture.

From Figure 12, it can be seen that the strain at points 1
and 3 increases rapidly at about 175 s and existed for 30 s,
which is due to the optical ﬁber fracture. Strain at point 4 has
a slight pulsed signal ﬂuctuation when close to failure and
then tends to be stable. The strain signal of points 5 and 6
appears to be negative at the loading stage, which indicates
that there is a certain degree of internal squeezing in this
place. The points 6 and 7 lose signal at the loading stage and
the critical destruction stage. Strain at points 5 and 8 increases at the failure stage, with a peak value lower than 2000,
which may be due to the inﬂuence of the damage in the
vicinity of the damage point during and after damage stage.
It can be found that the strain at the measuring point of
the roof and ﬂoor is usually increased rapidly at the beginning of the loading stage and lost signals before the
critical point at the destructing stage. In other locations, the
strain of the measuring point increases ﬁrst and then decreases at the loading stage and tends to be constant in the
destruction phase. Based on the analysis of the experimental
results, the following conditions for judging the instability of
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Figure 12: Strain time phases of 40 mm from the wall of roadway: (a) the division of strain stage of points 1–4 and (b) the division of strain
stage of points 5–8.

sample are put forward. (1) The strain value at the roof and
ﬂoor of the roadway starts to increase more rapidly with an
absolute value of over 4000 um/m, or the strain value increases rapidly in a short time. (2) The strain value increases
a bit and then decreases with irregular ﬂuctuation.
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6. Conclusion
In this paper, we established a simulation to study the strain
change of sample representing the actual tunnel. The strain
time and trend are analyzed, and the conditions of instability
of the tunnel are explored.
(1) The strain of the diﬀerent measurement points can
be divided into three kinds, which are as follows: the
strain ﬁrstly increases and then decreases with higher
load, the strain increases continually throughout the
loading stage with higher increasing rate, and the
strain decreases ﬁrstly and then increases with higher
load.
(2) The initial time of strain is important information to
reﬂect where the sample will rupture, and where is
the rupture boundary. By comparing the cloud map
with macrorupture ﬁgure, it can be seen that there is
a certain relationship between the fracture path of
specimen and the initial strain time. The weak
structure causes the local rupture, which determines
the ﬁnal form under load.
(3) The criteria of determining the instability of tunnel
include the bending tensile strain at the roof and
ﬂoor of the tunnel which began to increase more
rapidly with high absolute value, and the strain value
increases a bit and then decreases and may associate
with irregular ﬂuctuation.
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Water inrush is a common geological disaster during the roadway excavation process in the broken zone of water-rich faults. In
this paper, the 15107 mining roadway built by Yuxing coal mine in such a fault zone was used as a case study to determine the
water content of the surrounding rocks and a fault zone using the transient electromagnetic method (TEM). Also, the mechanics
characteristics of such rocks in both saturated and unsaturated states were analyzed, a computational model for ﬂuid-solid
coupling in the water-rich fault fracture zone was established, and the permeability coeﬃcient of the rocks under both shield
support and bolt-grouting support was compared, along with analyzing the changes in pore pressure, ﬁssure water velocity, and
characteristics of deformation in the surrounding rocks. The numerical simulation results show that the fault range has an
inﬂuence of about 20 m, which causes the forms of permeability coeﬃcient to change like a hump. The permeability coeﬃcient in
the fractured zone is the largest, and the mutation rate at the fault plane is faster. Bolting not only reduces the permeability
coeﬃcient of the surrounding rock that is 1/10 of the beam support but also prevents the roof ﬁssure water inrushing the roadway
and the surrounding rock of the ﬂoor, while also causing the pore-water pressure to decrease, even reduce to zero, in front of the
working face and ﬂoor. The ﬂow velocity of the ﬁssure water can be decreased by bolting, which can eﬀectively control the
deformation of the surrounding rock by 38.7%∼65% compared with the shield support. The practice results show that this method
can eﬀectively recover the cracks surrounding the mining roadway and stop gushing water. Concurrently, it successfully controls
deformation of the surrounding rocks in the fault zone, thus ensuring stability of the roadway and facilitating safer
mining production.

1. Introduction
As an important energy source, coal shoulders the important task of safeguarding national economy and social
development [1]. With the increase of mining depth and
strength, the geological conditions of coal mining become
more complicated, and mine accidents such as water inrush, roof collapse, and rock burst often occur, which
seriously threaten safe and eﬃcient production of coal
mine and the safety of miner’s life and property [2, 3].
Mine water inrushing is one of the main geological

disasters often encountered in coal mining and is also an
important factor restricting sustainable development of
most mining areas. According to statistics, there have been
over 200 ﬂooded well accidents in China in the last 30 years
[4]. The main factors inducing a water inrush are related to
the geological structure. Preexisting faults are important
water conduits, and ∼80% of the large water inrush disasters that cost more than one million Yuan in northern
China were caused by karst water inrush through fracture
zones, while the remaining 20% were related to mininginduced ﬁssures [5].

2
The groundwater in a water-rich fault intrudes into the
roadway, the surrounding rock through the dynamic development of ﬁssures. Also, through physical and chemical
interactions with the rock minerals in the surrounding rock
of the mining site, rock strength is continuously attenuated,
and the bearing capacity of the surrounding rock also decreases, thereby inducing deformation along roadways,
working site, and other surrounding rocks. In particular,
swelling soft rock absorbs water and causes large deformation in a soft rock tunnel, causing collapses in severe
cases and being a serious threat to coal mining [6].
Grouting is the main initiative to support the roadway and
is also the most eﬀective method to control water. Grout has
the ability to block water, increase the strength of the surrounding rock, and enhance the resistance to deformation of
the surrounding rock. Much research has been conducted on
grouting technology and its application [7]. Wang et al. [8, 9]
implemented a bolt-grouting supporting system with internal
grouting bolts as the core to provide support for the deep
high-stress soft rock roadway. Huang et al. [10] took the
engineering geologic conditions of the deep bolt-grouting
supporting roadway as the background and thoroughly
studied the permeability evolution and seepage diﬀusion
mechanisms of the bolt-grouting grout in the cracked surrounding rock. Zhang et al. [11] performed bolt-grouting
supporting for the soft rock roadway of the wells with a depth
of 1000 kilometers in Zhuji coal mine and veriﬁed the eﬀect of
lagging grouting. Liu et al. [12] eﬀectively controlled the
dropsical problem of the surrounding roadway in the geological anomaly zone with grouting technology. Li et al. [13]
developed a hydrodynamic grouting model test bed of
a quasi-three-dimensional fracture, and then established
a hydrodynamic grouting model study on the water inrush of
fractured rock masses and obtained the principle of rapid
bleeding of sedimentation and the rule of sedimentary nuclear
diﬀusion of a slurry, so the quantitative evaluation of slurry
diﬀusion and plugging eﬀect was realized. Based on the
unsteady seepage formula, Sun et al. [14] deduced the basic
diﬀerential equations of the slurry seepage, and the numerical
values were discretized. He obtained the ﬁnite elemental
model of calculating a slurry seepage and performed the
calculation and analysis combined with the actual grouting
project. These results not only enriched the grouting model of
a roadway surrounding rock and the theory of grouting and
control technology but also achieved remarkable economic
and social beneﬁts.
For a long time, scholars have researched various technologies to control the surrounding rock of the faulted
roadway [15–20]; however, there are few studies on the
supporting mechanisms of the fractured zone of the mining
roadway passing through a water-rich fault zone. Also, most
of the research uses an engineering analogy or directly relies
on experience to control the deformation of the roadway’s
surrounding rock in the fault fracture zone by using bolt wire
cable and shield, etc., and due to the low strength of the
surrounding rock in the fault fracture zone, the developed
joint ﬁssures and anchor rod (rope) are unable to easily ﬁnd
a stable anchorage point, which produces a hidden danger for
safe production of mines. Bolt-grouting supporting can not
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only improve the cohesion and internal friction angle of the
rock mass, thereby increasing the strength of the rock mass,
but also can use a slurry to seal cracks in the surrounding rock,
reduce the water permeability of the cracked rock, and
prevent the inrush of water into the mine [21–25]. Currently,
several methods to verify the eﬀectiveness of bolt-grouting
supporting include onsite in situ testing, indoor analogue
simulation, and numerical software simulation. The former
two have been gradually abandoned due to their high cost and
diﬃculty to control the ﬂow of the slurry, allowing for numerical software simulation to be favored by more and more
scholars [26–30]. Therefore, the support mechanism and
control eﬀectiveness of the bolt-grouting supporting are
typically analyzed by numerical methods and other quantitative methods in the fractured zone of the mining roadway
passing through water-rich fault, and this has important
guidance for the control of surrounding rocks in the passing
through water-rich fault in the mining roadway.
This paper takes the fractured zone of a mining roadway
passing through the water-rich fault of the 15107 working
surface within the Yuxing coal mine as a case study to detect
the contained water of the roof surrounding rock near the
fault fracture zone. Based on the test results of the mechanical properties of the water-rich surrounding rock,
a corresponding numerical model of ﬂuid-structure interaction was established. Furthermore, this paper analyzed
the permeability coeﬃcient, pore pressure, cracked water
velocity, and deformation failure characteristics of the
surrounding rock under the conditions of shield supporting
and bolt-grouting supporting. This work provides important
theoretical and practical signiﬁcance for the prevention,
prediction of burst water, and consolidation of the blocked
oﬀ water under the condition of passing through water-rich
fault in the mining roadway.

2. Project Overview
The coal seam of the 15107 working face of the Yuxing coal
mine is 15# coal, and the average thickness of the coal seam is
4.15 m with a dip angle of 3–8°. The straight roof is the K2
limestone, and the rock formation is hard with developed
fractures. The rock thickness is 8 m∼12 m. The baseplate is
gray-black mudstone or silty mudstone with a low strength
and consists of numerous mineral components such as
smectite that can easily be deformed and damaged as they are
softened with water. The working face uses the long wall coal
mining method along the working face, with a length of 200 m
and propulsion length of 900 m. The recoverable reserves are
920,000 tons. The working face adopts integrated mechanized
coal mining technology, and the gob of the working face
adopts whole caving method to deal with the roof. In the
excavation process of the return airway and haulage gate,
a normal fault with a gap of 3.7∼2.0 m was found and is the
central turnoﬀ of the working face. The fault gap revealed by
the return airway is 3.7 m. The haulage gate revealed two other
faults, which are 2.2 m and 2.0 m, respectively, with a distance
between the two faults of 7 m. The return airway fault is about
35 m ahead of the haulage gate. The schematic diagram of the
fault distribution in the working face is shown in Figure 1.
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Figure 1: Fault distribution of the working face.

After the fault was found, the inﬂow of water in the
roadway obviously increased, reaching 40 m3/h. The aquifers
that aﬀect the 15107 working face during mining are mainly
composed of ﬁssure water in the 15# coal seams with the
direct K2 limestone roof and the water in the K4 and K5
limestone. Furthermore, the upper part of the 15107 working
face is the old coal zone of the 3rd coal seam, and there is also
excessive stagnant water. The water in the roof of the
roadway enters the roadway along the cracks in the fracture
zone, resulting in softening of the bottom mudstone and
sandy mudstone and signiﬁcantly reducing the strength of
the mudstone, eventually leading to increased deformation
of the roadway surrounding rock. The use of 16# ordinary
I-beam steel erecting shield support and 12# mining I-beam
steel erecting shield support for reinforcing a roadway in
fault fracture zones cannot eﬀectively control the stability of
the roadway surrounding rock. This not only reduces the
speed of the mining roadway and increases the cost of excavation but also allows a serious impact on the production
and safety of the working face.

3. Transient Electromagnetic Method to Detect
Water Source
A fault was encountered in the excavation process of the
return airway and haulage gate, and the water inﬂow in the
roadway suddenly increased after the fault was found. In
order to prevent a water-bursting disaster caused by the fault
connecting the water source in the upper part of the coal seam
during roadway excavation to the advancing work surface, the
water near the fault of 15107 working face was surveyed and
drawn oﬀ, and the fault was grouted to block water sources.
Using transient electromagnetic method of PROTEM47 to
detect of 15107 return airway, a 300-meter-long survey line
was arranged along the return airway. The starting point was
about 50 m in front of the fault, and the measuring direction
was divided into vertical direction and the direction of 45°
toward the inner roof. The detection result is shown in
Figure 2. A smaller area of the apparent resistivity chromatogram section (blue) indicates a higher water content in
the region, while a larger region value (orange) indicates that
the water content in the region is lower.
A total of two low-valued anomalies were detected in the
vertical direction of the 15107 return airway (Figure 2(a)).
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Figure 2: Apparent resistivity detected by the transient electromagnetic method in 15107: (a) apparent resistivity detected in
vertical direction and (b) apparent resistivity detected 45° with the
angle of the roof.

The number 1 abnormal area was located at stake number
30∼130 m, and as inferred from the layer relationship, it was
a relatively strong water-rich area near the roof of the fault
fracture zone, located between 15 and 40 m from the tunnel
roof. The number 2 abnormal area was located at the stake
number 220∼250 m, and as inferred from the layer relationship, it was relatively a less water-rich area of the roof
rock compared to number 1. It was located between 10 and
25 m from the tunnel roof. The detection results in the
direction of 45° toward the inner roof also found two lowvalue anomaly areas (Figure 2(b)), and the detection results
correspond well with the vertical detection results.
Comparing the detection results in the diﬀerent directions of the return airway, we found that the aquosity of
the fault fracture zone was obviously stronger. This may be
because the fault is a hydraulic connection with other
aquifers or other sources of water, so that the area has a high
water capacity. In the process of plugging the water of the
roadway and face advance, we should timely grout the
surrounding rock cracks so as to seal those also, while
providing additional strength of support, and timely
monitor the change of the inﬂow of the roadway and the
deformation and damage of the surrounding rock.

4. Numerical Simulation of Roadway Grouting
4.1. Physical Mechanics Parameters of Surrounding Rock.
The rock samples were taken from the roof and ﬂoor of the
coal seam. Physical and mechanical properties were tested in
their natural state in the laboratory. The uniaxial compressive strength of the K2 limestone is 103.7 MPa, while the
tensile strength is 13.8 MPa, classifying it as hard rock. The

4
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ﬂoor of the coal seam is a black mudstone or silty mudstone,
and its uniaxial compressive strength is 25.7 MPa, while the
tensile strength is 2.13 MPa, which is classiﬁed as weak rock.
There is a developed fracture within the fault fracture zone,
and there is muddy cementation between the fractures, and
the overall strength is low. After the fault was found, the
water inﬂow in the roadway increased signiﬁcantly, and the
roadway surrounding rocks were softened after being immersed in water. Therefore, after soaking the rock samples of
each rock formation in water for 6 hours, the mechanical
properties of the rock samples were measured as shown in
Table 1. But in the fault fracture zone, the rock samples could
not be cored to produce rock samples, so the mechanical
parameters were not determined.
As can be seen from Table 1, the mechanical parameters
of the rock samples in diﬀerent rock formations are
weakened to diﬀerent degrees as they absorb water, and
among them, the baseplate mudstone and coal seam are the
most obvious, with the strength decreasing by 17.46% and
32%, respectively, and the elastic modulus decreasing by
13.2% and 48.2, respectively.

4.2. Permeability Coeﬃcient of Fractured Rock. Research
[31–33] shows that water ﬂowing through the fractured rock
obeys Darcy’s law, which can be expressed as
q � Ke J,

(1)

where q is the ﬂow of single width fracture, m3/s; Ke the
permeability coeﬃcient of fracture, m·s−1; and J is the
pressure gradient.
Snow [34] simpliﬁed a crack into two parallel plates, and
used the theory of ﬂuid mechanics to derive the seepage
equation within the ﬁssure, which can be expressed as
ge3
q�
J,
12υ

(2)

where g is the acceleration of gravity, m/s2; e is the fracture
opening, m; and υ is the kinematic viscosity coeﬃcient, m2/s.
Using Equations (1) and (2), the permeability coeﬃcient
of a single parallel ﬁssure can be obtained as
3

Ke �

ge
.
12υ

(3)

It is assumed that a single group of simple rock mass
under uniaxial compression is as shown in Figure 3. The
width of the unit is a, the length is b, the compressive load
on the upper surface is σ n , the average fracture spacing is l,
and the average fracture opening is e. So, the total deformation of the rock mass element ΔM , can be expressed
as
ΔM � ΔR + NΔF ,

(4)

where ΔR is the deformation of the rock; N is the total
number of fracture in the unit; and ΔF is the average deformation of each fracture.
Without considering the eﬀect of gravity, the stress of
rock and fracture is equal which can be expressed as

σ n � En ε n �

EΔR
� kn ΔF ,
b

(5)

where En is the average elasticity modulus of rock mass; εn is
the strain of rock mass; E is the average elasticity modulus of
rock; and kn is the fracture stiﬀness.
Through Equation (5), it can be solved as follows:
bk Δ
(6)
ΔR � n F .
E
It is also known that ΔM � bεn and N � b/l and taking
them to Equation (4) can be expressed as
εn l
ΔF �
.
(7)
1 + kn l/E
The initial opening of the fracture can be assumed to be
e0 as follows:
e
⎪
⎧
⎪
α � 0,
⎪
⎪
l
⎪
⎨
(8)
⎪
⎪
⎪
k
l
⎪
⎪
⎩β� n ,
E
where e0 is the initial opening of the fracture.
Substitution of Equation (8) in Equation (7) yields
Equation (9) as
εn
ΔF �
e.
(9)
α(1 + β) 0
When the strain of rock is εn , the fracture opening e is
e � e0 − ΔF � 1 −

εn
e .
α(1 + β) 0

(10)

By σ n � En εn , the following is obtained:
e � e0 − ΔF � 1 −

εn
σn
e0 � 1 −
e .
α(1 + β)
En α(1 + β) 0
(11)

Substitution of Equation (11) in Equation (3) yields
Equation (12) as
Ke �

g 3
g 3
σn
e �
e 1 −

En α(1 + β)
12υ
12υ 0

3

(12)
3

σn
� K 0 1 −
.
En α(1 + β)

4.3. Numerical Calculation Model. In order to seal the
surrounding rock cracks of the fault fracture zone, prevent
roof water from entering the roadway, and control deformation and damage of the roadway’s surrounding rock,
we took the geological condition of the return air laneway of
the 15107 working face as background and established
a ﬂuid-structure interaction numerical model for the passing
through water-rich fault in the mining roadway (Figure 4).
The left and right boundaries in the model are the permeable
boundary, and the ﬁxed pore pressure of the fault fracture
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Table 1: Mechanical parameters of rock strata.
Poisson’s
ratio
0.18
0.20
0.28
0.3
0.29
0.32

zone at the top boundary in the model was set to 1 MPa. The
permeability coeﬃcient of the rock formation was Ke
according to the Equation (12), and the average fracture
spacing was 10 mm and the average fracture aperture was
1 mm. The layer change due to fault throw was not considered
here. We set the width of the fault fracture zone to 8 m, the dip
angle to 75°, and the thickness of coal seam to 4 m. The model
size was 60 m × 45 m × 45 m (length × width × height). The
roadway section was rectangular, the size was 4 m × 3 m, and
the model was divided into 380,000 units.
In the roadway support structure, the 12# I-beam for
mining used the beam elements model, and the rock bolt
used the cable element model. The mechanical parameters of
the I-beam and rock bolt are shown in Tables 2 and 3,
respectively. Strain-softening model was used in the numerical simulation, and the surrounding rock parameters of
strain-softening stage were obtained by the matching between numerical calculation model and the indoor test
curve. In the calculation process, the elastic modulus, cohesion, and tensile strength of each rock layer were taken as
1/3∼1/8 [35, 36] of the corresponding rock block mechanical
parameters. Poisson’s ratio of the rock body was taken as 1.2
to 1.4 times that of the rock mass, and the physical mechanics parameters of each rock layer are shown in Table 4.
The top surface of the model was the stress boundary, the
applied uniformly distributed load was q � 7.5 MPa, the
pressure measurement coeﬃcient was 1.0, and the other
boundaries had applied displacement constraints.
In the process of the numerical calculation, the choice of
support modes was shield support and bolt-grouting support. This paper mainly discusses the permeability coeﬃcient, pore-water pressure, ﬁssure water velocity, and
deformation law of the roadway surrounding rock under the
condition of these two types of support modes. Grouting can
not only improve the macroscopic mechanical properties of
rock and largely decrease the softening coeﬃcient of rock
but also can greatly improve the physical mechanics
properties of the fracture surface in fractured rock mass and
improve hydraulic environment of the environment of rock
mass, namely, the grouting eﬀect in the surrounding rock. It
is mainly reﬂected in two aspects [7]: reinforcing the surrounding rock and reducing the permeability of the surrounding rock. Therefore, the simulation of grouting in the
bolt-grouting support was achieved by reducing the permeability coeﬃcient of the surrounding rock and increasing
the residual strength of the surrounding rock.
Qian et al. [4] studied the permeability coeﬃcient, porosity, and the variation of compressive strength of the

Cohesion (MPa)
23.5
22.4
6.3
5.3
7.2
5.1

Internal friction
angel (°)
41
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28
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Tensile strength (MPa)
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2.1
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a

Figure 3: Simple rock unit with uniaxial compression.

model materials with diﬀerent eﬀective particle sizes and
ﬁneness modulus before and after grouting. The experimental results show that grouting signiﬁcantly reduced the
permeability of the material, and the permeability coeﬃcient
of each model decreased between 84% and 97%. The permeability coeﬃcient of the rock mass after the grouting was
10% of the before grouting value. The eﬀect of grouting to
stabilize the surrounding rock was achieved by using the
slurry to ﬁll the rock fracture to consolidate the broken
surrounding rock. The improvement of the mechanical
properties of the fractured rock grouting after consolidation
was expressed by the increase of the generalized cohesion
and the generalized internal friction angle. The study showed
that the residual strength of the rock can be increased by
0.7∼2.0 times after grouting reinforcement with a general
cement slurry [37–40]. The grouting reinforcement of the
roadway at some point after excavation of the roadway is
believed to be able to spread to the entire fracture zone of the
surrounding rock. In the calculation process, the strength of
the rock after grouting reinforcement was 1.5 times greater
than before grouting.
4.4. Result and Analysis. The permeability coeﬃcient variation curve of the roof surrounding rock under diﬀerent
supporting conditions is shown in Figure 5. Due to the
existence of the fault fracture zone, the variation form of the
permeability coeﬃcient was a hump distribution, while the
maximum permeability coeﬃcient was in the fractured zone
(the maximum of shield support was 9.996 × 10−9 m·s−1; the
maximum of bolt-grouting support was 1.021 × 10−9 m·s−1).
At the fault plane, the mutation rate was relatively quick (the
two sides of the fault plane of the shield support were
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Figure 4: Numerical model of ﬂuid-solid coupling in the roadway through fault.

Table 2: Mechanical parameters of 12# mining I steel.
12# mining I
steel
Beam unit

Elasticity modulus
(GPa)
210

Poisson’s
ratio
0.3

Yield strength
(MPa)
275

Section area
(m2)
3.97e−3

Ix (m4)
0.867e−5

Wx
Iy (m4) Wy (m3)
(m3)
0.145e−6 0.178e−5 0.375e−4

Table 3: Mechanical parameters of bolt.
Bolt
Anchoring section
Free section
Grouting section

Elasticity
modulus
(GPa)

Poisson’s
ratio

Tensile
load (t)

Section
area (m2)

210

0.3

136

3.799e−4

Cement slurry
stiﬀness on unit
length (MPa)
1e10
1
17.5

Cohesive force of
cement slurry in
unit length (N·m−1)
1e20
1
20e4

Perimeter of outer ring
of cement slurry (m)
8.792e−2
6.91e−2
8.792e−2

Table 4: Mechanical parameters of each rock stratum in numerical calculation.
Lithology
Elasticity modulus (GPa) Poisson’s ratio Cohesion (MPa) Internal friction angel (°) Tensile strength (MPa)
3.1
0.2
2.56
32
1.7
K2 limestone
Coal
1.1
0.31
1.26
25
0.9
Mudstone
1.65
0.32
1.44
29
1.2
Fault fracture zone
0.85
0.32
1.02
26
0.85

1.06

Advancing direction
Fracture zone

Permeability coefficient K (×10–9 m·s–1)

Permeability coefficient K (×10–9 m∙s–1)

10.04
10.00
9.96
9.92
9.88

Advancing direction
Fracture zone

1.04
1.02
1.00
0.98
0.96

9.84
0

10

20
30
40
Advancing distance (m)
(a)

50

60

0

10

20
30
40
Advancing distance (m)

50

60

(b)

Figure 5: The permeability coeﬃcient variation curve of roof surrounding rock under diﬀerent supporting conditions: (a) shed supporting
condition and (b) bolt-grouting supporting condition.
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0.05 × 10−9 s−1 and 0.081 × 10−9 s−1； the two sides of the
fault plane of the bolt-grouting support were 0.016 × 10−9 s−1
and 0.02 × 10−9 s−1) because the surrounding rock fractures
in the fault fracture zone were developed, and the permeability of the surrounding rock was relatively connected, and
the stress concentration phenomenon occurs at the outer
edge of the fault fracture zone, and the surrounding rock
fractures closed under the high-stress conditions so that the
permeability coeﬃcient of the surrounding rock decreased.
The impact range of the fault zone is about 20 m. In addition,
due to the existence of faults and the diﬀerence in stress
distribution of the surrounding rock in the excavation process, the permeability coeﬃcient distribution outside the fault
zone
varied
(the
shield
support
was
9.883∼9.929 × 10−9 m·s−1； the bolt-grouting support was
0.98∼1.015 × 10−9 m·s−1）. Under the two support conditions,
the variation of permeability coeﬃcient of the surrounding
rock was similar, but after grouting with, the slurry ﬂowed
along the cracks of the fractured surrounding rock and ﬁlled
the cracks in the surrounding rock after consolidation, so that
the permeability coeﬃcient of the surrounding rock was
signiﬁcantly reduced. The diﬀerence between the two reached
a maximum near the fault fracture zone. At this time, the
permeability coeﬃcient of the surrounding rock with boltgrouting support was 1/10 of that under the shield support.
Therefore, grouting can eﬀectively reduce the permeability
coeﬃcient of the broken surrounding rock, especially the
permeability of the surrounding rock along the fault fracture
zone, and prevent weakening of the surrounding rock caused
by the massive inﬂux of roof ﬁssure water in the roadway,
thereby improving the geomechanical environment in the
surrounding rock of the roadway. Accordingly, in order to
control the deformation of the roadway surrounding rock,
the ﬁrst step would be to block the fracture aisles of the
surrounding rock in the roadway and reduce the permeability of the surrounding rock.
The pore-water pressure distribution in the fault fracture
zone under diﬀerent supporting conditions is shown in
Figure 6. Under shield support, there was a signiﬁcant
decrease in the area of pore-water pressure around the
roadway, but there was a relatively high pore-water pressure
in the top roof, bottom roof of the roadway, and in front of
the working face. This is because when the roadway was
excavated to the fault fracture zone, deformation and
damage occurred under the inﬂuence of the surrounding
rock stress during the excavation process, which increased
the permeability coeﬃcient of the surrounding rock. The
ﬁssure water in the top roof crack ﬂowed along the cracks
and pores of the surrounding rock under the eﬀect of porewater pressure and then invaded into the roadway, causing
the pore-water pressure around the roadway to decrease. The
same conclusion can also be obtained from the velocity
vector of the ﬁssure water in the roadway section (Figure 7).
Under of bolt-grouting support, the area of pore-water
pressure around the roadway decreased, and the porewater pressure in front of the bottom ﬂoor and working
face essentially disappeared because during the grouting
process the slurry ﬂowed along the cracks of the fractured
surrounding rock and ﬁlled the cracks in the surrounding
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rock after condensation, eﬀectively reducing the permeability of the surrounding rock, thus preventing the continuous ﬂow of top roof’s ﬁssure water into the roadway and
surrounding rock of the bottom roof. The pore-water
pressure in front of the bottom roof and the working surface was signiﬁcantly reduced or reduced to zero.
Under diﬀerent support conditions, the maximum
displacement change of the roadway surface with the
progress of the working face excavation in the roadway is
shown in Figure 8. Before the heading face reached the fault
fracture zone, the surrounding rock deformation of the
roadway surface was small and changed little. When the
heading face entered the fault fracture zone, the surface
deformation of the roadway increased rapidly, and when the
advancement of the working face went beyond the fault
fracture zone, the maximum deformation of the surface
continued to increase with the continued advancement. This
is because as the working face entered the fault fracture zone,
ﬁssure water in the top roof ﬂowed into the roadway, which
resulted in the weakening of the surrounding rock. It causes
continuous increase in the deformation of the surrounding
rock. The use of bolt-grouting support not only changes the
permeability of the surrounding rock and prevents the
surrounding rock from being weakened by the ﬁssure water
in the roof but also improves the strength of the surrounding
rock. Compared with shield support, the surface deformation of the roadway was reduced by 38.7%–65%. After
the working surface surpassed the fault fracture zone, the
performance gradually stabilized and eﬀectively controlled
the deformation of the fractured zone of the mining
roadway, which provides the guarantee for the safe and
eﬃcient production of the mine.

5. Bolt-Grouting Supporting Scheme and
Monitoring Results and Effects
In the vicinity of the fault, 15107 working face of the mining
roadway adopted bolt-grouting combination support
(Figure 9). The main technical parameters of the support
were φ22 mm × 2400 mm regular screw-thread steel bolts, with
seven bolts in the roof, and the interrow spacing was
700mm × 700mm. Each side was arranged with ﬁve bolts, and
the interrow spacing was 800 mm × 700 mm. A steel ladder
beam was welded with a φ10 mm steel. The top roof of the
roadway was equipped with two high-strength cable supplement supports with the speciﬁcation of φ15.24 mm × 7000 mm.
The interrow spacing was 2100 mm × 2100 mm. The grouting
bolt was a high-strength screw-thread steel grouting bolt with a
speciﬁcation of φ25 mm × 2500 mm and breaking force ≧ 15t.
Four grouting bolts had been arranged on the roof with
the interrow spacing of 1200 mm × 1400 mm, and three
grouting bolts on each side with the interrow spacing of
1400 mm × 1400 mm. Among them, the bottom angle grouting
bolt was arranged at an angle of 30° with the plane of the
bottom roof. The grouting material was made of ordinary
Portland cement additive. The cement adopted 525# ordinary
Portland cement, the additive amount was 4%∼6% of cement
weight, and the water-cement ratio of slurry was 0.7 :1∼1 :1;
a cement additive of ACZ-1 was used at 4%∼6% of cement
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Figure 6: Pore-water pressure distribution in fault fracture zone under diﬀerent supporting conditions. (a) Shed supporting condition and
(b) bolt-grouting supporting condition.
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Figure 7: Flow velocity of fractured water in the fault fracture zone under diﬀerent supporting conditions. (a) Shed supporting condition
and (b) bolt-grouting supporting condition.
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Figure 8: The maximum displacement’s change of the roadway surface with the progress of the working face excavation: (a) shed supporting
and (b) bolt-grouting supporting.
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Figure 9: The scheme of bolt-grouting combined support: (a) roadway support section and (b) roadway support plane.

weight. The grouting pressure was 2.0∼3.0 MPa with a maximum grouting pressure of 3.0 MPa for a time of 3∼5 min per
hole.
Displacement meters were installed within the roof,
ﬂoor, and two ribs of the 15107 mining roadway to monitor
deformation of the roadway surface. A monitoring station
was set every 10 m, and a total of three monitoring sections
were installed (Figure 10). The monitoring of the surface
displacement of the roadway is shown in Figure 11. The
deformation of the surrounding rock in the early excavation

of the roadway rapidly increased (the maximum deformation rate between roof and ﬂoor was 17.2 mm/d; the
maximum deformation rate between the two side ribs was
14.2 mm/d), and the surrounding rock velocity clearly decreased after grouting reinforcement. After 20 days, the
deformation of the surrounding rock in the roadway
gradually stabilized. The roof to ﬂoor convergence was
120∼162 mm, and the rib to rib convergence was
104∼140 mm. Deformation and damage after grouting to the
surrounding rock were also eﬀectively controlled.
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Figure 11: The surface displacement of the roadway: (a) monitoring station 1, (b) monitoring station 2, and (c) monitoring station 3.

At the same time, grouting also eﬀectively reduced the
water inﬂow near the fault zone, namely, reducing from the
initial 40 m3/h to 2∼7 m3/h. This is due to the fact that, after

grouting, slurry ﬁlled the surrounding rock fracture near the
fault fracture zone, and the solidiﬁed slurry eﬀectively reduced the permeability of the surrounding rock in the area.
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The ﬁssure water cannot ﬂow into the roadway through the
original ﬁssures, thereby eﬀectively reducing the water inﬂow of the roadway.
Overall, bolt-grouting support not only eﬀectively blocks
the surrounding rock fracture near the fractured zone of the
mining roadway passing through the water-rich fault,
blocking the water inﬂow to the roadway, but also eﬀectively
controls the deformation of the surrounding rock in the fault
fracture zone, ensuring the stability of the roadway’s surrounding rock and safe production of the mine in the
fractured zone of the mining roadway.

6. Conclusion
(1) Using the 15107 working face of the Yuxing coal
mine which passes through a water-rich fracture
zone, the transient electromagnetic method was used
to detect the water content of the surrounding rock
of the roof near the fault fracture zone. Between 15
and 40 m in the top roof of the fault fracture zone was
a relatively strong area of water content. Therefore, in
the advancing of the working face, we should timely
grout to seal the surrounding rock fracture.
(2) Based on the test results of the mechanical properties
of the surrounding rock in the state of natural and
saturated, a numerical calculation model of ﬂuidsolid coupling was established for the fractured zone
of the mining roadway passing through a water-rich
fault. We comparatively analyzed the permeability
coeﬃcient of the surrounding rock, the variation of
pore pressure and fracture water velocity, and the
deformation characteristics of the surrounding rock
under the conditions of shield support and boltgrouting support and can conclude the following.
Due to the existence of the fault fracture zone, the
variation of the permeability coeﬃcient is a hump distribution, with the maximum permeability coeﬃcient in the
fracture zone and along the fault section. The mutation rate
is relatively quick. The impact range of the fault zone is about
20 m. The distribution of the permeability coeﬃcient outside
the fault zone ﬂuctuates, and the bolt-grouting support
eﬀectively reduces the permeability coeﬃcient of the surrounding rock, to 1/10 of that for shield support. Under the
condition of shield support, there is a relatively higher porewater pressure and larger ﬁssure water velocity in the top
roof, bottom roof of the roadway, and in front of the working
face. Bolt-grouting support eﬀectively prevents ﬁssure water
from inﬂowing into the surrounding rock of the roadway
and bottom ﬂoor, so that the pore-water pressure in front of
the bottom ﬂoor and the working surface is signiﬁcantly
reduced or even decreased to zero, and the ﬁssure water
velocity is also reduced. The self-bearing capacity of the
conﬁning pressure is improved by bolt-grouting support,
which reduces the surface deformation of the roadway by
38.7%∼65% compared to the shield support and eﬀectively
controls the deformation of the roadway surrounding rock.
(3) In the fault fracture zone along the roadway, the
practice of bolt-grouting support was implemented,

and the eﬀect of water plugging and reinforcement
after grouting was monitored. Results show that the
bolt-grouting support not only eﬀectively ﬁlled the
surrounding fractures near the fractured zone of the
mining roadway and blocked water gushing into the
tunnel but also eﬀectively controlled the deformation
of the surrounding rock in the fault fracture zone,
which ensures the stability of the roadway surrounding rock and the safe production of the mine
when the mining roadway passes through the water
enriched fault zone.
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The low permeability of coal seams makes gas drainage diﬃcult in lots of coal mines. This study presents a low-temperature, safe,
and eﬃcient liquid carbon dioxide phase transition explosive technology (LCDPTET) to increase the permeability of coal, thereby
improving the eﬃciency of gas drainage and eliminating the dangers of coal and gas outburst. Meanwhile, an integrated approach
for experimental determination, numerical simulation, and ﬁeld testing was applied to study the damage ranges of coal and to
determine a reasonable spacing between the gas drainage hole and blast hole. A numerical simulation model of liquid carbon
dioxide phase transition explosion (LCDPTE) was built, and the damage index M was introduced to analyze the degree and range
of coal damage after explosion at diﬀerent spacings between the blast hole and the gas drainage hole. Furthermore, another aim
was the assessment of the permeability changes and comparison of the gas drainage eﬀects of diﬀerent borehole spacings. The
results showed that as the borehole spacing became smaller, the degree of coal damage around the gas drainage hole increased, and
the gas drainage eﬀect improved. However, to avoid the collapse of the gas drainage hole, the gas drainage holes should not be
located in the crushing zone caused by LCDPTE. Based on the numerical analysis conducted to guide the borehole arrangement of
the ﬁeld test, the latter was carried out to study the increasing ranges of permeability of coal and the drainage eﬀect after explosion.
The results indicated that LCDPTET could greatly improve the permeability of the coal seam and gas drainage eﬃciency. In
addition, this new technology could not only improve the safety and eﬃciency of mine production but could also turn carbon
dioxide into an eﬀective energy source worthy of popularization and application.

1. Introduction
Gas disasters have been a major factor threatening the safe
and eﬃcient production of mines during coal mining [1, 2].
Predrainage of coal seam gas is a method to control gas
disasters, but coal seams in a lot of mines have low permeability, high ground stress, and diﬃculty in gas drainage
[3–8]. To solve the above problems, scientists have conducted
extensive and long-term explorations and practices; the
methods used to improve the permeability of coal seams
include mining protective coal seam, hydraulic fracturing,
hydraulic slotting, deep-hole blasting, and microwave radiation are proposed [9–16]. Mining protective coal seams is

suitable for combined drainage of multiple coal seams, but is
limited to a single coal seam or a currently mined coal seam.
Hydraulic fracturing and hydraulic slotting technologies
used to increase the permeability of coal cause secondary
pollution to coal seams, and the water consumption is tremendous. Deep-hole blasting is eﬀective at increasing the
permeability of coal seams, but the processes of implementation are dangerous. Microwave radiation technology is
still at the experimental and developmental stages, and ﬁeld
applications require additional time. Therefore, it is crucial to
ﬁnd a technology to improve the permeability of coal seams.
The cardox tube system was ﬁrst developed and used by
a British company called CARDOX. Singh [17] found out
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that the eﬀects of two liquid carbon dioxide tubes combined
explosion were same as ﬁve ordinary explosive tubes in
Bulawayo gold mine test; he presented that liquid carbon
dioxide phase transition explosive technology (LCDPTET)
had the advantages of high safety and ecofriendly process
and had no evacuation of equipment and operators in the
process of blasting. The LCDPTET was similar to propellant
fracturing technology [18, 19]; the high-pressure gas acted
on the blasting medium to break the rock and increase its
permeability. But it was diﬀerent from propellant fracturing
that generated high-temperature and high-pressure gases
by combustion of propellant; the LCDPTET used a special
explosive tube to heat and gasify liquid carbon dioxide,
causing the liquid carbon dioxide to undergo a phase transition in a short time and generate the huge expansive pressure. The LCDPTET was applied to slope blasting, earthwork,
and roadway excavation at an early stage [20, 21]. Because of
its safe and eﬃcient characteristics, scientists began to introduce it into the coal industry and use it to increase coal seam
permeability at the end of the 20th century. Du et al. [22]
systematically introduced equipment and technologies for the
use of liquid carbon dioxide phase transition explosion
(LCDPTE) in underground mines. Sun et al. [23] studied the
failure law of coal via explosion of critical carbon dioxide and
built a gas dynamics model. Chen et al. [24] conducted ﬁeld
tests of LCDPTE and concluded that liquid carbon dioxide
phase technology can eﬀectively improve coal seam permeability. Based on numerical analysis, Sun and Wang [25]
studied the eﬀect of explosive pressure on crack propagation
when LCDPTET was used to break rock. Wang et al. [26]
compared and analyzed the failure and fracture characteristics
of rock masses after hydraulic fracturing and critical carbon
dioxide explosions; they discovered that hydraulic fracturing
cut rock mass into blocks, whereas a lot of microfractures
were produced in the rock by LCDPTET in addition to
macrofractures.
At present, the researches on increasing the permeability
of coal seam by LCDPTET are still in the initial stage, and the
related results are relatively less. Therefore, based on the
background of a coal mine in Qianxi county in the Guizhou
province of China, this paper conducted research on the
LCDPTET. Section 2 of this paper introduces the principles,
equipment, techniques, and advantages of LCDPTET for ﬁeld
applications in high-gas and low-permeability coal seams. In
Section 3, the geological and mining conditions are analyzed,
and gas and stratum parameters are determined to provide
basic data for numerical simulations. In Section 4, the degrees
of coal seam damages caused by LCDPTE and the gas
drainage eﬀects at diﬀerent spacings between the gas drainage
hole and the blast hole are numerically investigated in detail.
In Section 5, based on the outcomes of numerical analyses,
ﬁeld investigations are performed to analyze the increasing
ranges of permeability and optimum spacing of boreholes.

2. Principle and Technology of LCDPTE
2.1. Principle of LCDPTE. LCDPTET is a new physical explosive technology used to increase the permeability of coal
seams, and it consists of three parts: ﬁlling, propulsion, and
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explosive systems. High-pressure gas that is produced by
liquid carbon dioxide acts on the coal body around the
borehole to crack coal and generate fractures. This increases
the permeability of coal seams and gas migration channels,
reduces the gas contents in coal seams, and prevents gas
outburst.
LCDPTET has many advantages, mainly reﬂected in the
following aspects: First, the gasiﬁcation process of liquid
carbon dioxide has the eﬀect of cooling, and carbon dioxide
is an inert gas. Therefore, it could prevent gas explosion or
combustion accidents in the process of blasting operations,
and it is especially suitable for the mines which are high in
gas content or associated with dangers of coal and gas
outbursts. At the same time, carbon dioxide gas could dilute
methane to decrease the gas concentration in mines. Second,
it is relatively safe to deal with the explosive tubes that did
not work. Third, there is no toxic gas, the operation produces
less dust, and there are no ill-eﬀects on the health of the
workers. Fourth, it has the advantages of low cost, simple
operation, rapid ﬁlling, and high production eﬃciency.
2.2. LCDPTE Technology
2.2.1. Filling System. The ﬁlling system consists of a liquid
carbon dioxide storage tank, a gas compressor, a ﬂowmeter,
a refrigerator, and CO2 explosive tubes. The gas compressor
is the main power device used to inject liquid carbon dioxide
into the explosive tubes. The ﬂowmeter monitors the liquid
carbon dioxide ﬂow from storage tank to the CO2 explosive
tubes. As the liquid carbon dioxide is easily converted into
gas at normal or high temperatures, a refrigerator is installed
in the pipeline to reduce the temperature in the conveying
pipe. Considering the comprehensive economic beneﬁts and
explosive eﬃciency, liquid carbon dioxide with a purity of
99.9% is usually used in engineering. The ﬁlling system is
shown in Figure 1.
2.2.2. Explosive System. The explosive system is the core of
LCDPTET, which consists of a drill pipe, an explosive tube,
a liquid CO2 storage chamber, a constant-pressure shearing
disc, and a gas release tube. High-pressure gas is ejected from
the gas ports at speciﬁc directions and angles in the gas
release tube and acts on the coal body around the blast hole.
The direction and diameter of the gas ports are designed to
control the gas ﬂow direction and concentrate the energy
according to common engineering practices. The liquid CO2
storage chamber is used for storing liquid carbon dioxide
and has high strength and corrosion resistance. One end of
the chamber is equipped with a constant-pressure shearing
disc, and the other end is connected to an explosive tube and
a liquid injection head. The explosive in the explosive tube is
similar to the propellant in high-energy gas-fracturing
technology [27]; when the circuit in the explosive tube
passes a current of 0.8 A or more, the explosive burns and
emits a lot of heat, heating and gasifying the liquid carbon
dioxide. The reaction time is about 1–20 ms [28]. The
constant-pressure shearing disc installed between the liquid
storage chamber and gas release tube is made of steel having
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Figure 1: Filling system.

a speciﬁc strength, and it is used to control the gas pressure
during explosion. When the pressure produced by the phase
transition of the liquid carbon dioxide in the storage tank is
greater than the maximum failure pressure of the shearing
disc, the disc will be broken and high-pressure carbon dioxide gas will rush into the release tube. The maximum
breakdown pressure of the constant-pressure shearing disc is
in the range of 126–276 MPa according to engineering requirements. After the start-up of the explosive device, the
transition process of liquid carbon dioxide to gas will last for
approximately 20 ms. Therefore, the explosive gas pressure is
approximately equivalent to the maximum breakdown force
of the constant-pressure shearing disc [29]. The explosive
system is shown in Figure 2.
2.2.3. Propulsion System. The propulsion machine can safely
and accurately send the explosive tubes to the blasting location through the borehole and retrieve them after the
explosion. Figure 3 shows the propulsion system.

3. Case Study
3.1. Geological and Mining Conditions. This case study focuses on a coal mine located in Qianxi county in the
Guizhou province of China (Figure 4). It is a coal and gas
outburst mine, and the current mining seam is #17. The
average overburden depth and thickness of the coal seam are
180 and 2.5 m, respectively. The roof and ﬂoor of coal seam
are sandy mudstone and mudstone, and their thicknesses are
3 m and 1.7 m, respectively. The permeability of the #17 coal
seam is low, and the gas concentrations often exceed a safety
margin, thus leading to occurrences of gas dynamic disasters
during excavation. Therefore, LCDPTETs operated in ﬂoor
rock roadways are applied to increase the permeability
through boreholes which penetrate the #17 coal seam. The
measurements of predrainage of coal strip gas are then
obtained to reduce the gas pressures and contents of coal
seams and eliminate the dangers of coal and gas outbursts.

The ﬂoor rock roadway is located under the mudstone
layer of the ﬂoor of the #17 coal seam. The average vertical
distance from the roof of roadway to the coal seam is 15 m.
The section shape of the roadway is rectangular; the height
and width of the roadway are 2.5 and 3.5 m, respectively. The
strike length of the test area is 60 m. The locations of the ﬂoor
rock roadway and the test area are shown in Figure 5.
3.2. Laboratory Tests. To better understand the increase of the
permeability ranges of coal seams after LCDPTE and to
achieve a reasonable spacing between the gas drainage hole
and the blast hole, laboratory tests were carried out on rock
and coal samples collected from the ﬂoor rock roadway of the
11703 working face to determine the mechanical properties of
the rock and porosity, permeability, ash content, moisture
content, and adsorption constant of the coal seam.
3.2.1. Experimental Determination of the Mechanical Properties of Rock. Tests were conducted on a servo-controlled
system (TAW–2000); its maximum axial load was 2000 kN,
maximum shear load was 500 kN, and maximum lateral load
was 500 kN. The uniaxial compressive strength, Young’s
modulus, and Poisson’s ratio were obtained by conducting
uniaxial compression tests. Four samples were tested for
each lithology, namely, the roof, coal seam, and ﬂoor. Based
on the results of these tests, the mechanical parameters of
each geological unit are shown in Table 1.
3.2.2. Parameters of Coal Seams. The porosities of eight coal
samples were determined by Mercury intrusion methods.
The permeabilities of four of the samples were tested using
a U–MPB–1 gas permeability tester with occupation standard (SY/T 5336–2006) [30]. Gas adsorption constants of
ﬁve of the coal samples were tested by the high-pressure
isothermal adsorption test method (GBT–19560–2008) [31].
The eight sets of coal samples were tested using a coal quality
analyzer. The measured data are shown in Table 2.
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3.3. In Situ Measurement. According to the direct method of
determining coal seam gas content (GB/T 23250–2009) [32],
the original gas content of 15 coalbed samples were obtained

using a gas desorption velocity measuring instrument.
According to the direct measurement methods of the coal
seam gas pressure in mines (AQ/T 1047–2007) [33], adopting
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Table 1: Mechanical properties of each geological unit.
Lithology
Sandy mudstone
Coal
Mudstone

Modulus of elasticity
E (GPa)
17.3
5.2
11.4

Uniaxial compressive
strength σ c (MPa)
31.1
13.6
25.3

Uniaxial tensile
strength σ f (MPa)
2.45
1.68
1.87

Poisson’s ratio v

Friction angle ϕ (°)

0.23
0.3
0.29

32
29
30

Table 2: Coal seam parameters.
Gas contents
Maximum relative
Porosity
(m3/t)
pressure of gas (MPa)
10.6
0.98
0.065

Permeability
(m2)
3.9 × 10−16

passive pressure methods can measure the gas pressure of the
coal seam eﬀectively. The measurement data are shown in
Table 2.

4. Numerical Analysis of Increasing
Permeability Ranges and Gas Drainage Effect
The degrees of coal damage after LCDPTE were numerically
analyzed, and the gas drainage after increasing the permeability of the coal seam was evaluated to study the optimum
spacing between the drainage hole and the blast hole. This
could provide a basis and guidance for ﬁeld tests.
4.1. The Principle of Numerical Analysis
4.1.1. Governing Equation of Stress and Deformation. The
eﬀective stress equation embodies the coupling of gas-solid
stress:
σ ij � 2Gεij + λδij − αδij p,

(1)

where σ ij is the coal stress component, εij is the strain
component, λ and G are the Lame constants given

Adsorption
Adsorption
Ash
Moisture
constant a (m3/kg) constant b (MPa−1) content (%) content (%)
14.5
0.75
0.14
0.04

by λ � Ev/(2(1 + v)) and G � E/(2(1 + v)), respectively,
δij is the Kronecker symbol, p is the gas pressure, and α is
the Biot’s coeﬃcient, which is determined by the compressibility of the coal.
The equation that governs stress is
G
(2)
Gui,ij +
u + αpi + Fi � 0,
1 − 2v j,ji
where G is the shear modulus, v is the Poisson’s ratio, Fi is
the component of the body force in the ith direction, and ui
is the component of the displacement in the ith direction.
Equivalently, the strain expression is
1
(3)
εij � uij + uji ,
2
where uij and uji are the coal displacement components.
4.1.2. Coal Damage Governing Equation. In this study, the
maximum tensile stress criterion was used to judge the
tensile failure, and the Mohr–Coulomb criterion was used to
judge shear or compression failure. The coal damage expression is
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Ft � −σ 3 − σ t0 ,
Fc � σ 1 − σ 3

1 + sin ϕ
− σ c0 ,
1 − sin ϕ

(4)
(5)

k1 �

where σ c0 is the uniaxial compressive strength, σ t0 is the
uniaxial tensile strength, and Ft and Fc are the functions that
represent the stress states. When the values of these functions
are 0, as shown in (6), the coal is subjected to tensile and shear
failures, respectively; ϕ is the friction angles; σ 1 and σ 3 are the
maximum and minimum principal stresses, respectively.
Ft � 0
or Fc � 0.

(6)

When the coal stresses meet the maximum tensile stress
criterion, tensile failure will occur. Conversely, when the
stresses meet the Mohr–Coulomb criterion, compression or
shear failure will occur. Compared with shear and compression failures, the tensile strength of coal is the smallest in
rock mechanics. Therefore, tensile failure is identiﬁed as
a priority damage criterion in the rock failure category.
Index Mi indicates the degree of coal damage and is
expressed as [34]:
0,
Ft < 0, Fc < 0,
⎪
⎧
⎪
⎪
⎪
⎪
⎪
⎪
 2
⎪
⎨
εt0 
(7)
Mi � ⎪ 1 − ε3  , Ft � 0, dFt > 0,
⎪
⎪
⎪
⎪
⎪
⎪
 
⎪
⎩ 1 −εc0 2 , F � 0, dF > 0,
ε 
c
c
1

where εt0 is the maximum tensile strain at tensile failure, εc0
is the maximum compressive strain at compression failure,
ε1 is the maximum principle strain, and ε3 is the minimum
principle strain. The expressions dFt > 0 and dFc > 0 indicate
the load state where two types of failures might occur and
cause a continuous increase of index Mi . Equivalently,
dFt < 0 or dFc < 0 indicates the unloaded state where new
coal damages are not produced, and the values of index Mi
remain unchanged.
The elastic modulus of coal is given based on the elastic
failure theory and is expressed as
Ei � 1 − Mi E0 ,

(8)

where E0 and Ei are the elastic moduli before and after
failure, respectively. In this study, the failure and its further
evolution occur in an isotropic medium; therefore, Ei , E0 ,
and Mi are scalars.
4.1.3. Gas Seepage Equation. The porosity of coal [35] is
given by
φ � 1−

1 − φ0
p − p0
1 −
,
1 + εv
Ks

The permeability of coal can be obtained under an
isothermal condition based on the Kozeny–Caman equation
of seepage mechanics,

(9)

where φ is the porosity, φ0 is the initial porosity, εv is the coal
volume strain, p0 is the gas’ initial pressure in the coal seam,
and Ks is the volume compression modulus of coal.

k0
ε
p − p 0  1 − φ0 
p + v +
,
1 + εv
φ0
φ0 K s

(10)

where k1 is permeability of coal, and k0 is the initial permeability of coal.
The permeability after damage [36] is expressed as
k2 � k 1 e M i ,

(11)

where k2 is the permeability after damage.
Additionally, the gas seepage equation [37] is given by:
zφ
abρc (1 − A − B) zp
k
m
p + φ +
� ∇ 1 + ∇p2 ,

2
zt
zt
μ
p
(1 + bp)
(12)
where t is the time, a and b are the gas adsorption constants,
μ is the viscosity of methane gas, m is the Klingberg coeﬃcient, A is the ash content, and B is the moisture content.
4.1.4. The Principle of Numerical Calculation. The numerical
model in this study used a ﬁnite element method to solve the
control equation. The elastic failure model and the ﬂuid-solid
coupling model of gas ﬂow were used to simulate the process
of LCDPTE and the gas drainage after explosion, respectively.
The process of numerical calculation was shown in Figure 6.
The speciﬁc steps were as follows:
Step 1. Based on (1)–(3), the stress σ ij and strain εij of
the coal were calculated when the gas impact pressure
P1 was applied to the boundary of the blast hole at the
initial time.
Step 2. Based on the results obtained in the ﬁrst step, the
maximum principal stress σ 1 and the minimum
principal stress σ 3 in the coal body were obtained, then
according to the (4)–(6) to determine whether the coal
body was damaged.
Step 3. When the coal body was damaged, the maximum principal strain ε1 and the minimum principal
strain ε3 in the coal body were determined from the
results obtained in the ﬁrst step, and the damage index
M1 was obtained according to (7).
Step 4. The damage index M1 was plugged into (8), and
the modiﬁed elastic modulus E1 was obtained after coal
failure, and it participated in the calculation of the next
cycle.
Step 5. The gas impact pressure at the next moment P2
was applied to the boundary of the blast hole and cycled
from the ﬁrst step to the fourth step until the gas impact
pressure Pi is 0 MPa.
Step 6. The ﬁnal damage index Mi was plugged into (11)
to determine the permeability of coal after explosion.
Step 7. Gas drainage pressure was applied to the gas
drainage hole. The dynamic process of gas drainage was
determined by the (1), (9), (10)–(12).
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6
5
Gas radial flow rate (mL/s)

4.1.5. Model Veriﬁcation. Based on the relevant parameters
in literature [38], the abovementioned ﬂuid-solid coupled
numerical model was used to analyze the gas radial ﬂow rate
in the coal body under steady ﬂow. And the numerical
solutions were compared with the test data in the literature
[38] to verify the accuracy of the model used in the study and
ﬁnite element calculations.
Figure 7 presents the comparison of test data and
simulation results of gas radial percolation rate. It can be
observed from Figure 7 that the simulation results are in
good agreement with the test data, indicating that the numerical model used in this study and its ﬁnite element
calculation are reasonable and reliable.

4
3
2
1
0

4.2. Numerical Model Generation
4.2.1. Numerical Simulation Model and Simulation Plan.
The coal seam, roof, and ﬂoor were established in the model,
and their dimensions were 3 × 20 × 20 m, 2.4 × 20 × 20 m,
and 1.8 × 20 × 20 m, respectively, as shown in Figure 8(a). In
order to determine the increasing permeability ranges of coal
after LCDPTE and reasonable borehole spacing, various
plans at 3, 4, 5, and 6 m spacings between the gas drainage
hole and the blast hole were carried out in this study. A blast
hole was located at the center of the model and vertically
penetrated the coal seams from the ﬂoor. Its coordinates
were (x � 10, y � 10), and the hole depth was 4.2 m. The
coordinates of the gas drainage holes of the four plans were
(x � 10, y � 13), (x � 10, y � 14), (x � 10, y � 15), and (x � 10,
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Volume stress 2.5 MPa
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Figure 7: Comparison of test data and simulation results of gas
radial ﬂow rate.

y � 16). These coordinates are the same for the blast holes,
which vertically penetrate the coal seams from below, and
the borehole depths are all 4.2 m, as shown in Figure 8(b).
The diameters of the blast holes and gas drainage holes are
100 mm.
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Parameters
Initial porosity φ0
Initial permeability k0 (m2)
Elastic modulus E (GPa)
Kronecker symbol δij
Klingberg coeﬃcient m (Pa)
Poisson’s ratio v
Shear modulus G (GPa)
Ash content A
Moisture content B
Adsorption constant a (m3/kg)
Tensile strength σ t (MPa)
Compressive strength σ c (MPa)
Friction angle ϕ (°)
Adsorption constant b (MPa−1)
Coal density ρc (kg/m3)
Biot coeﬃcient
Tensile strength σ t (MPa)
Compressive strength σ c (MPa)
Friction angle ϕ (°)
Elastic modulus E (GPa)
Poisson’s ratio v
Tensile strength σ t (MPa)
Compressive strength σ c (MPa)
Friction angle ϕ (°)
Elastic modulus E (GPa)
Poisson’s ratio v
Viscosity μ (Pa·s)

150
125
100
75

Coal

50
25
0
0.00

0.02

0.04

0.06
Time (s)

0.08

0.10

Figure 9: Change of pressure over time at the CO2 gas release port.

4.2.2. Initial and Boundary Conditions. The initial gas
pressure in the coal seam was 2 MPa. The gas impact
pressure produced by liquid carbon dioxide phase transition
applied to the boundary of blast hole was obtained from the
tests, and the values of impact pressure changed over time, as
shown in Figure 9. The negative pressure of gas drainage
(5 × 10−3 MPa) was applied to the boundary of the gas
drainage hole. A vertical stress (5 MPa) was applied to the
top of the model, a horizontal stress (5 MPa) was applied to
its right and posterior sides, and roll supports were applied
to the left, front, and bottom sides.
4.2.3. Simulation Parameters. A reasonable parameter
setting is crucial to ensure the accuracy of the numerical
analysis. The stiﬀness of the numerical analysis model
recommended by Mohammad et al. [39] should be equal to
0.47 times the average stiﬀness value obtained from the
laboratory tests. Cai et al. [40] suggested that the elastic
modulus and uniaxial compressive strength of coal and
rock masses can be in the range of 0.1–0.25 times that of the
values of the laboratory tests, while the Poisson’s ratio is

Sandy
mudstone
of roof

Mudstone
of ﬂoor
Methane gas

Values
0.065
3.90 × 10−16
1.30
1.00
7.60 × 105
0.36
0.52
0.14
0.04
14.5
0.42
3.40
29
0.75
1400
1
0.61
7.78
32
4.34
0.28
0.47
6.33
30
2.85
0.35
1.10 × 10−5

assumed to be in the range of 1.2–1.4 times that of the
values of the laboratory tests. Therefore, the elastic modulus, compressive strength, and tensile strength of coal
and rock masses are equal to 0.25 times that of the values of
the laboratory tests, whereas the Poisson’s ratio is 1.2 times
that of the laboratory test values. The shear modulus is
calculated from elastic modulus and Poisson’s ratio. The
porosity, permeability, ash content, moisture content, and
adsorption constant of the coal seam are shown by the
results in Table 2; the numerical simulation parameters are
shown in Table 3.
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Figure 10: Expansion of damage zone over time.

4.3. Results and Analyses
4.3.1. Increasing Coal Permeability Ranges. Figure 10 shows
the expansion of the damage zone over time during the
explosion process. When the damage index Mi is greater
than 0, it indicates that the coal body has been destroyed, so
that the size of the coal damage zone can be identiﬁed. At
the same time, the value of damage index Mi indicates the
degree of coal damage, which can be used to represent the
characteristics of the damage zone. Based on the study of
degree of coal damage by Zhu et al. [41], the fracture zone
(0 < M < 0.7) and crushing zone (0.7 ≤ M ≤ 1) are chosen
according to the damage index Mi .
It can be observed from Figure 10 that the radius of
damage zone is 1.91, 3.04, 3.88, 4.33, 4.56, and 4.56 m at 35,
50, 65, 80, 95, and 110 ms, respectively. When time increases,
the impact pressure of the explosion gas attenuates and the
expansion rate of the damage zone decreases. At 95 ms, the
damage zone expansion stops. The radius of the crushing
zone determined by the damage index is approximately 2 m,
and the radius of fracture zone ranges from 2 m to 4.56 m.
Figure 11 presents the numerical simulation results of
coal permeability changes. The values of permeability are
proportional to the height; the more the height, the greater is
the permeability. At same time, Figure 11 shows enhanced
permeability as maximum at the blast hole and decreasing
radially away from the hole, and it was proved by the laboratory test results obtained by Chen and Zhou [42]. The
high-pressure impact gas generated by the phase transition
of liquid carbon dioxide will strongly compress the coal

1.14 × 10–12
× 10–12
Crushing zone
permeability

Blast hole

1
0.8

Fracture zone
permeability

0.6
0.4

Initial
permeability
of coal

0.2

3.9 × 10–16

Figure 11: Coal permeability changes after the explosion.

body, and the coal body around the blast hole will be
compressed and damaged to form a crushing damage zone.
Then, the high-pressure gas enters into the coal body
through the fractures of the crushing zone and produces
a splitting eﬀect on the coal, which makes the coal body
tensile damage and produces a lot of fractures, forming
a fracture zone.
It can be observed from Figure 11 that the original coal
permeability is 3.9 × 10−16 m2, the fracture zone permeability
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Figure 12: Degrees of coal damage and damage ranges for diﬀerent borehole spacings.

is in range of 4.0 × 10−16–7.2 × 10−13 m2, and the crushing
zone permeability is in the range of 7.2 × 10−13–1.14 ×
10−12 m2. Therefore, the permeability of coal is greatly improved after LCDPTE; this provides space and channels for
gas adsorption and migration, eﬀectively reduces gas
pressures in the coal seam, and improves the gas drainage
eﬃciency.
Figure 12 presents the results of the degree of coal
damages for diﬀerent spacings (3, 4, 5, and 6 m) between the
blast hole and the gas drainage hole. As shown in Figure 12,
the gas drainage hole is located in the fracture zone when the
spacing is 3 m, and the coal around the gas drainage hole will
generate a lot of fractures, which increases the coal’s permeability. The damage zone extends to the gas drainage hole
when the spacing is 4 m, and a small fracture zone similar to
a butterﬂy wing is produced on the side away from the blast
hole. When the spacing is 5 m, the gas drainage hole is
located at the edge of the fracture zone, and there is no coal
damage on the other side of the gas drainage hole. When the
spacing is 6 m, the damage zone after the explosion does not
aﬀect the coal around the gas drainage hole, and the permeability around the gas drainage hole remains unchanged.

Thus, compared to the increasing permeability radius
(4.5 m) of a single blast hole, when there is a gas drainage
hole beside the blast hole, the increasing permeability radius
is approximately 5 m because the gas drainage hole increases
the free surface of deformation and expansion of coal during
the explosion.
4.3.2. Gas Drainage Eﬀects after Explosion. Based on the
above analysis, gas drainage eﬀects are further studied after
the explosion to determine the reasonable spacing between
drainage holes and blast holes; the spacings chosen are 3, 4,
5, and 6 m.
Figure 13 presents the results of gas drainage for 30 d
after LCDPTE. Gas pressures in the coal begin to decrease
from the zone where the permeability has been improved, as
shown in Figure 13. When the spacing between the gas
drainage hole and blast hole is 3 m, the fractures around the
gas drainage hole connect with the crushing zone, which
improves the permeability considerably. Therefore, after gas
drainage over a period of 30 d, gas pressures in large areas of
coal around the blast hole and the gas drainage hole are
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Figure 13: Gas drainage eﬀects after explosion.

reduced to nearly 0 MPa. When the spacing is 4 m, gas
pressures in large areas around the blast hole and the gas
drainage hole are reduced over a period of 30 d, but the rates
of decline are low. The gas drainage hole with 5 m spacing is
at the edge of the fracture zone after explosion, and its
connectivity with the fractures is less. However, after gas
drainage for 30 d, only the gas pressures around the gas
drainage holes are reduced, and any reductions around the
blast hole are extremely small. The gas drainage hole with
6 m spacing is in the undamaged coal zone, and the permeability of coal around the gas drainage hole has not increased; therefore, the eﬀects of gas drainage are the same as
those without LCDPTE.
Figure 14 presents the relationships of gas pressure
versus time for the four borehole spacing arrangements. As

shown in Figure 14, the coal on the side of the gas drainage
hole that is far from the blast hole is aﬀected to a lesser
degree by the explosion, and it is not in the zones where the
permeability increases. Therefore, the decrease of the gas
pressure in these zones is smaller as a function of the gas
drainage time. When the spacing between the gas drainage
hole and the blast hole is 3 m, the gas in the increasing
permeability zones move faster and are fully drained after
1 d. Correspondingly, the gas pressures reduce to 1.25 MPa
after gas drainage of 1 d, whereas after a gas drainage of 10 d,
the gas pressures drop to 2.40 × 10−3 MPa, and the gas
pressures approach 0 MPa when the drainage lasts for 20 d.
Whereas for a gas drainage of 30 d, the gas pressures in the
increasing permeability zones reduce to 0.47 and 1.69 MPa
when the spacing between the gas drainage hole and the blast

12

Advances in Civil Engineering

Increasing
permeability zone

1.5 × 106

1.0 × 106
Blast hole
5.0 × 105

Increasing
permeability zone

2.0 × 106

Gas pressure (Pa)

Gas pressure (Pa)

2.0 × 106

1.5 × 106

1.0 × 106

Blast hole

5.0 × 105

Drainage hole

Drainage hole
0.0
0

5
10
15
Distance from the borehole (m)

Day1
Day 10

0.0

20

0

Day 20
Day 30

5
10
15
Distance from the borehole (m)
Day1
Day 10

2.0 × 106

2.0 × 106

1.5 × 106

1.5 × 106

Blast hole
Increasing
permeability zone

1.0 × 106

Blast hole

1.0 × 106

Increasing
permeability zone

5.0 × 105

5.0 × 105

Drainage hole

Drainage hole
0.0

Day 20
Day 30
(b)

Gas pressure (Pa)

Gas pressure (Pa)

(a)

20

0.0
0

5
10
15
Distance from the borehole (m)
Day1
Day 10

20

Day 20
Day 30
(c)

0

5
10
15
Distance from the borehole (m)

Day1
Day 10

20

Day 20
Day 30
(d)

Figure 14: Variations of gas pressure as a function of time: (a) borehole spacing between the drainage hole and the blast hole is 3 m; (b)
borehole spacing is 4 m; (c) borehole spacing is 5 m; (d) borehole spacing is 6 m.

hole are 4 and 5 m, respectively. The gas drainage hole at
a spacing of 6 m is outside the increasing permeability zone.
Therefore, after 30 d of gas drainage, the pressures in the coal
of the increasing permeability zone are not eﬀectively reduced. According to the above discussions, it can be seen
that a reasonable spacing for eﬀective gas drainage from the
increasing permeability coal zone should be less than 5 m.

5. Field Test
5.1. Borehole Arrangements. Based on the numerical analysis
results, the borehole arrangements in the test area are shown
in Figure 15. All boreholes are divided into groups 1 and 2.
In group 1, holes A and D are blast holes, and the even
numbers (A2, A4, A6, and A8) around the blast hole A are
drilled such that they are 3 m away from the blast hole. The

odd number gas drainage holes (A1, A3, A5, and A7) are
4.2 m away from the blast hole A. Even numbers (D2, D4,
D6, and D8) around the blast hole D are drilled at a distance
of 5 m, and the odd-numbered gas drainage holes (D1, D3,
D5, and D7) are 7 m away from the blast hole D. The
borehole arrangements and spacings of group 2 are exactly
the same as those of group 1.
5.2. Result Analysis. Figure 16 presents the average gas
drainage ﬂows for each spacing (3, 4.2, 5, and 7 m) in the
cases of groups 1 and 2. As shown in Figure 16(a), after the
application of LCDPTET, in group 1, the average ﬂows of
the gas drainage with 3, 4.2, 5, and 7 m before the explosion
changed by a factor of 3.12, 1.91, 1.56, and 1.15, respectively,
after explosion. In group 2, the average ﬂows of gas drainage
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Figure 15: Borehole arrangements: (a) three-dimensional diagram; (b) top view.
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Figure 16: Average ﬂows of gas drainage: (a) group 1; (b) group 2.

with spacings of 3, 4.2, 5, and 7 m before the explosion are
increased by a factor of 2.46, 2.17, 1.39, and 0.88, respectively, after the explosion, as shown in Figure 16(b).
After the explosion, the average ﬂows of gas drainage in the
cases where the borehole spacing ranged between 3 and 4 m
boreholes are approximately twice the values attained before
the explosion, which indicates that the permeability of the
coal within a radius of 4 m around the blast hole is greatly
improved. Gas drainage ﬂows exhibit minor increases after
the explosion at a spacing of 5 m. However, when the spacing
is 7 m, comparison of the average ﬂows of gas drainage
before explosion with those after the explosion indicates that

the gas drainage ﬂows have not changed. Thus, the increasing permeability radius is approximately 5 m after the
application of LCDPTET.
According to the ﬁeld test, the closer the gas drainage
hole is to the blast hole, the better are the gas drainage eﬀects.
However, it can be observed from the numerical simulation
that when the gas drainage hole is 2 m away from the blast
hole, the gas drainage hole will be located in the crushing
zone where the coal is severely damaged. Thus, the gas
drainage hole is prone to collapse and will aﬀect the gas
drainage eﬃciency. At the same time, small borehole spacing
increases the drilling cost and construction time. Therefore,

14

Advances in Civil Engineering

considering the gas extraction eﬃciency, construction cost,
and construction time comprehensively, the best spacing
between the gas drainage hole and the blast hole is in the
range of 3-4 m.

permeability zone of coal is approximately 5 m. This
also indicates that LCDPTE can eﬀectively improve
gas drainage eﬃciency.

Data Availability
6. Conclusions
This study presented a new physical explosive technology
(LCDPTET) to increase the permeability of high-gas and
low-permeability coal seams and improve the gas drainage
eﬀects. The working principles of LCDPTET and its advantages of low-temperature, safety, and high eﬃciency were
also illustrated. This study conducted at Qianxi county in the
Guizhou province of China aimed at eliminating the risks of
coal and gas outburst in roadway excavations, increasing
coal permeability, improving gas drainage eﬃciency, and
eliminating gas dynamic disasters. The following conclusions are drawn:
(1) A numerical model was built, and the damage index
Mi was introduced to analyze the degree of coal
damage by LCDPTE. According to the degree of coal
damage, the damage zone was divided into crushing
and fracture zones. Additionally, it was concluded
that when there was only a single blast hole in the
coal seam and the gas impact pressure was applied on
the coal, the damage radius of the coal was 4.56 m.
When there was a blast hole and a gas drainage hole
in the coal seam at the same time, the damage radius
of coal was about 5 m because the gas drainage hole
provided a free surface for the deformation and
expansion of the coal during the explosion. After the
explosion, the coal permeability of the crushing zone
increased from the initial value of 3.9 × 10−16 m2 to
a value in the range of 7.2 × 10−13–1.14 × 10−12 m2,
and the permeability in the fracture zone increased to
a value in the range of 4.0 × 10−16–7.2 × 10−13 m2.
(2) Comparing the gas drainage eﬀects of four diﬀerent
spacings between the gas drainage hole and the blast
hole after the permeability of coal was increased by
LCDPTE, it was observed that the gas pressures in
the coal seams reduced considerably, and the gas
drainage ranges were larger when the borehole
spacings were 3 and 4 m. Under the premise that
the boreholes would not collapse, a reasonable
spacing between the blast hole and gas drainage hole
was 3-4 m from the comprehensive considerations of
the construction cost, construction time, and gas
drainage eﬀects.
(3) Field tests were conducted to investigate the increasing permeability range and gas drainage eﬀect
after the application of LCDPTE. In group 1, the
average gas drainage ﬂows for spacing of 3, 4.2, 5,
and 7 m before explosion were modiﬁed by factors of
3.12, 1.91, 1.56, and 1.15, respectively, after explosion. In another group, the average gas drainage
ﬂows before the explosion were modiﬁed by factors
of 2.46, 2.17, 1.39, and 0.88, respectively, after explosion. Therefore, the radius of the increasing
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Gas ﬂowing fracture zone (GFFZ) is an active zone in the gob where pressure-relieved methane can move freely. However, there
are very few research ﬁndings on the horizontal development characteristics and internal methane seepage properties of GFFZs. In
this paper, based on the development height of a GFFZ above the gob, the GFFZ was horizontally divided into the following:
a lateral fracture subzone, an O-ring fracture subzone, and a compacted subzone. The identiﬁcation criteria for all of these
horizontal subzones were given by analyzing the inﬂuence of the stress in the coal rock mass on the development of mininginduced fractures. A numerical simulation study was conducted to determine the inﬂuences of the mining height and mining
depth on the morphological development of all horizontal subzones of the GFFZ, and the simulation results showed that the
mining height was the main factor inﬂuencing the development characteristics of horizontal subzones of the GFFZ. Both the
maximum distance of the lateral fracture subzone beyond the mining boundary and the width of the O-ring fracture subzone
increased with the increase of mining height. A physical simulation experiment was performed for extraction of gob methane
through a surface borehole, and the experimental results showed that the gas ﬂow state was laminar within the range of the lateral
fracture subzone and the compacted subzone but that the gas ﬂow state was turbulent, not following Darcy’s law, within the range
of the O-ring fracture subzone.

1. Introduction
After a coal seam is mined, the equilibrium state of the in situ
stress ﬁeld is destabilized, the overlying rock is deformed and
broken, primary and secondary fractures are developed, and
so pressure relief occurs and permeability increases; this
provides the route and channel for methane movement,
creating conditions for methane extraction. According to the
pressure relief, desorption, and movement characteristics of
methane, overlying coal rock above the gob is divided the
into a gas ﬂowing fracture zone (GFFZ), a pressure relief and
desorption zone (PRDZ), and an uneasy desorption zone
(UDZ) [1, 2], as shown in Figure 1. These zones are described
as follows:
(1) GFFZ: Vertical penetrative fractures are present.
Relatively full pressure relief and desorption of

methane occur within this zone. Methane can rush
into the working face along the mining-induced
crack-fracture system. Gas movement occurs
mainly through free ﬂowing along large cracks and
seepage along small fractures. The height of the
GFFZ is equal to that of the water ﬂowing fracture
zone (WFFZ).
(2) PRDZ: Vertical fractures are not developed. This
zone is dominated by tensile fractures along the coal
seam. With the transfer of mining-induced stress,
methane within the PRDZ is relieved and desorbed
to a certain extent and could ﬂow along the coal
seam, but little or no gas could rush down to the
working face. Gas movement mainly occurs via
seepage along the fracture system. The maximum
development height of the PRDZ is up to the bottom

2

Advances in Civil Engineering

Topsoil
UDZ

PRDZ

GFFZ

Soft rock
Hard rock
Coal seam

Figure 1: The overlying three zones for pressure relief, movement,
and extraction of methane in mining of a coal seam group.

of the primary key stratum. With compaction of the
coal rock in the PRDZ, the desorbed methane is
adsorbed again.
(3) UDZ: There are no mining-induced fractures
formed in this zone. The change in the degree of
stress in the overlying rock resulting from mining
is insuﬃcient to cause desorption of methane, and
the occurrence characteristics of methane basically
remain unchanged.
At present, research on the horizontal development
characteristics of the GFFZ and the methane seepage laws in
the GFFZ by scholars from China and other countries remains relatively limited. For example, Palchik described the
area that has connection with mine workings as an interconnected fracture zone [3]. Computational ﬂuid dynamics
simulations based on site measurement data from either the
tube bundle system or tracer tests can provide detailed
information for studying goaf gas ﬂow patterns [4, 5].
Palchik conducted a direct measurement of methane
emission from various sections of a borehole to localize
horizontal fractures [6]. In the 1990s, Qian and Xu studied
the distribution characteristics of mining-induced fractures
in the overlying rock strata, proposed an O-ring theory for
the distribution of mining-induced fractures, and successfully applied their theory to the layout optimization of
boreholes for extraction of pressure-relieved methane in the
Taoyuan Coal Mine and the Luling Coal Mine in China [7].
In this paper, identiﬁcation criteria for horizontal subzones above the gob are given by analyzing the inﬂuence of
variation in stress in the coal rock mass on the development
of mining-induced fractures. A numerical simulation study
was conducted to determine how the mining height and
mining depth inﬂuence the morphological development of
the horizontal subzones based on the above criteria. A
physical simulation experimental study was performed with
a self-developed simulation experimental system for gob

methane extraction to disclose the gas seepage laws in all
subzones of the GFFZ. These research results could provide
theoretical guidance for simultaneous extraction of coal and
methane.

2. Height of the Gas Flowing Fracture Zone
With vertical broken fractures developed, the GFFZ has
a relatively high permeability, and the coal seam methane
within the GFFZ is fully relieved and desorbed. The GFFZ
has characteristics identical to those of a traditional water
ﬂowing fracture zone, and both the gas ﬂowing fracture zone
and the water ﬂowing fracture zone have vertical penetrative
fractures allowing ﬂuid to ﬂow upward and downward.
Therefore, identiﬁcation of the height of the GFFZ can be
obtained by identifying the height of the water ﬂowing
fracture zone.
The hard rock strata, which have controlling eﬀects on
the movement of overlying rock strata, are called key strata.
A hard rock stratum that has a controlling eﬀect on a group
of rock strata is called a subkey stratum, and a hard rock
stratum that has a controlling eﬀect on its upper layer
through surface strata is called a primary key stratum [8, 9].
Zhu et al. indicated that the position of a primary key
stratum has a signiﬁcant inﬂuence on the height of the water
ﬂowing fracture zone [10]; when the distance between the
primary key stratum and the coal seam is <(7–10)M (where
M is the mining height), the broken cracks in the primary
key stratum will run through to become water ﬂowing
fractures, and the water ﬂowing fracture zone would be
developed at the bedrock top. When the distance between
the subkey stratum and the coal seam is <(7–10)M, the
broken cracks in the subkey stratum will run through to
become water ﬂowing fractures, the broken cracks in the
overlying rock strata, which were broken synchronously
under the control of this subkey stratum, would also run
through to become water ﬂowing fractures, and the water
ﬂowing fractures would be developed to the nearest bottom
of the subkey stratum above the critical height of (7–10) M.
Figure 2 shows how the key stratum position can be used
to identify the height of the water ﬂowing fracture zone. The
steps are as follows:
Step 1. Collect borehole column data from the working face.
Step 2. Identify the position of the key stratum of overlying
rock under the speciﬁc borehole column conditions using
the key stratum identiﬁcation software KSPB.
Step 3. Calculate the height from the position of the key
stratum to the mined coal seam, and identify whether the
broken cracks in the key stratum are penetrative. If the
height from the position of the key stratum to the mined coal
seam is >(7–10)M, the broken cracks in this key stratum are
not penetrative; if it is <(7–10)M, the broken cracks in this
key stratum are penetrative, and the broken cracks in the
overlying rock stratum controlled by the key stratum are also
penetrative.
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Figure 2: Prediction method ﬂow chart for determining the height of the water ﬂowing fracture zone based on the position of the key
stratum.

Step 4. Determine the height of the water ﬂowing fracture
zone. When the overlying primary key stratum is located
within the critical height (7–10)M, water ﬂowing fractures
will be developed at the bedrock top, and the height of the
water ﬂowing fracture zone will be greater than or equal to
the bedrock height; when the overlying primary key stratum
is located beyond the critical height (7–10)M, water ﬂowing
fractures will be developed at the bottom of the nearest
subkey stratum above the critical height (7–10)M, and the
height of the water ﬂowing fracture zone will be equal to the
height from this key stratum to the mined coal seam.
In this paper, the height of the GFFZ above the gob is
identiﬁed using the above identiﬁcation method for the height
of the water ﬂowing fracture zone based on the key stratum
position.

fractures, and vertical broken fractures developed in this
subzone, and the coal rock masses have relatively high
permeability. Therefore, mastering the morphological development characteristics in this subzone has great signiﬁcance for gob methane extraction.

3. Horizontal Subzones of the GFFZ above
the Gob

3.2. Subzone Identiﬁcation Index

3.1. Horizontal Subzones. Based on the development laws
and morphological characteristics of gas ﬂowing fractures in
diﬀerent areas, the GFFZ above the gob was horizontally
divided into the following subzones: (I) lateral fracture
subzone, (II) O-ring fracture subzone, and (III) compacted
subzone (Figure 3). These subzones are described as follows.
3.1.1. Subzone I. Lateral fracture subzone: After the coal seam
is mined, the overlying coal rock stratum gets broken along the
breaking line; according to the theory of an elastic foundation
beam, the overlying rock stratum breaking line is located at
a certain distance from the mining boundary. In addition, the
coal rock masses beyond the breaking line are destroyed because of the decrease of horizontal stress, and large quantities of
secondary fractures are generated in the coal rock masses under
the eﬀect of concentrated stress, greatly increasing the permeability of the coal rock masses; therefore, there exists a lateral
fracture subzone with relatively developed fractures in a certain
range beyond the mining boundary.
3.1.2. Subzone II. O-ring fracture subzone: This subzone is
the O-ring range of mining-induced fractures, delamination

3.1.3. Subzone III. Compacted subzone: With the constant
advance of the mining working face, the overlying rock
above the middle of the gob subsides, the broken and caved
coal rock masses get compacted, and the mining-induced
fractures inside the compacted subzone reclose; thus, the
coal rock masses in this subzone have relatively low
permeability.

3.2.1. Inﬂuence of the Variation in Stress in the Coal Rock
Mass on Development of Mining-Induced Fractures.
During mining of a coal seam, the variation in stress in a coal
rock mass signiﬁcantly inﬂuences the deformation and
failure characteristics of the coal rock mass itself. Figure 4
shows how the variation of the stress ﬁeld inﬂuences the
distribution of mining-induced fractures after mining of
the coal seam. For the lateral fracture subzone, after the
overlying coal rock above the gob is broken, the horizontal
stress in the coal rock masses beyond the breaking line
decreases signiﬁcantly; meanwhile, under the eﬀect of lateral
abutment pressure, plastic failure occurs in the coal rock
masses, signiﬁcantly raising the permeability of the coal
masses. For the O-ring fracture subzone, the vertical stress in
the coal rock mass near the coal wall decreases under the
supporting eﬀect of the coal wall, delamination fractures can
still be maintained continuously, and the permeability is
relatively high. Owing to the subsidence of the overlying coal
rock, the vertical stress above the middle of the gob reverts to
its in situ stress state, the broken and caved coal rock is
compacted, mining-induced fractures are closed, and permeability decreases. It can be discerned from the above
analysis that the variation of the stress ﬁeld in the coal rock
mass was the intrinsic cause for the formation and development of fractures in the coal rock mass; therefore, the
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Figure 3: Horizontal subzones of a GFFZ above the gob: (a) vertical proﬁle; (b) horizontal proﬁle.
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Figure 4: Inﬂuence of the variation in stress in coal rock masses on the development of mining-induced fractures.

stress distribution characteristics in coal rock masses after
mining of a coal seam can be used as identiﬁcation criteria
for the horizontal subzones of the GFFZ used in this paper.
3.2.2. Identiﬁcation Index for the Horizontal Subzone.
Figure 5 shows the distribution of vertical stress and mininginduced fractures in the overlying rock strata of the mining
site after the mining of a coal seam [11]. As can be seen from
Figure 5, there are basically no mining-induced fractures
formed outside the peak of the lateral abutment pressure,
whereas there are large quantities of mining-induced fractures distributed inside the peak of the lateral abutment

pressure. This can be explained as follows: inside the peak of
the lateral abutment pressure, plastic failure occurs in the
coal rock masses, and the fractures in the coal rock masses
developed and ran through. Therefore, the position of the
peak of the lateral abutment pressure can be used as the
identiﬁcation criterion for the outer boundary of the lateral
fracture subzone.
Qu indicated that the degree of pressure relief r � 0.3 (the
ratio of the vertical stress in coal after pressure relief to the
original value) was used as the identiﬁcation criterion for
the boundary of the O-ring fracture subzone, based on the
constitutive model of rock with primary crack deformation
during triaxial pressure relief [12]. It can be seen from
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Figure 5: Distribution of vertical stress and mining-induced fractures after mining of a coal seam.

Figure 5 that, in the middle of the gob, when the vertical
stress rose to 30% of the in situ stress, the mining-induced
fractures basically disappeared.

4. Factors Influencing Morphological
Development of Horizontal Subzones
At present, scholars from China and other countries have
made great strides in quantitatively studying the height of
the GFFZ, but studies on the factors inﬂuencing the morphological development of the horizontal subzones of the
GFFZ are lacking. Consequently, in this paper, a numerical
calculation model for dip direction was established based on
the production geological conditions at the K8206 fully
mechanized working face (FMWF K8206) in Yangquan Coal
Mine no. 3 using the Universal Distinct Element Code
(UDEC) numerical simulation software, and a numerical
simulation study was conducted to determine the inﬂuences
of the mining height and mining depth of the working face
on the morphological development of the horizontal subzones of the GFFZ.
4.1. Brief Introduction to UDEC. UDEC is a twodimensional numerical software that simulates the quasistatic or dynamic response to loading of media containing
multiple, intersecting joint structures. The discontinuous
medium is represented as an assemblage of discrete blocks,
while the discontinuities are treated as boundary conditions
between blocks. Large displacements along discontinuities
and rotations of blocks can occur. UDEC utilizes an explicit
solution scheme that can model complex, nonlinear behaviours [13].
4.2. Production Geological Conditions at the Working Face.
FMWF K8206 is the working face for mining #15 coal seam
in Yangquan Coal Mine no. 3. Its elevation is 503.6–596.3 m;
the elevation of the ground surface is 1025–1168 m; and the
working face has a strike length of 1579 m, a dip length of
252.2 m, and an average advance speed of 3 m/d. For the
working face, the coal seam has a total thickness of 6.8 m and
a net coal thickness of 6.8 m, and it dips 1°–7°, averaging 5°.
In the coal seam, the original methane content is 7.13 m3/t,
and the original methane pressure is 0.20–0.30 MPa. The

strike longwall retreat mining method and fully mechanized
top-coal caving technology have been used for FMWF
K8206, and the roof is managed using the fully caving
method.
Based on the geological borehole column at FMWF
K8206, the positions of the key strata at the fully mechanized
working face were identiﬁed by using the key stratum
identiﬁcation software KSPB; the results are shown in
Figure 6. As can be discerned from the ﬁgure, there are ﬁve
subkey strata and one primary key stratum existing in the
overlying rock strata above FMWF K8206. The distance
from the primary key stratum to the mined coal seam is
172.6 m. According to the identiﬁcation method for the
height of the water ﬂowing fracture zone based on the
position of the key stratum, the height from the position of
the key stratum to the mined coal seam is >(7–10)M, so
water ﬂowing fractures in FMWF K8206 would be developed
to the nearest key stratum at heights >7–10 greater than the
mining height; that is, in subkey stratum 3, it is 125.21 m
from the mined coal seam.
Based on the production geological conditions at FMWF
K8206, a 2D numerical model for dip direction was
established. The model had a length of 500 m and a height of
186 m, the coal seam thickness was 7 m, and the working face
length was 250 m, with a 125 m coal pillar left on each side.
The upper rock layer with a thickness of 314 m in the model
was converted into a uniform load of 7.85 MPa applied to the
top interface of the model. The left and right boundaries of
the model were ﬁxed in the horizontal direction, and the
bottom boundary was ﬁxed in the vertical direction.
Coal is usually assumed to be an isotropic homogeneous
medium, and the commonly used yield criteria mainly include the Mohr–Coulomb yield criterion, the Drucker–
Prager yield criterion, the Griﬃth yield criterion, the
Hoek–Brown yield criterion, and twin shear strength criterion. Among them, the Mohr–Coulomb yield criterion can
well reﬂect the strength characteristics of geotechnical
materials, and its linear characteristics can make the procedures and equations of analytical calculation more concise. Therefore, the material constitutive model used was an
ideal elastoplastic constitutive model with a Mohr–Coulomb
yield criterion. This model can simulate the inﬂuence of
mining height and depth on the morphological development
of horizontal subzones by enabling the thickness of the coal
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Figure 6: Identiﬁcation results of overlying key strata at FMWF K8206.

seam and the top load to be changed. The structural schematic diagram of the model is shown in Figure 7.
Table 1 lists the mechanical parameters of the overlying
rock strata above the gob based on the lithologic measurement results of the roof at FMWF K8206.
4.3. Inﬂuence of Mining Height on Morphological Development of Horizontal Subzones of the GFFZ. To study the

inﬂuence of the mining height on the morphological development of horizontal subzones of the GFFZ, numerical
calculation models were established for simulation with
mining heights of 1, 2, 3, 4, 5, 6, and 7 m, respectively, based
on the production geological conditions at FMWF K8206.
Figure 8 shows the laws of variation of the morphological
development of the horizontal subzones of the GFFZ under
diﬀerent mining heights according to the simulation results.
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FIGURE 7: Structural schematic diagram of the model.

Table 1: Physical and mechanical properties of rock strata.
Lithology
Siltstone
Coarse
sandstone
Fine
sandstone
Medium
sandstone
Coal
Mudstone
Sandy
mudstone

Elastic modulus
E (GPa)
20.2

Poisson’s
ratio μ
0.19

Tensile strength
(MPa)
1.3

Normal stiﬀness
(GPa·m−1)
16.0

Shear stiﬀness
(GPa·m−1)
12.0

Internal friction
angle φ (°)
33.5

Cohesion C
(MPa)
9.19

25.0

0.19

1.4

18.0

14.0

38.6

9.5

15.0

0.20

1.5

21.0

16.0

32.5

5.5

35.0

0.15

1.5

20.0

16.0

38.9

10.7

2.2
2.0

0.28
0.24

1.0
1.2

5.0
9.6

3.5
6.2

36.5
27

2.62
2.32

1.5

0.26

1.3

7.5

4.5

30

3.43

As can be discerned from Figure 8, variations in the
morphology of the lateral fracture subzone were mainly
reﬂected by the variation of the outer boundary of the lateral
fracture subzone, and the maximum distance of the lateral
fracture subzone beyond the mining boundary increased
with the increase of mining height. As a whole, with the
increase of mining height, the average width of the O-ring
fracture subzone increased gradually; when the mining
height increased from 1 to 7 m, the average width of the
O-ring fracture subzone increased gradually from a minimum of 22.8 m to a maximum 57.2 m; the increase gradient
in the average width of the O-ring fracture subzone decreased gradually with the increase of mining height. With
the increase of mining height, the average width of the
compacted subzone decreased gradually; when the mining
height increased from 1 to 7 m, the average width of the
compacted subzone decreased gradually from a maximum of
184.6 m to a minimum of 100.1 m.
4.4. Inﬂuence of Mining Depth on Morphological Development
of Horizontal Subzones of the GFFZ. To study the inﬂuence of
mining depth on the morphological development of the
horizontal subzones of the GFFZ, the morphological development characteristics of the horizontal subzones of the
GFFZ were simulated at mining depths of 300, 500, and
700 m by changing the boundary load based on the production geological conditions at FMWF K8206. The vertical

stress on the horizontal measuring line was extracted under
the conditions in various schemes, and the laws of variation
of the morphological development of the horizontal subzones of the GFFZ were obtained using the boundary
identiﬁcation criteria for the horizontal subzones of the
GFFZ, as shown in Figure 9.
As can be discerned from Figure 9, with the increase of
mining depth, the outer boundary line of the lateral fracture
subzone tended to move away from the mining boundary,
which, however, was not very conspicuous. When the
mining depth increased from 300 to 700 m, the minimum
and maximum distances of the lateral fracture subzone from
the mining boundary increased by 1.2 and 2 m, respectively.
With the increase of mining depth, the average width of the
O-ring fracture subzone decreased gradually. In the process
during which the mining depth increased from 300 to 700 m,
the average width of the O-ring fracture subzone decreased
by 10.6 m. With the increase of mining depth, the average
width of the compacted subzone increased gradually. In the
process during which the mining depth increased from 300
to 700 m, the average width of the compacted subzone increased gradually by 22.8 m.

5. Physical Simulation Experiment of Gob
Methane Extraction
5.1. Experimental Apparatus. A self-developed “simulation
experimental system for gob methane extraction” (Figure 10)
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Figure 8: Laws of variation of the horizontal subzones of the GFFZ under diﬀerent mining heights: (a) lateral fracture subzone; (b) O-ring
fracture subzone; (c) compacted subzone.

was used in this experiment, and the main components of this
system included ﬁve parts: the main frame and support base,
the fan power system, the methane injection system, the
mining simulation system, and the monitoring and control
system.
The function of all parts in this system is as follows:

(v) The monitoring and control system: Data from
sensors in the monitoring system are converted into
electrical signals by the data acquisition module and
then sent to the engine control console of the
control system, in which software processes and
stores the experimental data.

(i) The main frame and support base: The size of the
main frame is 3.2 m × 1.8 m × 1.8 m, enclosed within
acrylic glass and using a sealing washer to ensure
that the experimental subject is isolated from the
outside air. The size of the support base is
3.3 m × 1.9 m × 1.9 m.
(ii) The fan power system: This provides diﬀerent
suction pressures for the vertical well through the
use of small vacuum pumps.
(iii) The methane injection system: This supplies methane
at diﬀerent ﬂow rates, from various sources such as
residual coal and adjacent coal seams.
(iv) The mining simulation system: A lifting screw is
used to simulate coal seam mining. The caving zone
at the bottom of the main frame descends by
downward motion of the screw. The mining simulation system can simulate a mining height of
2–10 m.

5.2. Experimental Schemes. In this simulation experiment,
FMWF K8206 in Yangquan Coal Mine no. 3 was taken as
a prototype. Loose masses and prefabricated blocks were
used to simulate the overlying rocks of the caving and
fracture zones, respectively; the loose masses simulating the
caving zone were formed by mixing pebbles with diﬀerent
grain sizes and yellow sand, and the dimensions and laying
sequence of the prefabricated blocks simulating the fracture
zone depended on the breaking dimensions of the overlying
hard rock strata (Figure 11).
The surface borehole was simulated by a metal tube
3 mm in diameter. In this experiment, the surface borehole
was placed 65 m from the open-oﬀ cut. In scheme 1, the
surface borehole was located 10 m beyond the boundary of
the gob; based on scheme 1, the borehole locations in the
other schemes were moved 30 m inwards towards the gob in
turn (Figure 12). Under the conditions of scheme 1, the
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fracture subzone; (c) compacted subzone.
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Figure 10: Simulation experimental system for gob methane extraction [14, 15].

surface borehole was located within the lateral fracture
subzone. Under the conditions of schemes 2 and 3, both
surface boreholes were located within the O-ring fracture

subzone, where bed-separated ﬁssures developed with high
permeability. Under the conditions of cases 4 and 5, both
vertical wells were located within the compacted subzone.
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Figure 11: Schematic diagram of the trapping foam board and yellow sand.

5.3. Analysis of Experimental Results. Figure 13 shows the
curves of the mixture ﬂow rate at initial extraction versus
suction pressure for diﬀerent surface borehole locations. As
can be seen from Figure 13, the initial methane ﬂow rate
from the borehole increased linearly with suction pressure
under the conditions in schemes 1, 4, and 5, indicating that
the lateral fracture subzone and compacted subzone had
relatively low permeability and that the methane-air mixture
gas had a relatively slow ﬂow speed; the gas ﬂow speed and
the gas pressure diﬀerence had a directly proportional relationship, basically following Darcy’s law; and the methane
ﬂow state in this zone was laminar. Under the conditions in
schemes 2 and 3, with the increase of suction pressure, the
initial methane ﬂow rate no longer increased linearly; because the delamination fractures in the O-ring fracture
subzone were developed and the gas ﬂow speed was

relatively fast, the methane ﬂow state in the O-ring fracture
subzone was turbulent under the surface borehole extraction
conditions and Darcy’s law was no longer applicable.

6. Conclusions
Based on the height of a GFFZ above the gob, the GFFZ was
divided into the following: a lateral fracture subzone, an
O-ring fracture subzone, and a compacted subzone. Identiﬁcation criteria for the horizontal subzones were given by
analyzing the inﬂuence of the variation in stress in the coal
rock mass on the development of mining-induced fractures:
the position of the peak of the lateral abutment pressure was
used as the identiﬁcation criterion for the outer boundary of
the lateral fracture subzone, and the degree of stress pressure

Advances in Civil Engineering

11

Lateral fracture subzone
Mining boundary
O-ring fracture subzone

Scheme 5 Scheme 4 Scheme 3 Scheme 2 Scheme 1
30 m
30 m
30 m
30 m
Compacted
subzone
10 m

O-ring fracture subzone
Mining boundary
Lateral fracture subzone

1

Subzone I: Darcy seepage
Mining boundary

0.8

Dip direction of the gob

Mixture flow rate at initial extraction
(m3·min–1)

Figure 12: Layout schemes for the surface boreholes [15].
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Figure 13: Distribution characteristics of the gas ﬂow state in the gob under surface borehole extraction conditions: (a) mixture ﬂow rate at
initial extraction; (b) methane ﬂow state.

relief r � 0.3 was used as the identiﬁcation criterion for the
boundary of the O-ring fracture subzone.
A numerical simulation study was conducted to ascertain how the mining height and mining depth inﬂuenced the
development characteristics of the horizontal subzones of
the GFFZ. The results showed that the mining height was the
main factor inﬂuencing the morphological development of
horizontal subzones of the GFFZ and that the maximum
distance of the lateral fracture subzone from the mining
boundary increased stepwise with the increase of mining
height. The average width of the O-ring fracture subzone
increased gradually with the increase of mining height. In
the case of the ﬁxed working face length, the width of the
compacted subzone decreased constantly with the increase
of mining height.

A physical simulation experiment study on gob methane
extraction from surface boreholes was performed with a selfdeveloped simulation experimental system for gob methane
extraction, and the simulation results showed that the extraction mixture ﬂow rate from all surface boreholes
exhibited a constantly attenuating trend; under the same
suction pressure, the methane extraction mixture ﬂow rate
from a surface borehole in the O-ring fracture subzone was
relatively high, whereas that from a surface borehole in the
compacted subzone was relatively low. The methane ﬂow
states in diﬀerent horizontal subzones were analyzed, and
the results showed that the methane ﬂow states in the lateral
fracture subzone and compacted subzone were laminar but
that in the O-ring fracture subzone did not follow Darcy’s
law and was turbulent.
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The hard and stiﬀ strata (key strata) bear the overburden load in the form of a voussoir beam structure (VBS) after break. The VBS
aﬀects both the surface subsidence and the stope underground pressure. Therefore, the reasonable method to predict the surface
subsidence is based on the whole subsidence formulae of the VBS. This study ﬁrst establishes the subsidence formulae of the VBS
analytically. The inﬂuence of the block length on the subsidence curve and the VBS level on the zero-subsidence range are then
analyzed based on the subsidence formulae of the VBS. The results show the half-subsidence curve of the VBS is an S-shaped curve.
The block length hardly aﬀects the S-shaped subsidence curve determined by the width of the undercompacted zone. Furthermore, a greater undercompacted zone width corresponds to a greater oﬀset distance of the inﬂection point. The higher the
VBS level, the farther the zero-subsidence range, and the ﬂatter the subsidence curve. The subsidence of the highest VBS can
approximately represent the surface subsidence when the topsoil is thin enough.

1. Introduction
Coal mining will lead to overburden fracturing [1, 2],
groundwater pollution [3–6], and landslides [7]. Moreover,
all of the environmental damage relates to the surface
subsidence. Therefore, it is especially important to study the
surface subsidence caused by coal mining. To date, several
methods can be used to predict the surface subsidence,
including proﬁle function [8], modelling [9], and inﬂuence
function [10–12] methods. Most of these approaches are in
light of ground station-based statistics predicting the surface
subsidence without considering the control action of the key
strata (KS) on the surface subsidence. However, ﬁeld observations and physical model simulations have shown that
the KS dynamically controls the surface subsidence [13–15],
which means that the KS and the controlled soft rocks obtain
synchronous subsidence and subsidence speed. This suggests
that in order to accurately predict the surface subsidence, it
is necessary to ﬁrst calculate the KS subsidence within the
overburden.

The overlying strata are usually divided into a caved
zone, a fractured zone, and a continuous deformation zone
[16]. The KS in diﬀerent zones will present diﬀerent characteristics. The KS in a caved zone will collapse after mining
while that in a fractured zone will bear the overlying load
with the voussoir beam structure (VBS). Meanwhile, the KS
in a continuous deformation zone deform like a complete
rock beam. The KS controls the surface subsidence in the
form of a VBS when the coal seam is not deeply buried.
Therefore, the subsidence formulae of the VBS should be
determined before predicting the surface subsidence. The
deformation mechanisms and the stability of undermined
sedimentary rock layers have been studied [17, 18], but the
inﬂuence of the VBS on the overlying strata subsidence was
not considered. An enhanced subsurface subsidence prediction model considering overburden stratiﬁcations had
been derived in the literature [19]. This model equally divides the overburden strata into a ﬁnite number of layers
and considers the percent of hard rocks in each layer. The
subsidence of each layer is then predicted progressively
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Figure 1: The mechanical model of the longwall overburden voussoir beam structure.

upward based on the inﬂuence function method. The model
provides a new method for the subsurface subsidence
prediction, but it does not consider the control action of the
KS and only divides the overburden strata into several equal
parts. The proposal of the “voussoir beam theory” [20] based
on ﬁeld measurements brought a qualitative leap to the
understanding of the stope underground pressure. The
mechanical model of the VBS proved that the KS after break
was essentially a semiarch structure, despite it looking like
a rock beam. The condition was that the key block in the VBS
must meet the condition of “S-R” (sliding-rotation) stability.
The voussoir beam theory explained the structure form of the
overburden strata after coal seam mining, the reason for the
front abutment pressure greater than the rear abutment
pressure, and the displacement constraints above “immediate roof supports” [21]. The voussoir beam theory could
explain most of the stope underground pressure phenomena
and guides the control of the stope underground pressure
and the prevention of roof accidents. Hence, the Mining and
Metallurgy roll of the encyclopedia of China has accepted the
“voussoir beam” concept. However, the mechanical model of
the VBS only analyzes the force balance and displacement of
the breaking blocks and does not provide the whole subsidence formulae, which are the basis for the calculation of
overburden strata subsidence and the surface subsidence.
The analytical formulae of the whole VBS subsidence
are initially derived and used to analyze the inﬂuence of the
VBS level on the zero-subsidence range and the block
length on the subsidence curve. Field tests are then utilized
to validate the analytical subsidence formulae. The VBS
subsidence can approximately represent the surface subsidence when the topsoil is extremely thin, but it cannot
represent the surface subsidence when the topsoil is thick
because the topsoil has its own complex movement law. The
eﬀect of the topsoil, if it is thick enough, should not be
ignored in predicting the surface subsidence based on the
overburden strata subsidence. Moreover, the surface subsidence can be theoretically calculated according to the

deformation characteristics of the topsoil and the relationship between the surface and the VBS. Herein, only
the VBS subsidence is studied, which will be the basis
for the overburden subsidence-based surface subsidence
prediction.

2. Subsidence Formula of the VBS above the
Mined-Out Area
The overlying voussoir beam is divided into two parts (i.e.,
one above the mined-out area and another above the rib
side separated by the blue line and represented with capital
A and B, respectively, in Figure 1(a)). This is because the
breaking blocks above the mined-out area interlock with
each other, forming a stable mechanical structure and
bearing the overburden load, while the voussoir beam above
the rib side deforms in the form of an unbroken beam.
Furthermore, diﬀerent external forms of the voussoir beam
have diﬀerent mechanical models. One is the continuous
mechanical model, and another is the discontinuous mechanical model.
Figure 1(c) presents the simpliﬁed force diagram involving seven blocks based on Figure 1(a). The stress on the
VBS is assumed to be linear from the ﬁrst block near the rib
to the horizontal block because the ﬁrst block and the
horizontal block are on the separation zone and the compacted zone, respectively. Structural mechanics deﬁnes the
degree of freedom of this VBS to be zero. Hence, this model
is a statically determinate problem, and the subsidence of
each block can be derived based on the structural relationship of static equilibrium.
Each block has the same length L. Ri represents the
support forces of each block. Qi denotes the resultant loads
calculated with the block central stress multiplying the block
length and acting on the block center because stress slightly
changes on one block. Δi is the rock compression at
the point of support forces. di is the relative subsidence of
two endpoints of one block, and h is the block thickness.
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The measured width of the undercompacted zone in the Datun
Kongzhuang colliery is approximately 60–80 m, and the block
length is 7–16 m. Therefore, seven blocks are desirable in the
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The rock mass under the voussoir beam comprises the
whole caved zone rocks and the partial fractured zone rocks.
Figure 2 shows the stress-strain curve of the caved zone
rocks in the mined-out area based on Su et al. [22], and this
stress-strain curve is similar to that listed in the literature
[22]. Figure 3 presents the load-displacement curve based on
the authors’ measured rock core experiments. Figure 2
depicts that the three polynomial ﬁtting degree of the
stress-strain curve is very high. The load-displacement relationship of the caved zone rocks can satisfy (2) because the
stress-strain relationship can be converted to a loaddisplacement relationship and the overall curve trend is
kept unchanged. Figure 3 shows that the load-displacement
relationship of the rock cores does not completely satisfy (2),
and the correlation coeﬃcient is only 0.73. However, the
compression mainly concentrates on the caved zone rocks.
Furthermore, the load-displacement relationship of the
fractured zone rocks can approximately satisfy (2). Therefore, the support forces can be assumed to be proportional to
the cube of rock compressions:

VBS. The Cartesian coordinate system is located at the coal rib.
The block mechanical relationship can be expressed as follows
according to the static equilibrium of the VBS:
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(1)

the voussoir beam equals the compression of the rock mass
under the voussoir beam:
Δ � M −  h(b − 1),

(3)

(2)

where M is the mining height,  h is the thickness from the
coal seam to the voussoir beam, and b is the bulking
coeﬃcient.
The ﬁrst block of the VBS is located in the bed separation
zone. Hence, no interaction exists between the ﬁrst block
and the underlain soft rocks. Compression starts from the
second block of the VBS. The compressions at the position of
the support forces are presented as follows according to the
geometric relationship of the interlocked blocks:
d1
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where k is the proportional coeﬃcient, which can be back
calculated with the maximum load and the maximum
subsidence of the voussoir beam. The maximum load is the
weight of the overlying rock strata [23], including the weight
of the voussoir beam itself. The compression can be derived
through the following equation because the subsidence of

The compressions at the position of the support forces
of each block can be calculated by combining (1–4). The
subsidence of each block can then be obtained because
the subsidence of each block is equal to the rock compression. Note that the subsidence of each block here is
relative. Assignments are made to variables for an intuitive

Ri � kΔ3i ,
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understanding of the VBS subsidence above the mined-out
area. The overburden weight is 3 MPa, the block length is
L � 15 m, the block thickness is h � 5 m, the mining height is
M � 3 m, and the thickness from the coal seam to the
voussoir beam is  h � 30 m. The bulking coeﬃcient is
b � 1.05, and the maximum compression is 1.5, which is
calculated using (3). Therefore, the proportional coeﬃcient is k � 13.33 MN · m−3 . The subsidence at each block
center is obtained (Figure 4) by combining (1–4) with the
assignments.
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3. Subsidence Formula of the VBS above the
Rib Side
The voussoir beam above the rib side also subsides, except
for the subsidence above the mined-out area. Zone A in
Figure 1 is enlarged and shown in Figure 5. According to the
limit angle in mining subsidence engineering, the higher the
level, the farther the subsidence. In other words, the zerosubsidence point extends further as the VBS level becomes
far away from the coal seam. The subsidence of the voussoir
beam above the rib side is determined by lithology and stress
magnitude. The soft rock mass leads in more compression
and more VBS subsidence. The VBS subsidence above the rib
side is nonnegligible unless the stress is small and the rock
mass is hard. The deformation law of the voussoir beam
above the rib side is similar to the elastic beam caused by the
absence of failure. Therefore, the subsidence can be solved
with material mechanics. The friction at the top and bottom
surfaces of the voussoir beam is in the opposite direction.
The friction coeﬃcients and the stress on both surfaces are
almost the same. Consequently, friction can be ignored.
Moreover, ignoring the axial force, the diﬀerential equation
of the voussoir beam becomes
EI

d4 y
� q(x) − p(x),
dx4

The abovementioned VBS only involves seven blocks,
but the number of blocks is variant in diﬀerent geological
conditions because the number of blocks is determined by
the width of the undercompacted zone and the block length.
Equation (5) is provided herein to compute the subsidence
of any number of interlocked blocks and facilitate the applications in diﬀerent geological conditions. The geometrical
relationships can also be derived in the same manner as in
(4). The subsidence of each block is then calculated in line
with the load-displacement relationship.

(6)

where E is the elastic modulus, I is the cross section moment
of inertia, p is the stress on the bottom surface of the
voussoir beam, and q is the stress on the top surface of the
voussoir beam.
Figure 5(a) shows the real stress on the top surface of
the voussoir beam and the state of the rock mass under the
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voussoir beam after the coal seam excavation. The partial
rock mass under the voussoir beam is in a plastic state.
Hence, there is no analytically eﬀective method of
obtaining the voussoir beam subsidence. Assuming the
rock mass under the voussoir beam to be in an elastic state
is the general approach to acquire the voussoir beam
subsidence. That is, the voussoir beam deforms on an
elastic foundation. As for the stress on the top surface of the
voussoir beam, basically, all methods suppose that the
stress distribution is Weibull or uniformly distributed.
A uniformly distributed stress is unreasonable because
a uniformly distributed stress simultaneously exists with
strata sedimentation and does not cause any subsidence,
which is caused by the additional stress transferred from
the weight of the overlying strata above the mined-out area.
The Weibull distributed stress results from the fact that the
rock mass is overstressed and becomes plastic, and then,
stress gradually transfers to a distant rock mass until a new
equilibrium is obtained. The Weibull distributed stress is
not reasonable because the foundation under the voussoir
beam is assumed to be elastic, and Weibull distributed
stress is the result of a plastic rock mass. Moreover, the
Weibull distributed stress theoretically leads to a signiﬁcantly small subsidence of the voussoir beam. In fact, if the
rock mass of the rib side is forever elastic, the nearest point
to the rib can bear all the weight of the rock strata above the
mined-out area, and the additional weight will not transfer to
a distant rock mass. Thus, the point load shown in Figure 5(b)
should be the actual stress state for the elastic rock mass.
Meanwhile, the stress on the bottom surface of the voussoir
beam is proportional to the subsidence. Equation (6) then
becomes
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Figure 2: Stress-strain curve of the caved zone rock mass.

y � eβx (A cos βx + B sin βx)
+ e−βx (C cos βx + D sin βx) + q/k1 .

(7)

(9)

Four boundary conditions must be considered to determine the four coeﬃcients (i.e., A, B, C, and D) of (9).
The inﬁnite point of the voussoir beam is a ﬁxed boundary,
indicating that the subsidence and the rotational angle
here are zero. Only the shear force exists in the right
boundary of the voussoir beam, and the shear force is equal
to the weight of the rock mass above the ﬁrst layer of the
voussoir beam, including the weight of the voussoir beam
itself. Consequently, the boundary conditions are summarized as follows:
Right boundary

y(−∞) � 0, y′ (−∞) � 0,
y′ (l) � 0,

y‴ (l) � Q/EI,

Figure 3: Load-displacement curve of rock cores.

(10)

where l is the horizontal distance from the origin to the right
boundary, which can be calculated by the broken angle φ and
the distance from the coal seam to the voussoir beam  h. Q
is the shear force on the right boundary equal to the weight
of the rock mass above the ﬁrst layer of the voussoir beam,
including the weight of the voussoir beam itself. q is zero
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d4 y
+ k1 y � q,
dx4

where k1 is the coeﬃcient of elastic foundation, namely, the
stress to displacement ratio. Many rock strata usually exist
under the voussoir beam, including the coal seam. Suppose
that there are n layers of the rock beam, numbered 1, . . . , n
starting from the coal seam. The elastic modulus of each
stratum is Ei , while the thickness is hi . The coeﬃcient of
elastic foundation can then be presented as
1 h1 h2
h
� + + · · · + n.
(8)
En
k 1 E1 E2
�����
Setting β � 4 k1 /EI, the general solution of the fourthorder ordinary diﬀerential in (7) is obtained as
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Figure 4: Relative subsidence of the voussoir beam structure above
the mined-out area.

because the voussoir beam subsidence results from the additional load and not from the stress existing before the coal
excavation, which would not cause any subsidence. The
magnitude of the additional load is related to the breakage of
the voussoir beam and the mining conditions. The weight
of the rock mass above the mined-out area will all be borne
by the rib side if the voussoir beam above the mined-out area
does not break. In supercritical mining, the weight of the
rock mass over the undercompacted zone half-transfers to
the rib side, but no weight of the rock mass over the
compacted zone shifts to the rib side. Let S represent the
width of the undercompacted zone and c be the average unit
weight of the overburden rock mass. Q is then equal to
ScH/2. H is the buried depth of the voussoir beam.
Taking the boundary conditions into the ﬁrst, second,
and third derivatives of (9), the subsidence of the voussoir
beam above the rib side becomes
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Figure 5: Mechanical state of the voussoir beam above the rib side. (a) Plastic foundation; (b) elastic foundation.

y�−

Q

e
2β3 eβl EI

βx

cos β(l − x).

(11)

The mining height is M � 3 m. The thickness from the
coal seam to the voussoir beam is  h � 30 m. The weight of
the rock mass on the voussoir beam is 3 MPa, while the
width of the undercompacted zone is S � 80 m. The shear
force is Q � 120 MN/m. The elastic modulus of the rock
mass from the coal seam to the voussoir beam is 7 GPa,
while that of the coal seam is 5 GPa and that of the voussoir
beam is E � 30 GPa. The voussoir beam thickness is h � 5 m.
The breaking angle is φ � 70° and l � 10.92 m. Figure 6
shows the subsidence of the voussoir beam above the rib
side after calculating (11) with assignments. Figure 6 depicts that the subsidence at the right boundary is the
maximum. Furthermore, the voussoir beam uplifts in
a distance from the right boundary. However, this phenomenon is not obvious.
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4. Half-Subsidence Curve of the VBS and
Influence Factors
4.1. Half-Subsidence Curve of the VBS. Combining the VBS
subsidence above the mined-out area with that above the rib
side results in the half-subsidence curve of the VBS. Its formulae are shown in (12). Taking the previous assignments as an
example, Figure 7 shows the half-subsidence curve of the VBS.
Figure 7 also illustrates that the half-subsidence curve is an
S-shaped curve. Its shape is determined by the block length,
block thickness, load, VBS level, and mining height. Note that
the VBS subsidence above the mined-out area should add the
maximum subsidence of the VBS above the rib side because the
VBS subsidence above the mined-out area is relative to a ﬁxed
point. The VBS subsidence above the mined-out area obtains
a corresponding subsidence when the ﬁxed point subsides. In
other words, the subsidence above the mined-out area is
relative, whereas that above the rib side is absolute.
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4.2. Inﬂuence Factors on the VBS Subsidence
4.2.1. Inﬂuence of the Block Length and the Width of the
Undercompacted Zone on the VBS Subsidence. The block
length is decided by stress on the VBS and its hardness. Small
stress has a longer block length, while great hardness provides a short block length. Figure 8 illustrates the inﬂuence of
the block length on the VBS subsidence. The assignments are
the same with those used in Figures 4 and 6, except for the
block length. Figure 9 shows that the S-shaped subsidence

(12)
x ≥ l.

curve of diﬀerent block lengths is almost the same. It can
then be concluded that the block length hardly aﬀects the
subsidence curve shape. Therefore, a roughly reasonable
block length is suitable for the subsidence calculation. Each
block length of the overburden VBS is diﬃcult to determine.
Hence, the above conclusion makes the prediction of the
overburden subsidence simple and feasible. Figure 9 presents the inﬂuence of the width of the undercompacted zone
on the VBS subsidence, where the width is shown to aﬀect
the subsidence curve shape. The elliptical zone represents the
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Figure 6: Subsidence of the voussoir beam structure above the rib
side.
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Figure 7: Half-subsidence curve of the voussoir beam structure.

oﬀset distance of the inﬂection point. Therefore, the higher
undercompacted zone width corresponds a higher oﬀset
distance of the inﬂection point.
4.2.2. Inﬂuence of the Level on the VBS Subsidence. Diﬀerent
levels normally involve a variation of other factors, such as
load, elastic modulus, and bulking coeﬃcient. The elastic
modulus of the rock mass is assumed herein to be unchanged. However, the load changes considering a stress
gradient of 2.5 MPa/100 m. The bulking coeﬃcient varies at
diﬀerent levels. Hence, only the zero-subsidence range above
the rib side is studied. The assignments are the same with
those used in Figures 4 and 6, except for the VBS level and
load. Figure 10 shows the inﬂuence of the level on the zerosubsidence range of the VBS. The zero-subsidence range
increases as the VBS level becomes higher, thereby indicating that the sphere of inﬂuence grows in a high level.
Moreover, the subsidence volume is almost ascertained.

–1600

90 m
105 m
120 m

Figure 9: Inﬂuence of the width of the undercompacted zone on
the subsidence of the voussoir beam structure.

Therefore, the subsidence curve becomes smoother in
a higher level.
4.2.3. Inﬂuence of the Mining Height on the VBS
Subsidence. The mining height is the main factor inﬂuencing the VBS subsidence. Figure 11 presents the inﬂuence
of the mining height on the VBS subsidence in supercritical
mining. The assignments are the same with those used in
Figures 4 and 6, except for the mining height. Figure 11
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and bulking coeﬃcient, are needed to calculate the VBS
subsidence. The subsidence over the mined-out area and the
rib side is then calculated accordingly. Finally, the maximum subsidence above the rib side should be added to each
block subsidence above the mined-out area. Thus, the halfsubsidence curve of the VBS can be obtained. Figure 12 shows
the detailed calculation steps. The subsidence parameters can
be determined according to either the following methods or
ﬁeld measurements:
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Figure 10: Inﬂuence of the level on the subsidence of the voussoir
beam structure.
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Figure 11: Inﬂuence of the mining height on the subsidence of the
voussoir beam structure.

shows that the inﬂuence of the mining height on the subsidence above the rib side is negligible but signiﬁcantly
aﬀects the VBS subsidence above the mined-out area. The
subsidence increases, and the subsidence curve slope becomes steeper with the higher mining height.

4.3. Calculation Steps of the VBS Subsidence. The physical
and mechanical parameters of the rock strata, including
the elastic modulus, strata thickness, mining height, density,
and tensile strength, and the mining subsidence parameters, including the angle of full subsidence, breaking angle,

(1) The thickness of the overburden strata can be obtained through a geological histogram. The physical
and mechanical parameters can be tested with in situ
drilling cores in a laboratory. The values from the
laboratory tests should be reduced because of the
numerous geological structures in the ﬁeld rock
mass. The elastic modulus of the rock mass is approximately half that tested in the laboratory samples
[24]. The block length can be calculated by theory of
beams ﬁxed at two sides.
(2) The angle of full subsidence determines the width of
the undercompacted zone and the shear force
magnitude. Moreover, it decides the number of
blocks in the VBS. Whether the caved zone is
compacted or not is related to the stress magnitude
because stress determines the compaction degree.
Only diﬀerent levels of strata have the same width of
compacted zone, and stress in the compacted zone
of a level can be kept constant. Therefore, the width
of the compacted zone in every level is ﬁxed for one
mining condition. Figure 13 shows the numerical
width of the compacted zone in diﬀerent levels (the
subsidence magnitude is zoomed), where the width
of the compacted zone in six diﬀerent levels is almost
the same. Hence, the angle of full subsidence can be
obtained through ﬁeld measurements.
(3) The angle between the horizontal line and the line
connecting the coal rib to the rib near the fracture of
each stratum is called the breaking angle. The relationship between the breaking angle and the ratio
of compressive strength σ s to tensile strength σ t is
expressed as follows [25]:
��
σs
tan φ �
.
σt

(13)

(4) The maximum subsidence of the VBS is closely related to the KS breakage. The stress on the caved and
fractured zones increases if the KS breaks. The rock
mass compression then extends, and the bulking
coeﬃcient decreases. The bulking coeﬃcient barely
changes after a critical subsidence. The ﬁeld measurements show that the bulking coeﬃcient exponentially decreases upward from the coal seam
[26, 27] and satisﬁes the following equation:
k � a − b ln  h,

(14)
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where a and b are the parameters related to geological
conditions. The Yangquan Yi coal mine has a and b of 0.017
and 1.083, respectively, whereas the Kongzhuang coal mine
has 0.037 and 1.151, respectively. k is the bulking coeﬃcient,
and  h is the height from the coal seam to the VBS.

5. Case Study
5.1. Case Study One. In the 1980s, overburden strata
movement observations were conducted in some of the coal
mines in China. One of these observations is referenced here
to validate the subsidence model proposed in the present
study [26]. The mining coal seam is Panel 8111 with a mining
height of 1.8 m and a dip angle of 25°-26°. The width and
length of Panel 8111 are 112 m and 452 m, respectively. The
mining depth is 221 m with 153 m topsoil. The spacing of
coal seams #7 and #8 is 24 m. Figure 14 illustrates the observation boreholes drilled in the roadway of coal seam #7.
The ﬁrst VBS is a layer of sandstone with 4.6 m thickness
and located 16.8 m away from the mining coal seam, which is
the ﬁrst layer of sandstone under coal seam #7 presented in
the dip cross section in Figure 14. The measured subsidence
is represented with a dashed red line in Figure 15. The block
length and the width of the undercompacted zone are 15 m
and 90 m, respectively. Therefore, seven blocks act in the
VBS. The topsoil and bedrock densities are 1900 kg/m3 and
2450 kg/m3, respectively. Hence, the uniformly distributed
stress on the compacted zone is 4.17 MPa vertical to the coal
seam. The shear force at the boundary of the ﬁrst VBS above
the rib side then becomes 187.7 MN/m. They are assigned
based on the literature as a result of the absence of a real
elastic modulus [24]. The elastic moduli of the coal seam,
voussoir beam, and rock mass between the coal seam and the
voussoir beam are 3 GPa, 8 GPa, and 5 GPa, respectively. The
bulking coeﬃcient is 1.051 according to (14). Consequently,

Subsidence of diﬀerent layers (m)

Figure 12: Subsidence calculation steps of the voussoir beam structure.
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Figure 13: Width of the compacted zone of diﬀerent levels in the
numerical simulation.

the load to compression ratio is 79.5 MN/m3. The breaking
angle is 59.2° based on the measurements. The solid black
line in Figure 15 depicts the theoretical subsidence of the
VBS. The subsidence of the measurements and the theoretical calculations agrees well with each other.
5.2. Case Study Two. The subsidence of the upmost VBS
can approximately represent the surface subsidence if the
topsoil is extremely thin. The surface subsidence observed on
Panel 31305 of the Wanli Yi coal mine of the Dongsheng
colliery is borrowed here as the second example to verify the

10

Advances in Civil Engineering

H
1.1

al s

=

J6 J5

G10

l se
eam

6°

J7

a
8 co

–155.95

13

81-1-1

81-1-1

S1 S2
J15 J14 J13J12 S3 S4S S
J11 J 5 6
J8-1
10 J
J8
9
G2 G3 G4 G5
G6 G
7G
8 G
9

#

ay
81-1-1

G1

81-1-1

J16

81-1-1

81-1-1
81-1-1

J17

on road
w

J4 J3

o
#7 c

Ventila
ti

–155.36

Crossdrift

Main return way

am

A

J0

J2 J1

Monitoring roadway

A

Haulage roadway

J—base point of level theodolite cross section
G—base point of survey
S—deep base point

A-A dip cross section

Figure 14: Arrangement of the rock movement observation boreholes (adaptation).

6. Application Analysis of the VBS Formulae
(1) The subsurface subsidence could have a significant
inﬂuence on the performance of the gob well degasiﬁcation system [29, 30], migration of groundwater [31, 32], and subsurface mine structures [33].
The KS theory shows that the subsidence of a KS can
represent a set of strata displacements and the
subsurface subsidence can be predicted by KS
subsidence. Moreover, the VBS method is suitable
for any VBS in the overburden. (This method is also
applicable to dip coal seam by decomposing the
gravity into the parallel and vertical directions to
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subsidence model [28]. The mining height is 4.9 m, and the
dip angle is 1.5°–5°. The width and the length of Panel 31305
are 300 m and 2706 m, respectively. The average mining
depth is 145 m with 10 m topsoil (Table 1).
The block length and the undercompacted zone width
are 50 m and 100 m, respectively. Therefore, three blocks act
in the VBS. The elastic modulus of the VBS and the rock
mass under the VBS are 0.3 GPa and 1 GPa, respectively. The
overburden density is 2600 kg/m3. Hence, the uniformly
distributed stress is 2.34 MPa on the PKS and is 4.42 MPa on
the lowest VBS. The shear force at the boundary of the ﬁrst
VBS above the rib side then becomes 221 MN/m, while the
bulking coeﬃcient is 1.023. Consequently, the load to
compression ratio is 3.97 MN/m3, and the breaking angle is
90° based on the measurements. The black line in Figure 16
denotes the theoretical subsidence of the VBS, while the red
line is the measured surface subsidence. The subsidence of
the measurements and the theoretical calculations agrees
well with each other.
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Figure 15: Subsidence of the ﬁeld measurements and the theoretical calculations of the voussoir beam structure.

the coal seam. The subsidence of VBS is yet perpendicular to the coal seam). Therefore, the subsurface subsidence of any strata can be calculated
with the subsidence calculation steps of VBS
(Figure 12).
(2) The inﬂuence function method is one of the most
commonly used methods for surface subsidence
prediction in coal mines. Practices indicate that the
overburden thick hard rock strata play an important
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Table 1: Strata thickness and KS location.
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Figure 16: Subsidence of the surface measurements and the
theoretical calculations.
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role on the surface subsidence. The surface subsidence coeﬃcient is relatively large in the Huaibei
mining area of China in which the surface subsidence coeﬃcient of critical mining can be as high as
one. In the Haizi coal mine of the Huaibei mining
area, there is a thick hard layer in the overburden
rock mass. The depth of 600 meters and the width
and advancing length of the II 1022 and II 1024
longwall working face reaches 390 m and 560 m,
respectively. There should be a 2.0–2.5 m surface
subsidence according to “Coal Mining Regulations
and Coal Pillar Design Aﬀected by Buildings, Water
Bodies, Railways and Main Roadways’’ of China.
However, the measured maximum surface subsidence is only 0.526 m (Figure 17). This result illustrates that the inﬂuence function method has
errors in the surface subsidence prediction when
there is a typical thick and hard stratum. Nevertheless, the advantage of the VBS method is based on
the physical and mechanical parameters of the
overburdens, not on the empirical data. The surface
subsidence is equivalent to the top VBS subsidence
when the topsoil is thin enough because the topsoil
and the top KS can be treated as a set of stratum. The
surface subsidence can be theoretically calculated
according to the deformation characteristics of the
topsoil if it is thick [34]. In short, the subsidence
method of the VBS is a good complement and extension for the existing prediction methods of the
surface subsidence.

7. Conclusions
It is quite important to study the subsidence of overburden
and surface caused by coal mining in that water inrush and
environmental damage result from the subsidence of the
overburden and surface. Although many methods were
proposed to predict surface subsidence, most of these
methods did not consider the eﬀect of key strata. However,
ﬁeld investigations and laboratory experiments indicated
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that the key strata control the surface subsidence. When the
key strata break, it control the surface with a voussoir beam
structure formed. The subsidence of the voussoir beam
occurs above both the mined-out and rib-side area. At
present, only the displacement of blocks above the minedout area was studied, and the subsidence line was not an
S-shaped curve, which was in contradiction with the ﬁeld
investigations. In addition, the previous calculation formula
of blocks displacement was revised and improved in this
paper. In a word, the following conclusions are obtained
from this study:
(1) The overlying VBS is divided into two parts: one
above the mined-out area and another above the rib
sides. The breaking blocks above the mined-out area
interlock with each other, forming a stable mechanical structure. Its subsidence can be obtained by
structure mechanics. Meanwhile, the VBS above the
rib sides deforms like a complete beam, and its
subsidence can be derived by continuum mechanics.
Adding the maximum subsidence of the VBS above
the rib side to each block subsidence of the VBS
above the mined-out area and combining these two
subsidence parts result to the half-subsidence curve
of the VBS, which is an S-shaped curve. The theoretical subsidence of the VBS agrees well with the
ﬁeld measurements.
(2) The undercompacted zone width, and not the block
length, determines the S-shaped subsidence curve.
The zero-subsidence range increases as the VBS level
becomes higher. The subsidence increases, and the
subsidence curve slope becomes steeper with the
higher mining height.
(3) The proposed subsidence model is suitable to any
VBS layer. The VBS subsidence can approximate the
surface subsidence when the topsoil is extremely
thin but cannot represent the surface subsidence
when the topsoil is thick because the topsoil has its
own complex movement law. Therefore, only the
VBS subsidence is studied herein. The overburden
subsidence-based surface subsidence prediction
method will be studied next.
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