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-e sealing depth of a gas-drainage borehole is critically important as it directly affects the efficiency of the whole drainage system.
In order to determine the shortest reasonable sealing depth, in this paper, a theoretical drainage model using different sealing
depths was proposed. Based on theoretical analysis presented, two parts of the fractures system surrounding the drainage borehole
were proposed, i.e. the fractures induced by roadway excavation and the fractures induced by borehole drilling. A series of
geological in-situ tests and simulations research were conducted to determine the stress and fracture distributions in the
surrounding rock of the borehole. -e depths of crushing zones, plastic zones and stress concentration zones were determined as
5m, 2m and 12m, respectively. Meanwhile, stress simulation shows that the depth of the stress concentration zone was 12m from
the roadway wall and the stress peak was located at the depth of 8m, which can be verified by the results of drilling penetration
velocity analysis. To determine the optimum sealing depth, gas drainage holes with different sealing depths were drilled in the field.
-e field results revealed that the crushing zones were the main area for air leakage, and the stress concentration induced by
roadway excavation assisted in the reduction of air leakage. -erefore, the optimized sealing depth should both cover the plastic
zone and the stress concentration zone. -e research achievements can provide a quantitative method for the determination of
optimum sealing depth in cross-measure drainage boreholes.

1. Introduction

Coal mines in China have experienced the most serious coal
and gas burst disasters in the world [1, 2]. With the in-
creasing depth of mining, stress in strata and gas pressure in
coal seams increases while the permeability of coal seams
decreases, which makes coal and gas burst disaster more
serious [3–6]. It has been proved that releasing the gas
energy by CBM drainage is one of the most effective ways to
eliminate this disaster [7–11]. Meanwhile, coal-bed methane
(CBM) is a kind of clean energy (the heat of pure gas is more
than 33MJ/m3). Also, there are more than 36.81× 1012m3 of
gas in coal seams up to the depth of 2000m, which equals to
520×109tons of standard coal by combustion heat
[4, 12–14]. Furthermore, the greenhouse effect of methane is
25 times stronger than that of CO2, which can cause severe

damage to the ozone layer [15, 16]. -erefore, extraction of
CBM will not only be helpful to control the coal mine gas-
induced disasters and to utilize this great source of clean
energy but also to protect our environment [17–20].

-e quantity of CBM drainage in China was 17 billion
m3 in 2014, including 13.3 billion m3 extracted from un-
derground, and this figure is increasing over time [21, 22].
CBM drainage in coal mines refers to a system which
consists of boreholes pipes and pumps to extract the gas out
from the coal seams, where the sealing of boreholes plays a
critical important role to ensure its efficiency [23, 24].-e air
leakage during drainage occurs when the integrity of the
borehole is poor, i.e. air flows into the borehole through
excavation-induced fractures [20, 25, 26]. Nearly two-third
of mines undertaking gas drainage in China use a short
sealing length, and most of them use different standards of
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sealing depth, depending on their own experience [13, 27] or
empirical formula calculation. Because of improper sealing
techniques, the concentration of CBM drainage in 65% of
actual working faces is less than 30% [22, 28, 29]; there are
many factors that affect the sealing effect, such as sealing
material which cannot lead to larger deformation under
certain stress level, sealer which resist the unbalanced force
inside and outside the borehole and sealing depth which can
resist the negative pressure of gas drainage and leave fewer
blank bands.

Scholars have carried out lots of research to enhance
the sealing quality of borehole, and some methods were
proposed to determine the sealing depth via in-situ tests
[19, 30–34]. [20] analyzed the borehole drainage process
by a compositional (CBM and air) model, and suggested
that the air flow into the borehole through the excavation-
induced fractures, which is the main cause for the air
leakage of the borehole [19, 20, 35]. Suggested that the
reasonable sealing depth should exceed the stress relief
zone, which is the main area for the roadway excavation-
induced fractures [36]. calculated the stress and physical
state of the surrounding rock by FLAC3D simulation and
proposed that the sealing depth for the borehole should
be beyond the stress concentration zone as there are some
macro-fractures in this area [37]. suggested that rock with
low permeability and high stress can prevent the air
flowing into the borehole. He concluded that the sealing
depth equals or exceed the depth of the maximum drilling
sludge volume, due to the drilling sludge volume increase
with the stress and permeability increase of the rock. In
summary, the shortest reasonable sealing depth is closely
related to the fracture and `stress distribution in the
surrounding rock. -is is vital to take those factors into
consideration to find out more precious sealing depth.
Besides, due to the geological complexity of different
mining areas. It is clear that conclusions were applicable
in specific coal mines, although most of them are different
but good drainage results were achieved. Meanwhile,
none of them did any research based on different sealing
depths.

In the present study, an analytical model was to the
sealing qualities with different sealing depths was proposed.
-en, a numerical simulation was carried out to study the
stress and deformation distribution characters and a new
method was proposed to determine the sealing depth based
on the rate of penetration of the drilling rig and in-situ crack
zone test by ultrasonic detection. Furthermore, this method
was tested through gas drainage experiment with different
sealing depths.

2. Analysis of the Air Leakage with Different
Sealing Depths

As shown in Figure 1, after being excavated, the surrounding
rock of the roadway can be divided into 3 zones, the crushing
zone, the plastic zone and the elastic zone, in succession [17].
-e strength of the crushing zone is smaller as there are lots
of cracks and fractures in it [38], which leads to soaring
permeability in this area [15]. Moreover, the stress in

crushing zone is much smaller s due to its low strength. As a
result, the overburden of the upper layer strata shifts into the
plastic zone, which leads to high stress concentration in this
area. -ere exist some macro-fractures in the plastic zone as
the stress exceeds its strength. -erefore, the permeability is
higher than it is in the original stress zone [22]. Meanwhile,
the permeability decreases due to the closure of cleats and
the shrinkage of porous structure under high effective stress
in the rock mass. And the permeability of porous rock can be
calculated as equation (1) [7].

k � k0e
− μ σ− σ0( ), (1)

where σ0 is initial effective stress, σ is effective stress, −μ is
stress constant, k0 is initial permeability of fractured rock
mass, k is the permeability of rock mass under stress.

Likewise, there also exist similar stress and permeability
distribution characters in the surrounding rock of the
borehole, therefore the air can also get into the borehole
through these fractures. Furthermore, the leakage of air from
the roadway flowing into the borehole is inevitable during
the drainage process. However, as the sealing part is to
prevent the air leakage from the roadway wall to the
borehole, the air leakage volume can be reduced by im-
proving the sealing depth.

According to Darcy’s fluid law, the flow volume through
the porous medium can be calculated as equation (2).

Q � k
ΔpA

μl
, (2)

where Q is the gas flow volume per unit time, k is the
permeability constant, Δp is the gas pressure drop, A is the
cross section area of the seepage zone, μ is the dynamic
viscosity of the gas flow, l is the seepage path length.
-erefore, the air leakage volume with different sealing
depths, as shown in Figure 1, can be calculated as equations
(3)–(5).

(1) -e sealing depth equals the crushing zone (stress
relief zone), i.e., l � l0

Q1 � k1
ΔpA1

μl0
. (3)

(2) -e sealing depth equals the plastic zone, i.e.,
l1 � l0 + Δl1

Q2 � k2
ΔpA2

μ l0 + Δl1( 􏼁
. (4)

(3) -e sealing depth equals the stress concentration
zone, i.e., l2 � l0 + Δl1 + Δl2

Q3 � k3
ΔpA3

μ l0 + Δl1 + Δl2( 􏼁
. (5)

According to the analysis above, it is clear that A1/A2 > 1,
and l0 + Δl1/l0 > 1, and k1/k2 > 1 combining equations (3)
and (4), we obtain:
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Q1

Q2
�

k1

k2
×

A1

A2
×

l0 + Δl1
l0
> 1. (6)

-erefore, the air leakage volume can be dramatically
reduced if the sealing depth is improved from l0 to l1.

Similarly, it is clear that A2/A3 � 1, l1 + Δl2 + Δl3/l0 +

Δl1 > 1 and k2/k3 � e(− μ(σ− σ0)), combining equations (4) and
(5), we obtain:

Q2

Q3
�

k2

k3
×

A2

A3
×

l1 + Δl2 + Δl3
l0 + Δl1

� ne
− μ σ− σ0( ), (7)

where n � A2/A3 × l1 + Δl2 + Δl3/l0 + Δl1 > 1, however,
e− μ(σ− σ0) ∈ [0, 1], therefore it is unknown based on the
equations if the sealing depth is improved from l1 to l2.
-erefore, further research is needed to find out the shortest
reasonable sealing depth.

3. Optimization of the Sealing Depth

3.1.Test Site. ShaQu coal mine is located in the Liliu mining
area in the central section of Hedong Coalfield in the
western of Shanxi province, China. -e coal mine is
characterized by extremely close distances between coal
seams, and with high gas content and gas burst proneness.
-e coal series strata in the coalfield are composed of the
Taiyuan formation in the Upper Carboniferous system and
the Shanxi Formation in the Lower Permian system. In
total there are 3 production coal seams with an average gas
content of 10.34m3/t, as shown in Table 1. In order to
eliminate the risk of gas burst disaster, the gas drainage
roadway was excavated for gas drainage before the upper
coal seam was mined, shown in Figure 2. -e in-situ test
research was held at the #97 gas drainage drilling field of
No.1 bed plate gas drainage roadway. -e overburden
depth is approximately 645m and the main floor is
sandstone. -e cross-measure drainage boreholes were
drilled in the drilling fields which were located along both
sides of the roadway. -e distribution of the drilling field
and size of the road way are shown in Figure 3.

From the analysis in last section, there are two parts of
fracture zones in the fracture system of surrounding rock.
-e first part is the fractures induced by the borehole drilling
and the second part is the fractures induced by the roadway
excavation, shown in Figure 1. Meanwhile, both the crushing
zone and plastic zone in each part can lead to air leakage
during the drainage process due to the fractures and cracks
surrounding the borehole. However, the scale and magni-
tude of the fracture system induced by the roadway exca-
vation is much larger than that of the borehole. -erefore,
the main purpose of sealing part is to control the air leakage
through the fractures induced by the roadway excavation. In
this paper, we mainly focus on the fracture and stress dis-
tributions in the surrounding rock of the drilling field, which
is part of the roadway and the place where the boreholes are
set.

3.2. Analysis of Fracture Zone. Both the plastic zone and the
crushing zone exists fractures, which is the path for air
leakage in the drainage process. -erefore, these two parts
are important to the determination of sealing depth. In this
part, the plastic zone was calculated by FLAC3D simulation
and the crushing zone was in-situ tested by ultrasonic
detection.

3.2.1. Simulation Analysis of Plastic Zone. In order to rep-
licate the same geological setting in Table 1 and Figure 3, a
3D model, where the size of the excavated roadway is 4m
(width)× 3m (height) and the drilling field is 5m (length)×

3m (width)× 3m (height), is created (shown in Figure 4).
Mohr-Coulomb failure criterion was applied to represent
plastic behavior of rock mass. -e size of model is 30m
(width)× 30m (length)× 20m (height) which includes
165670 elements and 13468 nodes.-e vertical stress applied
for each element is 16MPa due to simulate the weight
coming from the overburden strata of 640m in depth and
horizontal stress of 20MPa is also applied on the model
based on the data of in-situ stress provided by Shaqu coal

Elastic zone A2 = A3

k3 k2

l2 l1 l0

k1

Qt

Q0

Original stress zone

Stress Permeability

Roadway

Fractures

Airleakage

Air
flow

Borehole

Drainage pipe Sealing material

Air leakage boundary
Fractures induced by
roadway excavation

A1

Gas drainage

Elastic zone Plastic zone

Practure zone

Sealing depth

Crushing
zone

Crushing
zone

Fractures induced by
borehole drilling

Surrounding rock

Unaffected zone

Plastic zone
Crushing zone

Stress concentration zone

Figure 1: Distributions of stress and permeability in the surrounding rock of borehole.
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mine. -e horizontal displacement of front, back, left, and
right boundaries, as well as the vertical displacement of
bottom are fixed. -e mechanical parameters of the rock are
shown in Table 2. Figure 4 shows the overburden strata and
Figure 5 shows the mesh of the calculation model.

Figure 6 shows the distribution of plastic zone surround
the drilling field and roadway. As the gas drainage boreholes
mostly roll upward from the drilling field in z direction, the
plastic zone in this area puts more influence on the decision
for the sealing depth. As shown in the results, the thickness
of the plastic zone surrounding the drilling field reached 5m
in 2 direction and 2m in 2 direction.While, it comes to 3.7m
in x direction and also 5m in z direction for thickness of
plastic zone in the surrounding rock of roadway.

3.2.2. In-Situ Crushing Zone Test by Ultrasonic Detection.
Ultrasonic detection has been adopted for detecting the
crushing zone in the surrounding rock by researchers
[11, 18, 22, 38]. -e principles of the test are as follows: the
velocity of the ultrasonic wave attenuates significantly due to
the reflection and refraction effects between the interfaces

among the discontinuous fractures in the crushing zone and
the duration time in certain distance increases rapidly with
the number of fractures mounts. While the velocity of the
ultrasonic wave attenuates slightly when the number of cracks
decreases and the reflection and refraction effects drops. In
other words, there exists a positive relationship between the
duration of time of ultrasonic wave and the degree of de-
formation in the surrounding rock. -erefore, the distribu-
tion characters of the crack zone can be found by recording
the duration time of the ultrasonic wave.

In this paper, the ultrasonic detection analyzer (BA-II,
CCRI Co, Ltd) was adopted to test the duration time of
ultrasonic wave in the rock of the drilling field. -is analyzer
consists of 3 parts which are the probe the host computer
and the connecting wires as is shown in Figure 7. -e
transmitter and receiver are set in the probe with the length
of 1m.-erefore, the host computer will record the duration
time and calculate the velocity of the ultrasonic wave based
on the signals between the transmitter and receiver, shown
in equation (8). -e boreholes were tested 0.1m by each step
in depth. -e arrangement of the two test boreholes are
shown in Figure 8. Figure 9 shows the test results.

Table 1: Basic parameters of the coal seams.

No. Maximum original gas pressure (MPa) Original gas content (m3/t) Permeability (m2/MPa2•d) -ickness (m)
#3 1.08 7–24.88 1.78–1.89 1.1
#4 1.30 7.3–17.82 3.52–3.785 2.2
#5 1.50 4.45–17.9 1.99–.23 3.77

Depth: 604 m

Depth: 620 m

Depth: 630 m

Depth: 645 m

#3 coal seam

#4 coal seam

#5 coal seam

Gas drainage raodway Cross measure borehole

Figure 2: Illustration of the cross-measure boreholes in bed plate drainage roadway.
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Figure 3: Distribution of drilling fields and drainage boreholes in the gas drainage roadway.
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V �
L

t
, (8)

where L is the distance of the transmitter and receiver and
L� 1m, t is the duration time the ultrasonic wave reaches the
receiver coming from the transmitter, V is the velocity of the
ultrasonic wave.

As the curves show in Figure 9, the duration time of the
ultrasonic wave drops significantly at the depth of 0–2.0m
and it fluctuated at 45ms/m slightly afterwards, which infers
that the velocity increases in this area and the number of
fractures and cracks induced by the excavation has decreased
in this area. -erefore, the boundary of the crushing zone
locates at the depth of 2.0m.

3.3. Stress State of theDrilling Field. From the analysis above,
the redistributed stress can significantly change the per-
meability of the rock mass. -e permeability in the stress
concentration zone decreases due to cleats closure and
macro-pores shrinkage. While the permeability in the stress

Sandstone

Coalseam#6

Mudstone

Driling field

5.7 m

0.35

3.2

2.8

3.4

3.77

LithologyStrata Thickness
(m)

Sandstone 0.8

Sandstone

Limestone

Coalseam#5

Figure 4: Stratigraphic column and position of the bed floor tunnel.

Table 2: Mechanical parameters of the surrounding rock of the drilling field.

No Lithology Elastic modulus (MPa) Compression strength (MPa) Density (10−5N·mm−3) Friction angle (°) Cohesion (MPa)
1 Mudstone 20 25 2.4 25 10
2 Coal seam #5 10 15 1.4 20 1.8
3 Sandstone 64 76 2.6 27 20
4 Limestone 18 20 2.2 24 15
5 Coal seam #6 10 15 1.4 21 1.5

X
Y

Z

Figure 5: 3D mesh of the numerical model.
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increases due to the swell of rock mass and cleats open.
-erefore, the stress distribution is an important factor for
the determination of sealing depth except for the fracture
zone. In this paper, the stress distribution was calculated by
FLAC3D simulation and in-situ analyzed by the results of
penetration velocity of drilling rod in the surrounding rock
during the borehole drilling process.

3.3.1. FLAC3D Simulation. Based on the calculation model
above, the vertical stress cloud contour on the horizontal
cross section of the drilling field can be achieved, shown in

Figure 10. Two main characters can be drawn from this
result: firstly, the vertical stress in the y direction of the
surrounding rock shows high concentration. Secondly, the
vertical stress decreases as the distance from the drilling
field increases until it falls to the virgin field stress of
16MPa at the distance around 12m and the high vertical
stress area (20–22MPa) locates at the depth of 7-8m.
Taking the contour of 16MPa as the boundary of the stress
concentration zone, it is clear that the excavation-induced
stress concentration zone reaches as far as 12m. While, the
vertical stress reaches its top (22MPa) around the depth of
7-8m.
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Figure 6: Vertical cross section distribution of the plastic zone in surrounding rock. (a) Drilling field. (b) Roadway.

Figure 7: -e ultrasonic detection analyzer unit.
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Figure 8: Arrangement of the boreholes for ultrasonic detection.
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3.3.2. Stress Concentration Zone Analysis through Drilling
Response. Drilling torque is the stress that the bit imposes
on the rock during the drilling process. -e value of the
drilling torque depends on the size of the borehole, rate of
penetration and drilling power, shown in equation (9) [24].
During the drilling process, the drilling torque may get
unstable mainly caused by the change of the physical
characters of the surrounding rock, such as the strength or
the stress concentration characters. Given that the drilling
constant and the drilling power W are fixed, the drilling
torque T decreases as the surrounding rock gets less stress
concentration or strength, the rate of penetration will in-
crease. Likewise, when the drilling torque T increases as the
surrounding rock gets more stress concentration or strength,
the rate of penetration will decrease [39]. -e curve of the
rate of penetration against the drilling torque is shown in
Figure 11.

T � c
W

v
, (9)

where c is a drilling constant which is determined by the
diameter of the borehole and the rotational speed of the
drilling pipe, v is the rate of penetration andW is the drilling
power.

-e drilling duration time was recorded based on 4
testing boreholes. -e basic parameters were shown in
Figure 12 and Table 3. -e in-situ drilling duration time and
rate of penetration are tested 1m by each step due to the
length of the drill pipe is 1m. As is shown in Figure 13, the
testing curves have shown similar trends with the drilling
depth goes up. Meanwhile, the rate of penetration has seen
significant drop while the duration time soared up during
the depth of 0-8m. Moreover, the curves meet their turning
point at the depth of 7-8m. However, the rate of penetration
gradually bounced back and the duration time decreases
sharply after the drilling depth exceeds 8m. -e drop of the
rate of penetration is mainly caused by the friction of drilling
pipe due to the stress concentration in the surrounding rock.
-erefore, it can be seen that the maximum stress con-
centration area locates at the depth of 7-8m of the borehole,
which verifies the simulation results.

4. Gas Drainage Test via Cross-
Measure Boreholes

It can be concluded from Section 3 that the boundary of the
crushing zone (B1), plastic zone (B2) and stress concen-
tration zone (B3) is located at the depths of 2m, 5m and
12m respectively. In order to determine the shortest sealing
depth of the cross-measure gas drainage borehole, a contrast
gas drainage experiment based on different sealing depths
has been conducted. -is experiment was to determine the
relationship of the optimized sealing depth between the
depths of B1, B2 and B3. -erefore, three contrasting ex-
perimental drainage groups were formed and each group has
a unique sealing depth. -e sealing depth for group 1 is 2m
which equals the depth of B1. -e sealing depth for group 2
is 5m which equals the depth of B2. And the sealing depth
for group 3 is 12m which equals the depth of B3. Table 4
shows the parameters of each borehole and Figure 14 shows
the illustration for the sealing process. In order to minimize
the influence from unstable drainage performance of single
drainage borehole, each experiment group consists of 3
independent boreholes. Furthermore, the boreholes in each
group are at interlaced arrangement to minimize the in-
fluence from the inhomogeneity of the coal-bed gas geology.
-ree monitoring lines group these boreholes to get the
drainage performance data, shown in Figure 15.

-e gas flow is the total mixed gas extracted out from the
coal seam which consists of two parts, namely, the pure
methane and air (other gas components). -erefore, the
pure methane volume can be calculated by the product of
methane concentration and gas flow volume. In this ex-
periment, the monitoring was initiated immediately after the
boreholes were sealed and connected to the drainage system.
-e gas concentration and the gas flow volume of each
drainage borehole were monitored for every other day in the
following 60 days during the drainage process. -e drainage
results of methane concentration of three monitoring lines
were shown in Figure 16–18. Two main conclusions can be
drawn from these curves. Firstly, the methane concentration
in three monitoring lines stayed high in the early stage (day
0–10) of the drainage process. -en a negative exponential
decline is observed due to the residual coal seam gas de-
creasing, which applies to all drainage boreholes. Secondly,
the results of group 2 (l� 10m) and 3 (l� 15m) were
comparable during the whole drainage process. While, the
gas concentration of the group 1 (l� 5m) were significantly
lower than that of group 2 (l� 5m) and group 3 (l� 15m).

Tables 5 and 6 show the drainage performance of each
borehole and each group respectively. Based on the results
shown in Table 6, it is clear that the methane concentration
of group 1 (15.1%) is lower than half that of group 2 (46.2%)
and group 3 (51.6%), while the gas flow volume (18.9 L/min)
is significantly higher than the rest two groups (13.9 L/min
and 12.5 L/min, respectively). As a result, the pure gas
volume of group 1 (2.8 L/min) is 50% less than that of group
2 (6.3 L/min) and group 3 (6.5 L/min). -e direct cause for
the low drainage efficiency of group 1 is, because of in-
sufficient sealing depth, the air in the roadway flow into the
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Figure 9: Ultrasonic testing results.
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borehole through the fracture system (both the fractures
induced by the roadway excavation and borehole drilling) in
the surrounding rock of the drilling field. -erefore, this
result verifies that the air leakage volume can be dramatically
reduced if the sealing depth is improved from the crushing
zone (group 1) to the plastic zone (group 2), as shown in
equation (6). Meanwhile, though both the sealing depths of

group 2 and group 3 exceed the fracture zone induced by the
roadway excavation, the methane concentration of group 2
(46.2%) is still 10.4% less than that of group 3 (51.6%), which
indicates there still exist air leakage in group 2. A reasonable
explanation is that, though the air leakage of drainage
borehole is unavoidable due to the fracture system induced
by the borehole drilling, the leakage volume still can be
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Figure 10: Vertical stress cloud contour in the surrounding rock. (a) Vertical cross section via the central of drilling field. (b) Horizontal
cross section via the central of roadway.
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Figure 12: Arrangement of the testing boreholes.

Table 3: Parameters of the testing boreholes.

No. Diameter (mm) Dip angle (°) Length (m) Surrounding rock Drilling power (KW) Drilling rig
#1 94 15 12 Sandstone 45 ZDY-4000L
#2 94 15 12 Sandstone 45 ZDY-4000L
#3 94 15 12 Sandstone 45 ZDY-4000L
#4 94 15 12 Sandstone 45 ZDY-4000L

4#testing borehole
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Figure 13: Curves of drilling time against rate of penetration.
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reduced by improving the sealing depth. Meanwhile, as
shown in equation (7), it can be concluded Q2/Q3 � k2/k3 ×

A2/ A3 × l1 + Δl2 + Δl3/l0 + Δl1 � ne− μ(σ− σ0) > 1.
In summary, the drainage result has verified the theo-

retical analysis of air leakage volume using different sealing
depth. Meanwhile, three conclusions can be drawn based on
the analysis above, firstly, the air leakage decreases with the
increase of sealing depth, especially when the sealing depth is
less than the crushing zone. Secondly, the fractures induced
by roadway excavation are the main path for air leakage of
the borehole. -irdly, the permeability decrease caused by
stress concentration is helpful to prevent the air flowing into
the borehole through the fractures. Moreover, based on the

Table 4: Basic parameters of the experiment boreholes.

Borehole no. Diameter (mm) Dip angle (°) Length (m) Sealing depth (m) Group no.
#1–1 94 5 142 5 1
#1–2 94 9 80 5 1
#1–3 94 13 56 5 1
#2–1 94 5 142 10 2
#2–2 94 9 82 10 2
#2–3 94 13 54 10 2
#3–1 94 5 140 15 3
#3–2 94 9 82 15 3
#3–3 94 13 56 15 3

No1 bed plate tunnel

No97 drillng field

work face 14301

#1-1

#3-1

#2-1

#2-2

#1-2

#3-2

#3-3
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#1-3

10
 m

Monitoring line 1

Drainage borehole
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Figure 14: Simplified schematic of the borehole sealing in the
drilling field.
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Figure 15: Arrangement of the experiment boreholes.
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Figure 16: Curves of gas concentration in boreholes at monitor
line 1.
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drainage performance of 3 groups, the optimized shortest
sealing depth for the cross-measure borehole is 12m, which
should cover both the plastic zone and stress concentration
zone.

5. Conclusions

To optimize the sealing depth of the cross-measure drainage
borehole, a theoretical model was proposed to analyze the air
leakage volume using different sealing depths. A series of in-
situ tests were conducted for verification and further re-
search. Based on the results of tests and analysis, the fol-
lowing conclusions can be drawn:

(1) Based on theoretical analysis presented, two parts of
the fractures system surrounding the drainage
borehole were proposed, i.e. the fractures induced by

roadway excavation and the fractures induced by
borehole drilling. Both parts can lead to air leakage of
the drainage borehole. -e first part consists of
crushing zone and plastic zone. And the crushing
zone is the main path for air leakage, which can be
reduced by improving sealing depth. However, for
the second part, the air leakage volume is affected by
the stress concentration induced by roadway
excavation.

(2) -e stress and fracture distributions were analyzed
by in-situ test and numerical simulation. -e results
show that the thickness of the plastic zone and the
crushing zone was 5m and 2m, respectively.
Meanwhile, stress simulation shows that the depth of
the stress concentration zone was 12m from the
roadway wall and the stress peak was located at the
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Figure 18: Curves of gas concentration in boreholes at monitor line 3.

Table 5: Drainage results of each test borehole.

Borehole
no.

Methane concentration
(%)

Gas flow volume
(L/min)

Pure methane volume
(L/min)

Drainage pressure
(kPa)

Sealing depth
(m)

Group
no.

#1–1 13.5 20.3 2.74 −13 5 1
#1–2 15.1 18.8 2.83 −13 5 1
#1–3 16.9 17.5 2.95 −13 5 1
#2–1 46 13.8 6.34 −13 10 2
#2–2 42.4 14.8 6.27 −13 10 2
#2–3 50.3 13.0 6.43 −13 10 2
#3–1 50.1 12.8 6.41 −13 15 3
#3–2 50.6 12.7 6.42 −13 15 3
#3–3 54.1 12.1 6.54 −13 15 3

Table 6: Drainage results of each group.

Group no. Methane concentration (%) Gas flow volume (L/min) Pure methane volume (L/min) Sealing depth (m)
1 15.1 18.9 2.8 5
2 46.2 13.9 6.3 10
3 51.6 12.5 6.5 15
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depth of 8m, which can be verified by the results of
drilling penetration velocity analysis.

(3) -e drainage contrast experiment revealed that,
though the air leakage volume decreased with the
increase of sealing depth. However, different sealing
depth stages have their unique causes. In the first
stage, when the sealing depth was improved from
crushing zone to plastic zone, the air leakage volume
decreased due to the sealing material preventing the
air flowing into the borehole through the fractures in
the crushing zone. While in the second stage, when
the sealing depth was improved from the plastic zone
to the stress concentration zone, the air leakage
volume decreased due to the permeability decrease
caused by high stress imposing on the fractures
induced by borehole drilling. -e study case shows
that the shortest optimized sealing depth is 12m,
which should both cover the plastic zone and the
stress concentration zone [40].
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,e unbalanced mining replacement is a major problem restricting efficient mining. ,e optimization of mining replacement
process can achieve perfect coordination of mining face and tunneling in time and ensure the efficient production of mine to the
greatest extent. Based on this, this paper takes WangzhuangMine as the research background, applies system dynamics to mining
replacement research, builds theWangzhuangMinemining-driving system simulation model, and uses this model to dynamically
simulate the working face 9102 and its replaced heading face 7106. ,e research has found that there is an imbalance in the
replacement between the two working faces, and the replacement process can be optimized by advancing the driving period or
increasing the driving team to work in parallel at the appropriate time point, so as to meet the normal demand of mining
replacement and provide guidance for the mining plan arrangement of other similar working faces.

1. Introduction

With the development of big data technology and mech-
anization and intelligence, the advancing speed of the
working face has become faster and faster. Although the
advancing speed of heading face has been improved, it still
lags behind the working face, which causes the imbalance of
mining replacement and affects the production efficiency of
the mine. ,erefore, in order to improve the coal output
and to ensure the high efficiency of mine production, it is
necessary to optimize the mining process [1–3]. Aiming at
the problem that the excavation lags behind the mining, the
main factors restricting the speed of roadway driving were
summarized and the future development direction was
proposed [4–6]. Some scholars have put forward prospects
and suggestions for the improvement of driving speed from
the aspects of tunneling technology and equipment [7–9].
Some scholars have established an intelligent decision
system for mining replacement with the help of computers
[10–12].

References [4–6] only put forward the problem of
comprehensive roadway excavation in our country, indicate

the future development direction of tunneling, or just point
out the overall process cycle optimization. References [7–9]
explain the current situation of rapid tunneling technology,
discuss key technical issues, or quickly optimize tunneling
technology through theoretical calculation. References
[10–12] abandon the traditional manual planning and
gradually use the cross-platform and versatile software in the
computer to prepare the mining succession planning system.
,e above research is committed to explore how to improve
the speed of excavation to cooperate with mining face
completing the excavation replacement both from the per-
spective of technology and intelligent decision and alleviate
the imbalance problem of excavation replacement to a certain
extent. However, it is rarely considered from the perspective
of mining replacement optimization. ,e optimization of
mining and driving replacement is to arrange the driving tasks
reasonably in terms of time to meet the replacement demand
and avoid the waste of resources, which is the prerequisite for
the realization of intelligent mining. Based on this, this paper
applies system dynamics to the study of optimization of
mining and driving replacement to improve mine production
efficiency better.
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2. Model Building

System dynamics is a discipline which could study the
dynamic development process of complex systems and
uses computer simulation technology to simulate the
dynamic development process of the system based on
feedback control theory [13–15]. ,e modeling process
mainly includes two aspects, model building (system
boundary determination, causality analysis, and structural
flow diagram drawing) and simulation (parameter setting,
simulation analysis, countermeasures, and suggestions)
[16, 17].

2.1. System Boundary Determination. ,ere are two mining
levels of +630 and +540 in Wangzhuang Mine. ,e mining
coal seam is No. 3 coal seam. Working plane which has been
replaced recently includes 9102 mining face, 7106 ventilating
roadway, and 7106 transportation roadway.,e 9102mining
face is located in the 91 mining area. In the working face,
there are 3 faults and 2 collapse columns (fault F304
H= 5.0m ∠65°, fault F317 H= 8.5m ∠40°, fault F318
H= 1.4m ∠40°, collapse column H51, and collapse column
X14). ,e 7106 working face passes through five anomaly
areas. ,ey are the comprehensive response of coal seam
thinning, crack development, concealed geological structure,
or coal structure abnormality. From the perspective of
current situation of the mine production, mining replace-
ment is unbalanced. ,rough the analysis, the factors af-
fecting the driving speed of heading face 7106 and the
advancing speed of working face 9102 are summarized into
the following six aspects, as shown in Table 1. In the table,
“√” means that it will affect the system, and “×” means that it
will not affect the system.

2.2. Causality Analysis. Causality analysis can effectively
analyze the relationship between various factors in the
system [18, 19]. ,e causality diagram of the excavating
system is based on the coal mining system and the driving
system, illustrating the influence of various factors on the
rapid driving of the roadway, the advancing speed of the
mining face, and the interaction between the two systems.
,e factors that affect the excavating system mainly include
geological structure, operating environment, mechanical
equipment, regular circulation level, etc. ,e influence of
each factor on the system is shown in Figure 1. ,e causal
relationship between each factor is represented by a causal
chain composed of causal arrows with positive (+) and
negative (−) signs. Taking “Airflow Gas Concentration of
Heading Face” as an example, the Airflow Gas Concen-
tration of Driving Face ↑⟶ (−) Gas Level of Driving Face
↓⟶ (−) Operating Environment Level of Driving Face
↓⟶ (−) Tunneling footage ↓⟶ (−) Driving distance of
Driving Face↓.

2.3. SystemStructure FlowDiagram. Based on the analysis of
the causality of the excavating system, the structure flow
diagram of the excavating system is drawn with Vensim

software, as shown in Figure 2. ,e structure flow diagram
contains two rate variables: the driving speed and the ad-
vancing speed of the working face, and two state variables
(cumulative quantities): the driving length and the ad-
vancing distance of the working face.

3. Simulation

,e above established model is applied to the 9102 working
face and 7106 heading face of Wangzhuang Mine. ,e 9102
working face has a total length of 3,500 meters, the actual
mining distance is 2450 meters, and the mining time is 24
months.,e total length of the 7106 ventilation roadway and
transport roadway lane is 2500 meters, and the driving time
is 27 months. ,erefore, the system simulation time is set as
27 months and simulation step length is 1 month.

3.1. Parameter Setting

3.1.1. Weight Determination. ,e weight values of each
index are determined by the group AHP method except the
two indexes of advanced roadway support level and the
moving level of two sides of roadway, which were given by
experts. ,e weight results are shown in Table 2.

3.1.2. Basic Parameter Setting. ,e basic parameters mainly
include the distance from the tunneling face to the geological
structure zone, the failure rate of the tunneling face me-
chanical equipment, the gas concentration of the return air
flow from the heading face, the distance from the mining
face to the geological structure zone, the normal circulation
rate of the mining face, etc.

3.1.3. Assignment of Auxiliary Variables. ,e level of each
influencing factor changes as the value of the factor changes.
,is paper uses table function to express the relationship
between the level and the actual value of the influencing
factors. ,e level of influencing factors was quantified with
40∼100 scores. ,e influence degree is represented by the
promotion or weakening effect on the numerical value of the
affected factor, whose value may be greater than or less than
1. Considering the research results of many scholars, the
paper defines the range of influence to be between 0.5 and
1.5 [20].

3.2. Simulation Analysis

3.2.1. Model Checking. Vensim software has its own “check
model” function, which can check the consistency of model
units. ,e simulation model in this paper runs well, and the
consistency of the model units is verified by the “check
model” function. After running themodel, it can be obtained
that the simulated output value of driving length is 2,441.765
meters, and the error rate is −2.33% compared with the
actual value of 2500 meters. Compared with the actual value
of 2450 meters, the simulated output value of the advance
distance of the coal mining face is 2526.87 meters, and the
error rate is +3.14%. ,e absolute error value of both is less
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than 5%, indicating that the model has a good effect and is
qualified.

3.2.2. Analysis of Simulation Results

(1) ,e relationship between the level of each influ-
encing factor and the driving speed is shown in
Figures 3(a) and 3(b). It can be seen from the figure
that all influencing factors have an impact on the
driving speed. ,e level of geological structure
reached its lowest point in the 5th and 19th months,

and the level of other influencing factors reached
their lowest in the 6th and 20th months. Driving
speed also reached its lowest point in the 6th and
20th months correspondingly.,e curve trend of the
driving speed was roughly the same as the horizontal
curve trend of each influencing factor.

(2) ,e relationship between the level of each influ-
encing factor and the advancing speed of the
working face is shown in Figures 4(a) and 4(b). It
can be seen from the figure that various factors
have an impact on the advancing speed of the

Table 1: Key influencing factors of mining system.

,e key factors Detailed index Driving
system

Coal mining
system

Geological structure level Distance of geological structural zone (m) √ √

Mine pressure level of underground roadway Advance support distance of roadway (m) × √
Two-sided displacement (mm) × √

Working environment level

Water inflow per unit time at mining face (m3/h) √ √
Roof crushing degree √ √

Roof falling capacity (mm) √ √
Roof subsidence rate (mm/min) √ √

Return air flow gas concentration at the mining face (%) √ √
Regular circulation level Normal circulation rate (%) √ √
Mechanical and electrical equipment failure level Electromechanical equipment accident rate (%) √ √
Power on level Operating rate (%) √ √
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Figure 1: Causality diagram of mining-driving system.

Advances in Civil Engineering 3



working face. ,e level of geological structure
remained at a relatively low level from 4th to 9th
and 16th to 18th months, while other factors also
fluctuated at a low level during this period. ,e
driving speed reached its lowest point in the 6th
and 17th months, and the trend of the tunneling
speed curve of the working face was roughly
consistent with that of the horizontal curve of the
influencing factors.

(3) ,e simulation results of the mining-driving system
are shown in Figures 5(a)–5(d). From Figure 5(a), it
can be seen that the advancing speed of the 9102
working face has been significantly slower since
April. Also, for nearly 5 months thereafter, its speed
remained at a low level, rose in the 11th month, and
then significantly decreased in the 17th month. But
the duration is short. It returned to above the normal
advancing speed in the 20th month.,emain reason

is that the 9102 working face was getting closer and
closer to the F304 fault in the fourth month, and the
span of F304 is 490 meters. ,erefore, under the
influence of the fault, the driving speed remained at a
low state for a long time. In the 17th month, the
working face encountered collapse columns H51 and
X14 one after another. ,e two collapse columns
were adjacent and the span was relatively small.
,erefore, the impact time on the speed was rela-
tively short. Correspondingly, the working face ad-
vance distance curve slowed down as its speed
decreased. It can be seen from Figure 5(b) that the
driving speed of the heading face decreased signif-
icantly in the 4th month, reached the lowest point in
the 6th month, then decreased significantly in the
16th month, and reached the lowest point in the 20th
month. ,e lowest speed was lower than that in the
6th month. ,e main reason is that the heading face
is getting closer to anomaly area 3 in 4 and 16
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months, and the return air roadway traverses the
anomaly area, so it has a greater influence on it. As a
result, the driving speed is lower and the duration is
longer in the 20th month, thus affecting the normal
replacement between roadway driving. ,e driving
footage is the cumulative amount of the driving
speed. According to the driving footage curve, it can
also be seen that the trend of the driving footage

curve becomes slow in the month with a lower
driving speed. It can be seen from Figure 5(c) that
under normal circumstances, the driving speed is
lower than the advancing speed of the working face,
and it has a certain impact on the advancing speed of
the working face. ,e trends are not exactly the same
because the advancing speed of working face is also
affected by other factors. Figure 5(d) shows that the
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Figure 3: Relationship between driving speed and influencing factors.

Table 2: Simulation model weight assignment.

Index Wj Weight value

Influence of geological structure level of heading face on heading speed W1 0.3176
Influence of working environment level of heading face on heading speed W2 0.3175
Influence of normal level of heading face on heading speed W3 0.123
Influence of starting level of heading face on heading speed W4 0.123
Influence of mechanical equipment fault level coal mining on heading face speed in heading face W5 0.1189
Mine pressure level of heading face W6 0.3008
Gas level of heading face W7 0.4901
Mine water level of heading face W8 0.2091
Roof breakage degree of heading roadway W9 0.4012
Roof subsidence level of heading face W10 0.2908
Approaching level of two sides of tunneling roadway W11 0.308
Influence of geological structure level on advancing speed of coal mining face W12 0.2986
Influence of working environment level of coal mining face on advancing speed of working face W13 0.1962
Influence of the normal level of the working face on the advancing speed of the working face W14 0.0616
Influence of mining face level on working face advancing speed W15 0.0792
Influence of mechanical equipment failure level of coal mining on working face advancing speed W16 0.0835
Influence of roadway end management level on working face advancing speed W17 0.099
Influence of driving speed on advancing speed of working face W18 0.1819
Mine pressure level of coal mining face W19 0.3325
Gas level in coal mining face W20 0.5278
Mine water level of coal mining face W21 0.1397
Roof breakage degree of coal mining face W22 0.3062
Roof subsidence level of coal mining face W23 0.3012
Roof deformation level of coal mining face W24 0.3926
Roadway advanced support level W25 0.35
,e approaching level of two sides of roadway W26 0.65
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Figure 5: Continued.
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Figure 4: Relationship between the level of each influencing factor and the advancing speed of coal mining face.
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fully mechanized mining team completed the entire
construction period in the 24th month, while the
tunneling team completed the entire construction
period in the 27th month, which is 3 months later
than the mining face, and there is an imbalance
problem between mining and driving.

3.3. 4e Optimization of Mining and Driving Replacement.
It can be seen from the simulation results that there is an
imbalance problem in the replacement of mining and
driving. Due to the relatively complicated process of the
tunneling face itself, the normal driving speed is relatively
slow. Secondly, the tunneling face encountered anomaly area
3 in the 4th and 16th months, which affected the normal
driving speed. For the reason that most of the factors af-
fecting the driving speed are the changes of geological
conditions, resulting in the change of other factors, andmost
of them belong to the mine hydrogeological factors, it is
difficult to improve the driving speed by changing these
factors. In order to ensure the balance of mining replace-
ment, the following two aspects can be considered.

(1) Advance tunneling period: from Figure 5(d), it can
be seen that the coal mining team completes the
construction period 3 months earlier than the tun-
neling team. If the tunneling team starts working
three months earlier, the construction period will be
completed at the same time as the mining team to
ensure the normal replacement of mining.

(2) Arranging more tunneling teams at the right time:
when the resources are sufficient, two driving teams
can be reasonably arranged to work. ,e tunneling
working face is composed of transport lane and

return air lane, and the two roadways do not affect
each other when working, which can meet the re-
quirements of two tunneling teams working at the
same time. ,rough further simulation, the paper
found that in the 11th month, a new driving team
was added to start work in the transport lane, and the
two teams worked in parallel from 11 to 13 months,
and after the 13th month (return air lane driving task
is completed), the remaining roadway driving tasks
are completed independently by the second team.
,e specific simulation results are shown in Figure 6.

It can be seen from Figure 6(a) that in the 11th month,
due to the simultaneous operation of the two teams, the
driving speed has increased significantly. After the 13th
month, since only one team is operating, the driving speed
has dropped to the original level. It can be seen from
Figure 6(b) that at the current driving speed, the driving
team’s driving footage reached 2,441.765 meters in the 24th
month, which is still nearly 60 meters away from completing
the task. However, after the completion of the construction
period, the working face will take time to move.,erefore, it
has basically completed the driving task. Figure 6(c) shows
that the improved driving plan completes the task 3 months
earlier than the original plan. Figure 6(d) shows that the
replacement of mining and driving has basically worked
properly.

4. Conclusions

Based on the system dynamics modeling, the dynamic
simulation structure model of mining-driving system in
Wangzhuang Mine was established with the help of Vensim
software, and the dynamic simulation of 9102 mining face
and 7106 heading face was carried out. ,e results show that
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there exists the phenomenon of replacement imbalance
between mining and driving. Advancing the driving
schedule or adding a new driving team can meet the demand
of normal replacement. It can provide guidance for making
driving and mining planning in other similar working faces.
Optimizing the driving process reasonably helps to realize
the perfect coordination of mining face and roadway driving
in time and avoid the emergence of mining face replacement
tension and resource waste phenomenon, which ensures the
mine efficiency and production safety to the utmost extent.
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In order to obtain the accurate mechanical parameters of deep-buried coal goaf rock mass, the limitation of geological strength
index (GSI) in concealed rock mass is analyzed. Based on the test result and analysis of the current normative standards, the
classification indexes of rock mass structural are optimized based on discontinuity distance d and rock mass integrity index Kv.
,e ratio of rock mass saturated strength to dry strength, η, is introduced, quantization formula of structural surface conditions is
proposed, and the influence of groundwater and rock types is included in structural surface condition classification. ,e GSI
system is improved to better suit all types of deep-buried and water-rich rock masses. Furthermore, the rock mass disturbance
factor D’s quantitative formula is listed according to the Hoek–Brown (HB) criterion. Taking the goaf roof under railway as an
example, the parameters of deep-buried rock mass are obtained based on the improved quantitative GSI system and HB criterion.
,is research provides a scientific reference for achieving geological parameters and engineering designing in goaf areas.

1. Introduction

,ere are different types of discontinuities in rock mass with
the complex geological process, and mechanical parameters
of rock mass are important factors of qualitative evaluation
for engineering analysis and design [1]. ,e foundation
stability and cost of project are closely correlated with the
mechanical parameters, and parameter estimation of rock
mass in the recent research is one of the hot topics [2, 3].
Now, great achievements have been made in obtaining
mechanical parameters of rock mass by scholars. ,e main
methods are theory analysis based on in situ experiment and
empirical formula based on test [4]. However, size effect on
rock mass in situ test is an unavoidable problem, and large-
scale in situ test cannot be completely carried out with
current test equipment [5, 6]. It is more necessary and
valuable to research the method of achieving deep-buried
rock mass mechanical parameters based on field and lab-
oratory tests.

Hoek and Brown proposed the Hoek–Brown (HB)
failure criterion in 1980 to estimate intact rock mass
strength, and they introduced geological strength index
(GSI) and disturbance factorD and proposed the generalized
HB criterion to estimate the jointed rock mass mechanical
parameters in 2002 [7]. HB criterion is widely accepted and
has been applied in a large number of projects.,eGSI value
mainly depends on rock mass structure and structural
surface conditions. Rock mass structure is determined by
classification of the rock mass integrity, structural surface
conditions are determined by roughness, weathering, and
infilling of the surface, and all factors are qualitatively and
subjectively evaluated. Later, many scholars have researched
the methods on achieving the GSI value, and rock mass
structure can be quantified by the number of joints Jv [8]. Jv

is an important index to evaluate the integrity of rock mass.
However, it is difficult to obtain the volumetric joint number
of deep-buried rock mass by field measurements; in addi-
tion, the influence of groundwater on the rock mass
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mechanical parameters has not been included when the GSI
value is estimated.

In order to solve the problem that the volumetric joint
number Jv of concealed rock mass cannot be obtained by
field measurement, Xia et al. [9] established a formula of
geological strength index (GSI) by longitudinal wave velocity
Vp of rock mass, where GSI� 15Vp − 7.5, but this method is
proposed on the basis of intact rock mass tests. When
growing rock mass fissures are in-filled with groundwater,
the wave velocity is larger than that without groundwater,
and the GSI value is also larger, which easily leads to the
wrong conclusion that the rock mass is more complete than
it really is.

,e influence of groundwater on rock mass is mainly
reflected in lubrication, softening, and chemical erosion of
rock mass structural surface. Groundwater can easily soften
and alter rock mass structural surface conditions. ,e crack
water pressure can reduce the effective stress andmechanical
parameters. However, groundwater has little effect on rock
mass structure, which is determined by discontinuities.
,erefore, the influence of groundwater on the rock mass
GSI can only be considered in the rock mass structural
surface conditions. In addition, it can also minimize the
error caused by the large wave velocity of broken rock mass
filled with groundwater.

2. Estimation of Rock Mass Mechanical
Parameters Based on HB Criterion

Now, the nonlinear HB criterion for rock masses is widely
accepted and has been applied in many projects around
the world to estimate the strength and deformation
characteristics of heavily jointed rock masses [10]. It also
has been widely used in mining engineering [7, 11]. Rock
mass cohesion Cm, friction angle ϕm, and compressive
strength σcm can be estimated by the empirical formulas as
follows.

Cm �
σci (1 + 2a)s +(1 − a)mbσ3n( 􏼁 s + mbσ3n( 􏼁

a− 1

(1 + a)(2 + a)

���������������������������������

1 + 6amb s + mbσ3n( 􏼁
a−1

􏼐 􏼑/(1 + a)(2 + a)

􏽱 , (1)

ϕm � sin− 1 6amb mbσ3n + s( 􏼁
a− 1

2(1 + a)(2 + a) + 6amb mbσ3n + s( 􏼁
a−1, (2)

σ3n �
0.47σ0.06

cm (cH)
0.94

σci

, (3)

mb � miexp
GSI − 100
28 − 14 D

, (4)

σcm � σci ·
mb + 4s − a mb − 8s( 􏼁( 􏼁 mb/4 + s( 􏼁

a− 1

2(1 + a)(2 + a)
,

σt＜σ3＜
σci

4
,

(5)

where σci is the uniaxial compressive strength of the intact
rockmass, c is the unit weight of the rockmass,H is depth of
rock mass below surface, σt is the tensile strength of intact

rock,mi refers tomaterial constants of intact rock, which can
be determined by references [12, 13], and s refers to the rock
mass material constants, given by

s � exp
GSI − 100
9 − 3 D

􏼒 􏼓. (6)

a is rock mass feature factor, given by

a �
1
2

+
1
6

exp
−GSI
15

􏼒 􏼓 − exp
−20
3

􏼒 􏼓􏼒 􏼓. (7)

Hoek and Diederichs corrected the deformation mod-
ulus of intact rock with modulus ratio and established the
empirical formula [14], as follows:

Em � Ei 0.02 +
1 − D/2

1 + exp((60 + 15 D − GSI)/11)
􏼠 􏼡, (8)

where Em and Ei are the jointed and intact rock mass de-
formation moduli and D is the rock mass disturbance factor,
which can be determined by reference [7].

,e formulas above are all related to the geological
strength index (GSI). How to correctly achieve GSI value is
the key to the calculation.

3. Determination and Optimization of
Geological Strength Index (GSI)

,e geological strength index (GSI) value is related to rock
mass structure and structural surface conditions and dis-
cussed separately below.

3.1. Quantification of Rock Mass Structure. In order to
quantify the rock mass structure of the GSI system, Sonmez
and Ulusay [15] classified rock mass structure by intro-
ducing rock mass volumetric joint number Jv. On the
basis of assuming that rock mass is isotropic, Jv is given
by

Jv �
Nx

Lx

Nx

Lx

Nx

Lx

, (9)

where Nx, Ny, and Nz are the joint numbers along scan lines
(Lx, Ly, and Lz) and Lx, Ly, and Lz are the lengths along
perpendicular direction.

,e goaf roof is affected by the stress redistribution after
coal excavation, and many cracks develop along rock mass
strike and dip. Affected by the force of gravity, the roof rock
masses constantly produce bed separation or cracks. Joints
and fissures distribute unevenly and irregularly in rockmass,
and it is very difficult to measure the joint number of buried
rock mass in engineering geological investigation. Fortu-
nately, many scholars found that there is a good corre-
spondence between the volumetric joint number Jv and
integrity index Kv of rock mass based on the extensive field
test [16], and the relationship between Jv and Kv is listed in
Table 1.

According to the corresponding relations between Jv and
Kv, the corresponding formula between them can be shown
as
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Kv � −0.043 + 0.9 exp
−Jv

23.5
􏼒 􏼓. (10)

,e correlation coefficient of function fitting is 0.998,
and they fit well.

Distance and number of discontinuities are important
indexes for describing rock mass structure, and various
structural characteristics of rock mass are described in detail
and quantized in books, such as Standard for Engineering
Classification of Rock Mass [16] and Geological Engineering
Handbook [17]. Rock mass structure classification according
to normative standards is shown in Table 2.

Coal measure strata belong to sedimentary strata; gen-
erally, lots of shallow cracks developed in the rock surface
are caused by the stress release of denudation, when the
ground stress is small and the rock mass structure is not
developed. ,e cracks decrease gradually with increasing
depth and thus deep rock mass is intact. Stable coal seam is
generally excavated along strike and dip. When the stress of
coal roof and floor is released, intact rock will be destroyed
by strike and dip discontinuities. As a result, rock mass
displacement and bed-separation fractures develop towards
goaf. ,erefore, the discontinuities of rock mass include dip
fractures, strike fractures, bed-separation fractures along the
rock mass surface, and primary fractures. Sonmez et al. [18]
proposed the method to calculate rock mass volumetric joint
number according to joint sets of rock mass surface.

Jv � Dn

1
s
, (11)

where Dn is the rock mass joint set number and s is the
average size of rock block or rock slice (in general, it is
considered to be equal to the space between joints).
,erefore, the rock mass structure can also be classified
based on joint set number and the average size of rock block
or rock slice. Assuming that the block is cut by the dis-
continuities and rock masses are made up of many cubes or
polyhedrons, the size of rock mass is the distance between
discontinuities. Substituting equation (11) into equation
(10), the factor Kv can be expressed as

Kv � 0.9 exp
−Dn

23.5s
􏼒 􏼓 − 0.043. (12)

Now the classification in the standards of tunnel sur-
rounding rock [16, 17] is different from the widely used GSI
system [10], and it is necessary to refine the structure
classification.

In Table 2, rock mass with discontinuity distance larger
than 1.0m belongs to intact structure, that with discon-
tinuity distance between 1.0m and 0.4m belongs to blocky
structure, and that with discontinuity distance between
0.4m and 0.2m belongs to very blocky-interlocked
structure. Based on the rock mass classification of tunnel
[19] and soil classification [20], the fragmented rock larger

than 0.06m and the pebble larger than 0.02m are dis-
tinguished from the fractured rock. Pebble with diameter
0.06m to 0.02m and brecciated rock mass influenced by
tectonics and shear stress are also separately classified. So,
rock mass with discontinuity distance between 0.2m and
0.06m belongs to fractured rock, rock mass with dis-
continuity distance between 0.06m and 0.02m belongs to
extremely fractured rock, and rock mass with disconti-
nuity distance less than 0.02m belongs to conglomeratic
rock. In European standards [21], the space of disconti-
nuities is distinguished by 0.2m, 0.06m, and 0.02m, and
the size of rock mass is distinguished by 0.2m and 0.06m,
which is basically consistent with the qualitative classifi-
cation of the GSI system. ,erefore, it is reasonable to
distinguish discontinuities by 0.2m, 0.06m, and 0.02m.
,e rock mass integrity index Kv can be calculated by
equation (12). ,e new rock mass structure classification is
shown in Table 3.

3.2.QuantificationofStructural SurfaceConditions. ,e rock
mass structural surface conditions in the geological strength
index (GSI) system involve roughness, weathering, and
infilling of structural surface only. Palmstrom [22] quanti-
fied the structure surface conditions of rock mass by the
three factors above and left out the effect of groundwater.
Jiang et al. [23] suggested reducing the GSI value to reflect
the influence of groundwater; in this method, the values of
structural surface conditions and rock mass structure are
reduced in the same proportion. In fact， rock mass
structure is determined by the density of discontinuities;
groundwater only has an effect on structural surface con-
ditions, and it is inconsistent with the mechanism of
groundwater action on rock mass, so this method needs
further discussion.

,e influence of groundwater on the rock mass me-
chanical parameters is more obvious, and all the param-
eters of the eroded rock are reduced to varying degrees [24].
Liu et al. [25] found based on experiment that the uniaxial
compressive strength and deformation modulus of satu-
rated argillaceous sandstone are 58.51% and 51.64%
compared with dry rock mass. Wang et al. [26] experi-
mented and analyzed saturated sandstone samples of dif-
ferent sizes, and the uniaxial compressive strength and
deformation modulus are 56.5% and 45.6% compared with
dry rock samples. Chen et al. [27] analyzed the effect of
fissure water on rock mass effective stress based on triaxial
test, and the results show that the effective stress decreases
with the increasing pressure of crack water; the effective
stresses of the specimens are about 59.02% and 45.17% of
dry specimens with the confining pressures 15MPa and
30MPa. In this paper, the strength of dry and saturated
goaf rock mass is tested and statistically analyzed, and the
test results of compressive strength and deformation

Table 1: Relationship between volumetric joint number Jv and integrity index Kv of rock mass [16].

Volumetric joint number Jv (per cubic metre) <3 3–10 10–20 20–35 >35
Integrity index Kv >0.75 0.75–0.55 0.55–0.35 0.35–0.15 <0.15
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modulus of shale, sandstone, and limestone are shown in
Table 4.

According to Table 4, the saturated compressive strength
is 64.9% to 77.5% of dry compressive strength, and the
saturated deformation modulus is 62.1% to 86.5% of dry
deformation modulus. ,e influence of groundwater on
rock mass mechanical parameters is not constant for dif-
ferent types of rock masses and geological environments.

,e rock mass rating (RMR) system was modified over
years and has stood the test of time, and it conformed with
the international standards and procedures. So, this paper
refers to the RMR system to quantify the influence on
structural surface by groundwater. Roughness, weathering,
infilling, and groundwater are the main factors which affect
the rock mass structural surface conditions. According to
Bieniawski’s RMR system [28], the full value of roughness,
weathering, and infilling is 6, respectively, and the total
value is 18, a higher value indicating better rock mass
conditions. ,e full effective value of groundwater on
structural surface conditions is 15. Assuming that the
groundwater influence coefficient on mechanical param-
eters of the different types and geological environments of
rock masses is α, the quantitative formula of rock mass
structural surface conditions is given by the following
formula:

SCR � Rr + Rw + Rf + αRu, (13)

where Rr, Rw, and Rf are the roughness, weathering, and
infilling of structural surface conditions and Ru is the

influence of groundwater on structural surface.,e values of
structural surface conditions are shown in Tables 5 and 6 .

Groundwater and fissure water reduce effective stress of
the rock mass and the friction coefficient of rock mass
discontinuities, and the ability of rock mass to resist de-
formation and failure is reduced. ,e influence of
groundwater on rock mass mainly includes two aspects: the
weakening of rock mass structure surface conditions and the
damage of rock mass caused by the microcracks in rockmass
which are caused by groundwater. ,e micropores and
microcracks in rock can cause the change of rock mass
structure surface conditions, and the effect is macroscopi-
cally manifested as rock mass volume increasing and the
mechanical properties decreasing. Experiments have shown
that the compressive strength and deformation modulus
decrease linearly with the change of rock mass volume
caused by micropores and microcracks [29], and the de-
formation modulus is linearly related to the RMR value [28].
,erefore, it can be assumed that the compressive strength
and deformation modulus of rock mass have a linear re-
lationship with the value of the structural surface conditions,
and the compressive strength can be given by

σcm � σci k Rr + Rw + Rf + αRu􏼐 􏼑, (14)

where k refers to the coefficients related to discontinuities of
rock mass.

If the rock mass is intact without groundwater, the
groundwater has no effect on the rockmass,Ru � 15, and the
compressive strength of dry intact rock is given by

Table 2: Rock mass classification of integrity according to normative standards [16, 17].

Rock mass integrity Rockmass joint number Jv

Average distance between discontinuities
(m) Rock mass structure

Extremely intact rock ＜3 ＞1.0 Intact structure
Relatively intact rock 3–10 1.0–0.4 Blocky structure
Relatively fractured rock 10–20 0.4–0.2 Very blocky-interlocked structure
Fractured rock 20–35 ＜0.2 Blocky and disturbed structure
Extremely fractured
rock ＞35 — Disintegrated and laminated

structure

Table 3: New rock mass structure classification by Kv and distance between discontinuities.

Rock mass
integrity

Rock mass
integrity index

Kv

Average distance between
discontinuities (m)

Number of
structure sets Structure of rock mass

Extremely intact
rock ＞0.75 ＞1.0 1–3 Intact or massive rock with few widely spaced

discontinuities
Relatively intact
rock 0.75～0.55 1.0–0.4 3-4 Blocky rock mass consisting of cubical blocks formed

by 3-4 intersecting discontinuity sets

Relatively
fractured rock 0.55～0.35 0.4–0.2 3-4

Very blocky-interlocked and partially disturbed mass
with multifaceted angular blocks formed by 3-4 joint

sets
Fractured rock 0.35～0.01 0.2–0.06 4 Block folded by 4 intersecting discontinuity sets

Extremely
fractured rock ＜0.01 0.06–0.02 4 or more

Disintegrated, poorly interlocked, and heavily broken
rock mass made up of mixture of angular and

rounded rock pieces
Conglomeratic
rock mass ＜0.02 4 or more Laminated/sheared, with lack of blockiness due to

close spacing of weak schistosity or shear planes
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σcm d � σcik(18 + 15α). (15)

If the rockmass is saturated,Ru � 0, and the compressive
strength of saturated intact rock mass is given by

σcms � 18σcik. (16)

Assuming that ησ � (σcms/σcm d), the influence of
groundwater on the compressive strength and deformation
modulus of rock mass is different, and comprehensive in-
fluence η can be replaced by the average value of them two.

η �
ησ + ηE

2
, (17)

ηE �
Ecms

Ecm d

, (18)

where σcms and σcm d are the compressive strengths of sat-
urated and dry intact rock mass and Ecms and Ecm d are the
deformation moduli of saturated and dry intact rock mass.

Substitute equations (16) and (17) into equation (15):

α �
18(1 − η)

15η
. (19)

Substitute equation (19) into equation (13):

SCR � Rr + Rw + Rf +
18(1 − η)

15η
Ru. (20)

If the rock mass is intact without groundwater,

SCRmax �
18
η

. (21)

Assuming that the maximum quantized value of rock
mass discontinuity conditions is 1.0, the quantized value
KSCR of different rock mass structural surface conditions can
be given by

KSCR �
η
18

Rr + Rw + Rf􏼐 􏼑 +
1 − η
15

􏼒 􏼓Ru. (22)

,e new quantitative value sheet of the GSI system is
given based on optimized quantification of rock mass

Table 5: Values of structural surface conditions Rr, Rw, and Rf.

Structural surface conditions Description and value

Roughness Rr

Very rough Rough Slightly rough Smooth Slickensided
6 5 3 1 0

Weathering Rw

Unweathered Slightly weathered Moderately weathered Highly weathered Decomposed
6 4 3 1 0

Infilling Rf

None Hard filling <5mm Hard filling >5mm Soft filling <5mm Soft filling >5mm
6 4 2 2 0

Table 6: Value of structural surface conditions Ru.

Structural surface conditions Description and value
Water inflow per 50 square metre (l/min) No water <10 10–25 25–125 >125
Ratio(joint water pressure/major principal stress) 0 <0.1 0.1-0.2 0.2–0.5 >0.5
General conditions Dry Damp Wet Dripping Flowing
Value Ru 15 10 7 4 0

Table 4: Compressive strength and deformation modulus of shale, sandstone, and limestone.

Compressive strength and
deformation modulus based on
test

Range value of
dry rock

Average value
of dry rock

Range value of
saturated rock

Average value of
saturated rock

,e ratio of saturated
average value to dry average

value
Compressive strength of shale
(MPa) 33.8–36.9 35.32 17.6–28.3 22.91 64.9%

Deformation modulus of shale
(GPa) 26.2–35.2 33.0 11.8–39.9 20.5 62.1%

Compressive strength of
sandstone (MPa) 42.2–58.1 47.76 24.9–39.0 31.91 66.8%

Deformation modulus of
sandstone (GPa) 23.7–46.0 34.8 10.9–27.1 21.0 60.3%

Compressive strength of
limestone (MPa) 51.9–101.6 80.4 53.8–85.1 62.3 77.5%

Deformation modulus of
limestone (GPa) 70.0–95.9 84.9 61.1–87.3 73.4 86.5%
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structure and structural surface conditions. Buried rock
mass structure is classified based on the average distance
between discontinuities and integrity index Kv, and the
influence of groundwater and different rock types is fully
considered in discontinuity condition classifications. ,e
modification can improve the utility of the GSI system. ,e
quantitative value sheet of the improved GSI system is
shown in Figure 1.

3.3. Determination of Rock Mass Disturbance Factor. ,e
disturbance factorD is also a very important factor in the HB
criterion, which is mainly used to indicate the degree of rock
mass disturbance in blasting or excavation. However, there
are only six discontinuous qualitative evaluation values [7].
In addition, the rock mass disturbance factor proposed by
Hoek refers to the disturbance of fresh rock mass that is not
affected by blasting and excavation because human activities
such as blasting and excavation or rock mass weathering
only affect the integrity of rock mass surface. So, the rock
mass disturbance factor is the damage degree of rock mass
caused by the influence of discontinuities. It is necessary to
revise the classification of rockmass structure determined by
the surface structure affected by blasting, and the classifi-
cation of rock mass discontinuity conditions determined by
weathered discontinuities should also be revised [13].
,erefore, it is necessary to further discuss the value of
disturbance factor D.

,e original stress state of coal roof changes after coal
excavation, rock mass is broken under the unbalance stress,
and rock mass deformation modulus will decrease; the
deformation modulus is closely correlated with rock mass
integrity, and the effective area of section decreases with the
development of joints and fissures, while it is difficult to
measure the effective bearing area of rock mass. Lemaitre
[30] proposed the concept of equivalent stress; assuming that
the deformation of the damaged material can be represented
by effective stress, the strain of the damaged material is given
by

ε′ �
σ′
E

�
σ

(1 − D)Em

�
σ
Ei

. (23)

Disturbance factor D can be expressed by

D � 1 −
Em

Ei

. (24)

According to equation (24), rock mass disturbance
factor D can be calculated by the deformation modulus of
disturbance and intact rock mass. ,e deformation
modulus of disturbed rock mass is difficult to get by
laboratory test and small field tests; however, integrity
index Kv is the important index widely accepted to
evaluate rock mass integrity. ,erefore, the deformation
modulus of rock mass can be calculated based on the HB
criterion and the improved GSI system, which is classified
according to rock mass integrity index Kv. Substituting
equation (24) into equation. (6), the formula can be
changed as follows:

D � 0.98 −
1 − D/2

1 + exp((60 + 15 D − GSI)/11)
. (25)

GSI can be obtained by the improved GSI system;
according to the equation (25), the relationship between
disturbance factor D and the geological strength index (GSI)
is listed in Table 7.

When GSI in the table is 100 or 0, the factor D is not 0 or
1 because there are more microfissures in rock mass in
nature, and there is no absolutely intact or completely
disturbed rock mass. So, the corresponding relationship is
reasonable. ,e relative curve between them is drawn in
Figure 2.

According to Figure 2, the factor D of heavily disturbed
rock mass changes slowly with the increase of GSI; in other
words, in severely jointed rock mass, the disturbance factor
D varies in a small range. When the GSI value is 40 to 90, the
factor D is nearly linearly correlated with GSI. ,e problem
of nonuniform quantitative standards is solved, and the rock
mass integrity in engineering can be better evaluated.

4. Application of Improved GSI System

,is paper takes the coal goaf under railway as an engi-
neering case to obtain the rock mass mechanical parameters.
,e direction of railway is parallel to strike of the stratum.
,e stratum distribution in this area is relatively stable,
mainly including soil layers, shale, sandstone, and limestone.
,emaximum depth of coal is 140m, and the strata from top
to bottom are described as follows.

Soil with average thickness of 10.0m is made of clay and
sand. 9 coal is the first coal mined with average thickness of
0.9m, and the roof is shale with average thickness of 22.0m.11
coal top roof is shale with average thickness of 10.7m, 11 coal
lower roof is sandstone with average thickness of 24.1m, and
11 coal is the second coal mined with average thickness of
1.8m. 13 coal top roof is shale with average thickness of
12.8m, the middle roof is sandstone with average thickness of
22.0m, the lower roof is limestone with average thickness of
5.5m, and 13 coal is the third coal mined with average
thickness of 1.5m. 15 coal roof is shale with average thickness
of 16.0m, and 15 coal is the fourth coal mined with average
thickness of 1.3m. Lots of joints and fissures developed in
rock mass are affected by the coal mined, the length of
typically drilled rock is shorter than 30 cm, the rock quality
designation is between 28.6 and 51.0, and the coal roofs belong
to fractured rockmass. Groundwater has been largely pumped
from the mine. Hence, the structural suface is weakly eroded
due to the absence of groundwater. ,e rock mass structural
surface conditions are rough, weakly eroded, unfilled, andwet.
Disturbance factor D can be calculated with equation (25).
According to the improved GSI system, the rock mass
quantitative GSI values of all goaf roofs are given in Table 8.

According to equations (1)–(8), based on the results of
laboratory test and field test, rock mass mechanical pa-
rameters of goaf roofs can be calculated by the HB criterion,
and the results are shown in Table 9.

Rock mass mechanical parameters of compressive
strength, deformation modulus, and friction angle from field
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side pressure test are statistically calculated and listed in
Table 10. ,e rock mass mechanical parameters obtained
with the method of optimized new GSI system are similar to
those from field test.

,e excavation of coal has caused surface subsidence,
building cracking, and ground collapse. In order to eliminate
the main influence on the newly built railway, the goaf areas
under railway were filled with cement slurry. Only 9 coal, 11
coal, and 13 coal goafs were filled. After grouting, wave
velocity of rock mass was tested again, and the rock mass
mechanical parameters required for three-dimensional

numerical model are estimated based on the test results,
improved GSI system, and HB criterion.

,e coal strate having the dip of 18 degree was excavated
in the width of 100m. ,e three-dimensional numerical
analysis model takes railway as the center, the model is
250m high, 400m long along dip and 200m along strike,
peripheral and bottom boundaries of model are set as fixed
constraints, and the surface is free. ,e model is divided into
52580 cells. ,e numerical model is shown in Figure 3.

According to the numerical simulation analysis based on
the mechanical parameters in Table 11, the surface
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Figure 1: ,e quantitative value sheet of the improved GSI system.
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Table 9: Rock mass mechanical parameters of goaf roof.

Roof strata GSI σci Ei Mi mb S a Compressive strength
(MPa)

Deformation modulus
(GPa)

Friction angle
(°)

9 coal roof sandstone
and shale 44.3 46.9 20.6 6 0.266 0.29×10−3 0.508 3.12 1.49 38.5

11 coal top roof shale 46.8 48.5 28.4 6 0.330 0.46×10−3 0.507 3.64 2.53 37.3
11 coal lower roof
sandstone 56.6 75.2 21.3 9 1.074 2.8×10−3 0.504 10.60 4.46 49.5

13 coal top roof shale 67.9 37.1 25.2 6 1.488 17.5×10−3 0.502 6.97 12.06 42.7
13 coal middle roof
sandstone 70.0 61.2 34.9 9 2.511 23.9×10−3 0.501 14.56 18.73 50.3

13 coal lower roof
limestone 54.0 87.1 76.9 12 1.181 1.8×10−3 0.504 12.64 12.84 48.8

15 coal roof shale 56.6 45.4 34.3 6 0.553 1.9×10−3 0.504 4.63 5.60 34.7
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Figure 2: ,e relative curve between disturbance factor (D) and geological strength index (GSI).

Table 7: Relationship between disturbance factor D and geological strength index (GSI).

GSI 100 90 80 70 60 50 40 30 20 10 0
D 0.010 0.069 0.169 0.312 0.480 0.646 0.785 0.880 0.934 0.960 0.972

Table 8: Quantitative GSI values of all goaf roofs.

Roof strata Kv d KSCR GSI D Integrity of rock mass

9 coal roof sandstone and shale 0.23 11.7 0.70 44.3 0.72 Soft rock, broken rock
11 coal top roof shale 0.29 15.7 0.70 46.8 0.69 Soft rock, broken rock
11 coal lower roof sandstone 0.43 27.6 0.77 56.6 0.54 Harder rock, broken rock
13 coal top roof shale 0.59 51.9 0.82 68.0 0.36 Harder rock, broken rock
13 coal middle roof sandstone 0.63 62.8 0.77 70.0 0.32 Harder rock, broken rock
13 coal lower roof limestone 0.34 19.5 0.80 54.0 0.58 Harder rock, broken rock
15 coal roof shale 0.43 27.6 0.76 56.6 0.70 Soft rock, broken rock

Table 10: Goaf roof mechanical parameters from field test.

Roof strata Compressive strength (MPa) Deformation modulus (GPa) Friction angle (°)
9 coal roof sandstone and shale 3.53 1.52 40.5
11 coal top roof shale 3.91 2.85 39.7
11 coal lower roof sandstone 11.10 4.65 48.8
13 coal top roof shale 7.25 12.58 41.0
13 coal middle roof sandstone 14.82 19.02 51.8
13 coal lower roof limestone 12.97 12.43 47.1
15 coal roof shale 5.13 5.52 35.6
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subsidence can be effectively controlled after 9, 11, and 13
goafs are filled. ,e subsidence of the grouted area has been
observed for a long time until it reached stability, and total
observation time was 544 days. Observation points were
set along the edge of the railway embankment with the

distance of 20m. ,e observation points are numbered 1 to
11. ,e curve of subsidence over time and the results of
numerical simulation analysis are shown in Figure 4.

At the beginning, the subsidence value increases quickly
with time. With the continuous solidification of backfill, the
mechanical parameters and strength of rock mass will in-
crease. Hence, ground subsidence has been limited to 22 to
26 mm, which is effectively controlled. Notably, the average
of measurement value is very close to the analyzed values.

5. Conclusion

,e traditional classification of rock mass structure is based on
the volumetric joint number of rockmass, while it is difficult to
accurately get deep-buried rock mass volumetric joint number.
Rock mass structure is quantitatively classified by the dis-
continuity distance or average size of rock block d and rock
mass integrity index Kv which can be easily obtained in the
field test. ,e traditional structural surface conditions (SCR)
include only roughness, weathering, and infilling, and the
influence of groundwater and rock types is left out. In order to
solve the problem, the ratio η of rockmass saturated strength to
dry strength is introduced, and the quantization formula of
structural surface conditions is proposed. ,e improved geo-
logical strength index (GSI) system is adapted to all types of
deeply buried rock masses. Disturbance factorD is listed based
on the theory of damagedmaterial andHB criterion, which can
reduce the influence caused by discontinuous parameters. ,e
research has been well applied in the goaf areas.
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11coal
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Figure 3: ,e three-dimensional numerical model of coal goaf under railway.

Table 11: Rock mass mechanical parameters of filled goafs for numerical model.

Roof strata Kv GSI Deformation modulus (GPa) Cohesion (MPa) Friction angle (°)

9 coal roof sandstone and shale 0.46 55.0 1.49 0.22 38.5
11 coal top roof shale 0.54 59.2 2.53 0.31 37.3
11 coal lower roof sandstone 0.51 62.0 4.46 0.71 49.5
13 coal top roof shale 0.65 70.5 12.06 1.01 42.7
13 coal middle roof sandstone 0.69 73.0 18.73 1.58 50.3
13 coal lower roof limestone 0.53 64.0 12.84 0.80 48.8
15 coal roof shale 0.43 56.6 5.60 0.48 34.7
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Figure 4: ,e curve of subsidence over time and the results of
numerical simulation analysis.
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In order to understand the instability characteristics of surrounding rock in the process of deep roadway excavation, a three-
dimensional numerical model was established by FLAC3D to systematically analyze the influence of roadway surrounding rock
stability under different in situ stress distribution forms, and the environmental coefficient of mining-induced stress ηwas defined,
the larger the environmental coefficient of mining-induced stress is, the larger the surrounding rock stress environment is, and the
range where the η coefficient is greater than 0.2 is called with the destruction-danger zone. When the initial vertical stress is
maximum principal stress andminimum principal stress, by comparing the roadway along the middle ground stress direction and
minimum or maximum in-situ stress direction, the variation characteristics of displacement, failure zone and failure hazard zone
of roadway surrounding rock are obtained, which provides theoretical basis for the treatment of disaster accidents such as roadway
surrounding rock instability and rock burst caused by deep high in-situ stress.

1. Introduction

All underground engineering activities must be carried out
in the earth’s crust. Coal mining is to take the crustal rock
mass and coal seam as the main research object, so it is
extremely important to study the natural properties of
underground rock mass and the in situ stress distribution
[1, 2]. In 1912, the concept of geostress was first proposed by
Heim, a Swiss geologist [3]. It is pointed out that the rock is
in a state of approximate hydrostatic pressure due to the
rheological action for a long time under the continuous
action of large stress [4–6]. )e stress is equal to the gravity
of the overlying rock mass, i.e., σx � σy � σz � cH. Under
hydrostatic pressure, there is no shear stress, and any di-
rection is the principal stress. In 1926, Soviet scholars
proposed the following theory [7]: assuming that the rock
mass is uniform and continuous elastic medium and
according to the theory of elasticity, it is proposed that the
vertical stress of the rock mass is equal to the pressure of the
rock strata above it, i.e., σv � cH. And the horizontal stress
σx � λcH. For the gravitational field with the ground level,

the lateral pressure coefficient λ � ]/(1 − ]), and λ � 1 when
the hydrostatic pressure. However, the measured value may
be greater than 1.0 or less than 1.0 depending on the area and
position of the measured result of λ [8–10]. Literature
[11, 12] showed that the anchor bolt not only provides
supporting force on the roadway surface but essentially
forms a load-bearing structure with certain strength through
the coupling action of anchor bolt and surrounding rock. In
literature [13–15], the stress evolution, displacement field,
local deformation, overall distribution, and destroy char-
acteristics of surrounding rock anchoring structures were
studied with different bolt spacing through model tests. In
literature [16, 17], the influence of bolt preloading force and
bolt spacing on the supporting strength of surrounding rock
anchoring structure through numerical simulation software
was analyzed, the supporting scheme of excavation roadway
was designed, and the effectiveness of the supporting scheme
by adopting the roadway displacement measurement
scheme was verified. Literature [18–20] showed that under
the action of high stress, the two-side coal seam is soft, the
stress is uneven, the range of loosening circle is large, and the
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surface deformation shows the characteristics of “two-side
displacement amount greater than roof subsidence amount
greater than floor heave amount.”

With the deepening of coal mining depth in recent years,
the original rock stress of underground rock mass is also
increasing, and the anisotropy is significant [21, 22]. As a
result, the excavation roadway deformation speed is
accelerated; roof caving, side deflection, and floor heave are
increasingly serious; and the bursting liability is more in-
tense. )e number of roadway repair is also increasing
correspondingly, and the repair rate of some soft rock
roadway has reachedmore than 90% [23–25]. Redistribution
of in situ stress caused by roadway excavation is closely
related to the original rock stress distribution state. In order
to accurately grasp the influence of in situ stress distribution
on the stability of roadway surrounding rock [26–28], based
on the discussion of the distribution form of in situ stress,
this paper systematically analyzes the displacement curve of
surrounding rock, the range of plastic zone, and the volume
of destruction-danger zone to judge the influence on the
stability of surrounding rock [29, 30].

2. The Engineering Background and
Numerical Model

2.1. .e Engineering Background. )is paper takes 7703
bottom pumping roadway in Zouzhuang Mine, Huaibei,
Anhui Province, as the engineering background. )e con-
struction horizon of the bottom pumping roadway is in sand
and mudstone interbed and 16–30m away from the coal
seam. )e lithology is mainly purple piebald mudstone and
aluminum mudstone, followed by siltstone and fine sand-
stone. )e occurrence of strata is relatively stable. )e direct
roof is mudstone, gray to dark gray, massive, with slippery
surface, a large number of plant fossil fragments, flat frac-
ture, brittle, fragile, thickness of 1.91∼4.13m, and average of
3.15m. )e old top is fine siltstone, light gray, fine grain,
massive, with thin siltstone bands, a few cracks filled by
calcite veins, medium sorting, calcareous cementation,
parallel bedding, dense, thickness of 4.10∼90.2m, and av-
erage of 6.12m. )e direct bottom is mudstone, dark gray,
argilaceous structure, local silty content is high, relatively
dense, flat fracture, a large number of plant rhizome fossils,
thickness of 1.02∼3.95m, and average of 2.39m. )e old
bottom is fine silty sandstone, gray, silty structure, the local
with high fine sand content, banded, flat and dense fracture,
a large number of plant rhizome fossils in the lower part,
longitudinal fractures, parallel bedding, thickness of
2.90∼5.61m, and average of 4.47m. )e comprehensive
histogram of roof and floor within the area of working face
7703 is shown in Figure 1.

2.2. .e Establishment of Numerical Model. Roadway sur-
rounding rock stability of the numerical model is set up by
using FLAC3D, as shown in Figure 2; the model size is 80
m∗ 60 m∗ 80m, and the actual depth of the coal seam is
720-800m. )e numerical model includes 9 layers from top
to bottom.)e sandstone is 11 meters, mudstone is 9 meters,

siltstone is 7 meters, conglomerate is 4 meters, mudstone is 5
meters, siltstone is 4 meters, mudstone is 23 meters,
sandstone is 5 meters, mudstone is 12 meters, respectively,
and the cumulative thickness is 80 meters. )e dip angle of
each rock stratum is 15°. Physical and mechanical param-
eters of rock strata are shown in Table 1.

Excavation roadway is located in themiddle of the model
23 meters mudstone environment, occurrence depth of
760m; roadway cross section adopts the design of arch
section, the section size of 5 meters wide and 4 meters high,
along the Y direction for excavation, excavation length of
60m, model size greater than the roadway section size,
thereby eliminating the boundary effect on the result of
numerical calculation.)eMohr–Coulomb model is used to
simulate the mechanical response characteristics of the
surrounding rock mass in the process of excavation. A fixed
displacement boundary condition is adopted at the bottom
and around the model, and a vertical stress is applied at the
top of the model to simulate other overburden strata that
have not been built into the numerical model. )e step-by-
step characteristics of surrounding rock stress, displacement,
plastic zone, and failure risk zone caused by roadway ex-
cavation are analyzed to evaluate the stability of surrounding
rock under the influence of mining.

3. Influence of In Situ StressDistribution on the
Stability of Roadway Surrounding Rock

3.1. Influence of In Situ Stress Distribution on Roadway Sur-
rounding Rock Displacement. In order to quantitatively
analyze the influence of different forms of in situ stress
distribution on the displacement of surrounding rock, a
vertical survey line was arranged on the roof and floor of the
roadway, respectively, and a horizontal survey line was
arranged on the left and right sides of the roadway, re-
spectively. According to the elastic mechanics knowledge,
the excavation of the chamber in the undisturbed rock will
inevitably cause the redistribution of the original rock stress,
resulting in the production of plastic zone (and plastic zone).
According to the analytical formula of the Gilch solution, the

Rock characterThickness (m)

Gray, massive, thick bedded, intercalated with
thin mudstone, gentle wave bedding, dense.

Light gray, massive, uneven fracture, local
silt, upper siderite oolite, brittle.
Gray, fine grain, good sorting, siliceous
cementation, hard.
Gray, massive, flat fracture.
Dark gray, massive, flat fracture.
Gray, fine grain, good sorting.

Massive, thick bedded, locally intercalated
with thin siltstone, gentle wave bedding, with
a small amount of carbonaceous layer,
relatively dense.

Dark gray, massive, flat fracture, see a large
number of plant fossil fragments, the layer
is carbonaceous, brittle.

Gray, massive, gentle wave bedding, dense.

Rock stratum

Sandstone

Mudstone

Mudstone

Mudstone

Mudstone

Sandstone

Siltstone

Siltstone

Glutenite

11

9

5

23

12

5

7

4

4

Histogram

Figure 1: Comprehensive histogram of borehole.
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range of the plastic zone is generally 3–5 times of the length
of the chamber rock mass. And the width of the section size
in the numerical model is 5m, so the range of the plastic
zone caused by excavation is about 15–25m. )erefore, the
maximum length of 25m is adopted here as the analysis area.
)e numerical model of the roadway surrounding rock cross
survey line was established, as shown in Figure 3.

)e vertical displacement of the survey line of the top
and bottom was extracted and curves were drawn, as shown
in Figure 4. When the initial vertical stress is the maximum
in situ stress, the deformation degree of surrounding rock is
higher when the roadway is tunneling along the middle in
situ stress direction than when the roadway is tunneling
along the minimum in situ stress direction. Under the
condition of hydrostatic pressure, the surface deformation of
surrounding rock of roadway is higher than the first two
types of in situ stress distribution and deep roadway sur-
rounding rock deformation is lower than the first two types
of ground stress. For the above three kinds of in situ stress
condition, vertical displacement shows slowly lowering
trend from the roadway surface to the deep roadway di-
rection, and surface reduced to 0 about 15m away from the
roadway. When the initial vertical stress is the minimum in
situ stress, the degree of vertical displacement of sur-
rounding rock on the roadway surface is higher than that in
the direction of maximum in situ stress when the roadway is
excavated along the middle in situ stress direction, and the

degree of vertical displacement of surrounding rock on the
roadway surface is smaller than that in the case of tunneling
along the maximum in situ stress direction when the initial
vertical stress is the minimum in situ stress. Compared with
the case where the initial vertical stress is the maximum in
situ stress, when the initial vertical stress is the minimum in
situ stress, the vertical stress decreases faster from the
roadway surface to the depth of the surrounding rock.

)e horizontal displacement of the left and right sides of
the survey line was extracted and curves were drawn, as
shown in Figure 5. When the initial vertical stress is the
maximum in situ stress, the horizontal deformation de-
creases rapidly from the roadway surface to the deep sur-
rounding rock. Surrounding rock of roadway is excavated
along minimum in situ stress direction of horizontal de-
formation degree which is higher than the tunneling of the
intermediate principal stress, and hydrostatic pressure is
bigger than the horizontal deformation of roadway under
the conditions of the first two types of in situ stress dis-
tribution. It is important to note that the roadway is ex-
cavated along the middle ground stress direction, horizontal
smaller range of compression zone. When the initial vertical
stress is the minimum in situ stress, the decrease rate of
horizontal deformation from the roadway surface to the
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Figure 2: Numerical analysis model of surrounding rock stability of roadway: (a) force analysis diagram; (b) numerical model diagram.

Table 1: Physical and mechanical parameters of rock strata.

Rock parameter Siltstone Mudstone Glutenite Sandstone
Bulkmodulus (GPa) 1.11 0.83 1.0 0.97
Shear
modulus (GPa) 0.83 0.38 0.6 0.72

Cohesive
forces (MPa) 6.0 3.0 4.0 5.0

Angle of internal
friction (°) 38 32 34 38

Angle of
dilatancy (°) 10 10 10 10

Tensile
strength (MPa) 2.5 1.0 1.5 2.0

Geometry Type

Geometry Type

Geometry Type

Polygon

Edge

Polygon

Figure 3: Numerical model of roadway surrounding rock cross
survey line.
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deep surrounding rock is significantly less than that of the
initial vertical stress which is themaximum in situ stress.)e
horizontal deformation of the tunnel is obviously higher
than that of the tunnel with the maximum ground stress.
According to the geological conditions, the rock strata have

an inclination angle of 15°, which leads to the different
gravity of the overlying rock strata at the positions of the two
sides of the roadway after excavation. )erefore, the stress
redistribution process is not symmetrical. However,
according to the influence curve of ground stress on the
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Figure 4: Influence of in situ stress on vertical displacement curve of roadway surrounding rock: (a) the vertical stress is the maximum
principal stress; (b) the vertical stress is the minimum principal stress.
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Figure 5: Influence of in situ stress on horizontal displacement curve of roadway surrounding rock: (a) the vertical stress is the maximum
principal stress; (b) rhe vertical stress is the minimum principal stress.
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Figure 6: Continued.
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horizontal displacement curve of surrounding rock in
Figure 3, the difference between the left and right sides of the
deformation displacement is small, so the support of the
roadway can still adopt the symmetric support method for
surrounding rock reinforcement.

3.2. Influence of In Situ Stress Distribution on Plastic Zone of
Roadway Surrounding Rock. )e influence of different in
situ stress distribution forms on the plastic zone of roadway
surrounding rock is shown in Figure 6. Under the con-
dition that the initial vertical stress is the maximum in-situ
stress, when the roadway is extracted along the middle in-
situ stress direction, the failure zone of the surrounding
rock is mainly concentrated on the two sides of the roadway
and expands to four shoulder angles at the same time. )e
failure of surrounding rock only occurs on the roadway
surface of the roof and floor, and the failure range is ob-
viously smaller than that of the two sides of the roadway.
)e failure zone of the two sides extends to the interface
between mudstone and upper siltstone and stops
expanding. When the roadway was tunneling along the
direction of the minimum in situ stress, the plastic zone of
the surrounding rock mainly developed on the two sides of
the roadway and no longer expanded to the four shoulder
angles of the roadway. )e plastic zone of the surrounding
rock of the roof and floor was similar to that of the roadway
tunneling along the direction of the intermediate principal
stress but only developed in the surface rock. Compared
with the roadway tunneling along the intermediate prin-
cipal stress direction, the failure range of surrounding rock
of the roadway is obviously reduced, and the spatial dis-
tribution of the roadway is contracted to the two sides of
the roadway. Under the condition of hydrostatic pressure,
the plastic zone of surrounding rock around the roadway
basically presents uniform distribution. Compared with the
previous two types of in situ stress distribution, the range of
plastic zone of surrounding rock on both sides of the
roadway decreases, while the range of plastic zone of
surrounding rock on the roof and floor increases.

When the initial vertical stress is the minimum in situ
stress and the roadway is excavated along the direction of
maximum in situ stress, the failure range of surrounding
rock of the roadway roof and floor is slightly larger than that
of the roadway sides, but the failure area of surrounding rock
still presents uniform distribution characteristics. When the
roadway is extracted along the middle stress direction, the
failure phenomenon of the two sides of the roadway only
appears in the shallow surrounding rock. )e failure zone is
mainly concentrated in the roof and floor surrounding rock
of the roadway, and the roof failure zone stops developing at
the boundary of mudstone and upper siltstone. Compared
with the roadway extracting along the direction of maximum
in-situ stress, the failure area of surrounding rock on both
sides of the roadway is significantly contracted, and the
failure area of surrounding rock on top and bottom is ex-
panded. Compared with hydrostatic pressure conditions, the
latter two types of in situ stress lead to lower damage degree
of surrounding rock on both sides of roadway and higher
damage degree of surrounding rock on roof and floor.

)e in situ stress distribution not only has a significant
influence on the spatial failure modes of surrounding rock
but also leads to significant differences in the range of plastic
zones. In order to quantitatively analyze the failure range of
surrounding rock, the total volume of failure units was
calculated by accumulating the failure units, and a histogram
was drawn, as shown in Figure 7. It can be seen from the
figure that when the initial vertical stress is the maximum in
situ stress, the plastic zone of surrounding rock when the
roadway was tunneled along the middle in situ stress is
significantly larger than that when the roadway was tunneled
along the minimum in situ stress. When the initial vertical
stress is the minimum in situ stress, the range of surrounding
rock plastic zone when the roadway is driven along the
middle in situ stress direction is slightly higher than that
along the maximum in situ stress direction.

3.3. Influence of In Situ Stress Distribution on Roadway
Surrounding Destruction-Danger Zone. )e rock fracture

shear-n shear-p
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shear-p

shear-n
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(e)

Figure 6: Influence of in situ stress on the morphology of plastic zone of roadway surrounding rock: (a) Kx � 0.3, Ky � 0.6; (b) Kx � 0.6,
Ky � 0.3; (c) Kx � 1, Ky � 1; (d) Kx � 1.5, Ky � 2.0; (e) Kx � 2.0, Ky � 1.5.
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which is within the scope of the roadway destruction area grows
highly, and destruction area is the key of support and rein-
forcement. )e neighboring area is a part of the destruction
rock though it is within range of the elastic state, but its mining
stress environment is very bad, it is easily affected by external
disturbances and enters a state of destruction, and it will become
a damage zone of surrounding rock of the region.When the bolt
or anchor cable support is carried out, it is necessary to pay
attention to that the anchor end cannot be completely in the
destruction-danger zone. Otherwise, once the destruction-
danger zone enters the failure state under the external distur-
bance, the overall failure of the supporting structure will be
caused and the reliability of roadway support will be reduced. In
order to characterize the advantages and disadvantages of the
stress environment in the surrounding rock of the roadway, the
mining-induced stress environmental coefficient is defined as

η �

��
J2

􏽰

I1
, (1)

where I1 is the first invariant of the principal stress and J2 is
the second invariant of deviatoric stress, and those can be
expressed as follows:

J2 �
1
2

s
2
1 + s

2
2 + s

2
3􏼐 􏼑,

I1 � σ1 + σ2 + σ3,
(2)

where σ1, σ2, and σ3 are the maximum, intermediate, and
minimum principal stresses, respectively, and S1, S2, and S3
are maximum, intermediate, and minimum deviatoric
stresses, respectively, σ0, Si, and σi (i� 1, 2, 3) are hydrostatic
stress, deviatoric stress, and principal stress, respectively,
and and Si � σi − σ0, σ0 � I1/3.

Since the first invariant of principal stress I1 represents
the compression degree of the surrounding rock in three

directions, the larger its value is, the better the stress en-
vironment the surrounding rock is. )e second invariant of
deviatoric stress, J2, represents the shear degree of sur-
rounding rock. And the larger the value is, the worse the
stress environment of surrounding rock is. And the mining
stress environment factor is defined the ratio of the second
invariant deviatoric stress to first principal stress invariants.
Due to rock compressive shear, the greater the value of
mining stress environment factor, the easier the rock mass is
to be destroyed. And the rock shear strength is about 10%–
40% of rock compressive strength, so the scope of mining
stress environment factor greater than 0.2 is defined as a
destruction-danger zone. )e spatial distribution mor-
phology of surrounding rock in the destruction-danger zone
under different in situ stress conditions was extracted, as
shown in Figure 8. When the initial vertical stress is the
maximum in-ground stress, the destruction-danger zone
around the roadway takes on a butterfly shape, and its range
is obviously larger than that of the plastic zone. When the
roadway is excavated along the direction of the middle in-
ground stress, the destruction-danger zone has the largest
range, and when the roadway is excavated along the di-
rection of the middle in-ground stress, the destruction-
danger zone presents a tendency of contraction. Under the
condition of hydrostatic pressure, the destruction-danger
zone around the roadway is basically uniformly distributed,
and its range is slightly larger than that of the plastic zone.
When the initial vertical stress is the minimum in situ stress
and the roadway is excavated along the direction of the
maximum in situ stress, the failure danger area is basically
uniform in the two sides of the roadway and the surrounding
rock of the floor, and the scope of the failure danger area in
the floor increases obviously. When the roadway was ex-
cavated along the direction of the middle ground stress, the
destruction-danger zone of the surrounding rock on both
sides of the roadway contracted obviously, and the

0
The minimum
principal stress

The intermediate
principal stress

The Hydrostatic
pressure

800

600

400

200

1000

1200

636

1400

1600
Pl

as
tic

 zo
ne

 v
ol

um
e (

m
3 )

1470

821

Advancing direction

(a)

0
The maximum
principal stress

The intermediate
principal stress

The Hydrostatic
pressure

800

600

400

200

1000

1200
12901400

1600

Pl
as

tic
 zo

ne
 v

ol
um

e (
m

3 )

1430

821

Advancing direction

(b)

Figure 7: Influence of in situ stress on the range of plastic zone of roadway surrounding rock: (a) the vertical stress is themaximum principal
stress; (b) the vertical stress is the minimum principal stress.
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Figure 8: Continued.
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destruction-danger zone of the surrounding rock on the roof
and floor expanded obviously, and the spatial distribution of
the destruction-danger zone was like a wine glass. Compared
with the hydrostatic pressure condition, the latter two types
of in situ stress lead to the increase in the uneven distribution
of the failure risk zones around the roadway and the ex-
pansion of the development range.

)e volume of all units within the scope of the de-
struction-danger zone was accumulated, and the column
diagram of the destruction-danger zone range of the sur-
rounding rock of the roadway under different in-ground
stress distribution was obtained, as shown in Figure 9. Under
the condition of hydrostatic pressure, the stress environment
of surrounding rock is relatively good, and the range of
failure danger of surrounding rock is obviously smaller than
the other four types of in situ stress distribution. When the
initial vertical stress is the maximum in situ stress, the range
of destruction-danger zone is higher when the roadway is
tunneling along the middle in situ stress direction than when
the roadway is tunneling along the minimum principal stress

direction. When the initial vertical stress is the minimum in
situ stress, the range of surrounding rock destruction-danger
zone is higher when the roadway is tunneling along the
middle in situ stress direction than when the roadway is
tunneling along the maximum in situ stress direction.

4. Conclusion

(1) When the initial vertical stress is the maximum in
situ stress, the roof subsidence and floor bulge of the
roadway are significantly greater than those when the
initial vertical stress is the minimum in situ stress,
but the displacement of the two sides of the roadway
is significantly higher than that when the initial
vertical stress is the minimum in situ stress.

(2) When the initial vertical stress is the maximum in
situ stress, the range of plastic zone of surrounding
rock is significantly higher than that of the minimum
principal stress when the roadway is excavated along
the direction of intermediate principal stress. When
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Figure 8: Influence of in situ stress on the morphology of destruction-danger zone of roadway surrounding rock: (a) Kx � 0.3, Ky � 0.6;
(b) Kx � 0.6, Ky � 0.3; (c) Kx � 1, Ky � 1; (d) Kx � 1.5, Ky � 2.0; (e) Kx � 2.0, Ky � 1.5.
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Figure 9: Influence of in situ stress on the failure hazard range of roadway surrounding rock: (a) the vertical stress is the maximum principal
stress; (b) the vertical stress is the minimum principal stress.
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the initial vertical stress is the minimum in situ stress
and the roadway advances along the direction of the
maximum in situ stress, the scope of the plastic zone
around the roadway is slightly smaller than that
along the direction of the middle in situ stress.

(3) In order to characterize the advantages and disad-
vantages of the stress environment in the sur-
rounding rock of the roadway, the environmental
coefficient of mining-induced stress is defined. )e
larger the environmental coefficient of mining-in-
duced stress is, the larger the surrounding rock stress
environment is. )e range of this coefficient greater
than 0.2 is defined as the destruction-danger zone.
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Deep mining has become the normal state of coal mining; compared with the mine with shallow buried depth, the consequent
high level of in situ stress and complex distribution have brought severe threats to the stability of the stope and the surrounding
rock of the roadway. In this research, taking the 121304 working face of Kouzidong Mine as the engineering background, the
characteristics of mining-induced stress distribution under complex in situ stress environment in deep mining are analyzed by
using on-site measurement of the original rock stress and mining stress, establishing a theoretical model centered on the middle
section of the working face, and establishing large-scale numerical calculation models for different advancing directions. It was
found that under deep mining conditions, the maximum stress of the original rock is 25.12MPa, and the direction is vertical. )e
advanced influence range of mining stress is about 150m, and the abutment pressure presents a three-peak distribution
characteristic in front of the working face.)e research results provide important theoretical guiding value for guiding the mining
of coal mines with similar geological conditions.

1. Introduction

As the level of modern industry increases year by year, the
eastern part of China needs more energy supplies [1–6]. )e
shallow resource was exhausted, and the deep ones begin to
develop. As a result, the level of ground stress has risen and
the distribution law has become more complicated [7–11].
)e stability maintenance of surrounding rock during
mining and roadway excavation is more complicated
[12–16]. )e critical factor which causes the fracture of the
rock strata of the stope and roadway is in situ stress [17–20].

Radwan et al. [21] have determined the ground stress
field, pore pressure, stress regime, and fracture gradient
through on-site measurement of ground stress. It is dis-
covered that the stress field rotates affected by geologic
structure and the influence of the stress field rotation on the
effect of resource extraction, thereby providing a reliable
guarantee for the efficient exploitation of resources. Saeidi
et al. [22] analyzed the in situ stress distribution charac-
teristics of Niobec Mine, Quebec (Canada) and the influence

of in situ stress uncertainty on stability evaluation of open-
pit slope. Whether a mining plan can be exploited suc-
cessfully to a deeper mining level depends largely on whether
the magnitude and direction of the in situ stress state can be
fully considered. Many mines use in situ stress to evaluate
the stability of structure of underground and, at the same
time, the interpretation of various aspects of mine data and
engineering judgments are generally based on mine depth
functions and methods which are determined by the value of
ground stress obtained from the results of stress measure.
Guo et al. [23] statistically analyzed the distribution features
and rules of ground stress in Chinese mines according to a
massive data of measured results of ground stress and
summarized the relationship between stress field type, stress
magnitude, stress value, and buried depth. In order to study
the splitting failure of high sidewall cavern under high in situ
stress, Zhang et al. [24] carried out true three-dimensional
(3D) geomechanical model test. In Zhang’s paper, the main
powerhouse of Pubudou Hydropower Station is taken as an
example. By using self-developed 3D loading system and
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analogue materials, Zhang reproduced the splitting failure of
high sidewall cavern under high ground stress. )e for-
mation factor and collapse feature of the split failure of the
high side rock cavern have been revealed in this model test.
Furthermore, it summarized credible evidence for further
researches on the formation mechanism of the split failure of
the high sidewall cavern under the action of high ground
stress. Yang et al. [25] put forward stress initialization
methods. According to the results from simulations, the
stress initialization results obtained by implicit-explicit se-
quence method and dynain file method had a close rela-
tionship to the material model of rock. Compared with other
methods, the explicit DR method has an obvious advantage
in solution time. According to the on-site measurement of a
deep mine, Qin et al. [26] have found that the immediate
cause of the roadway deformation is the ground stress. A
kind of support form of high strength prestressed bolt and
cable anchor is proposed, and the best prestress ratio of the
bolt and cable anchor was proposed according to the cor-
responding geological conditions. Li et al. [27] proposed an
intelligent monitoring and dynamic control method for coal
gangue image recognition to provide the optimal illumi-
nation environment for coal gangue recognition.

In summary, the magnitude and direction of in situ
stress play an important role in the control of surrounding
rock. Especially in deep mines, in situ stress has a greater
impact on mining work [28–33]. When the working face is
in the condition of large buried depth, due to the influence of
high ground stress, the mine pressure behavior will be more
severe under the mining disturbance, and the creep defor-
mation of the roadway will occur for a long time after the
support [34–36]. )e increase of working face length will
lead to the increase of stress concentration factor at both
ends of the working face, and the increase of the length will
slow down the advancing speed, which makes it difficult to
support the stope and roadway at the end of the working face
and cause serious coal wall spalling. )is paper analyzes the
influence of the angle between the advancing direction and
the initial minimum principal stress on the mining stress
field. A better understanding of the influence of the angle on
the mining stress field mentioned above can better
strengthen the roadway in a targeted way and achieve safe
and efficient production. )e law of influence on the mining
stress field is of great significance for guiding the study of the
stability of the surrounding rock in deep mines.

2. Engineering Geological Background

)e 121304 working face of Kouzidong Mine, AnHui, is
taken as the engineering background. Due to the large buried
depth of the working face, and the length of the working face
is more than 350m, it is a typical working face with complex
ground stress and significant mine pressure. Rib spalling,
roadway severe deformation, and floor heave are serious, as
shown in Figure 1.

13-1 coal has been being mined at the working face, in
which thickness is 5.2m, and the comprehensive geological
column chart is shown in Figure 2.)e coal seam was mined
by the process of mining all heights at one time. )e on-site
stress measurement of the working face found that the
maximum principal stress is the vertical stress with a
magnitude of 25.12MPa. )e intermediate principal stress is
a horizontal stress with a magnitude of 21.84MPa, and the
direction is 35° west by north, and the minimum principal
stress is the horizontal stress with a magnitude of 12.89MPa,
in which direction is perpendicular to the intermediate
principal stress.

3. Distribution Characteristics of Coal
Abutment Pressure

A simplified mechanical model of the working face section is
established to analyze the distribution of abutment pressure
in the coal seam area. As shown in Figure 3, the working face
is regarded as a roadway with a circular cross section,
surrounded by an equal-pressure homogeneous surround-
ing rock environment. According to the content and as-
sumption of elastic mechanics, this is regarded as the stress
distribution around the hole. In order to simplify the cal-
culation, the weight of the surrounding rock within the
range of 3–5r0 around the hole (working face) can be ignored
in the calculation process. 4r0 is used in this paper.

Assuming the radius of the working face section is r0, the
polar coordinate system is established with the center of the
section as the polar coordinate origin.)e coordinates of any
point outside the working face are (r, θ); by analysing the
stress and strain of the point, the equilibrium differential
equation of the point is listed as the following equation:

σr +
zσr

zr
dr􏼠 􏼡(r + dr)dθ − σrrdθ − σr +

zσt

zθ
dθ􏼠 􏼡dr sin

dθ
2

− σtdr sin
dθ
2

+ τθr +
zτθr

zθ
dθ􏼠 􏼡dr cos

dθ
2

− τθrdr cos
dθ
2

+ frrdθdr � 0,

(1)

where σr is the radial stress, σt is the tangential stress, and τrθ
represents the shear stress; in this model τθr � τrθ � 0, fr is the
physical strength.

In order to simplify the calculation process, according to
the characteristics of the engineering environment, equation
(1) is simplified and further equation (2) is obtained,
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σr + dσr( 􏼁(r + dr)dθ − σrrdθ − σrrdθ − 2σtdr sin
dθ
2

� 0.

(2)

For the convenience of calculation, the equation is
approximated,

σr − σt + r
dσr

dr
� 0. (3)

Analyze the differential volume at this point and get the
geometric equation, as shown in the following equation:

εr �
(u + du) − u

dr
�
du

dr
,

εt �
(r + u)dθ − rdθ

rdθ
�

u

r
,

(4)

where εr is the radial strain, εt is the tangential strain, and u is
the radial deformation of differential volume.

According to the generalized Hooke’s law, the strain
expression of differential volume is obtained in the following
equation,

εr �
1
E

σr − μ σt + σz( 􏼁􏼂 􏼃,

εt �
1
E

σt − μ σr + σz( 􏼁􏼂 􏼃,

(5)

where E is the elastic modulus, μ is Poisson’s ratio, and σz is
the axial stress of circular hole.

Taking the derivative of equation (4), one has

dεt

dr
�
1
r

εr − εt( 􏼁. (6)

Substituting equation (5) into equation (6) leads to
dεt

dr
�

1
rE

σr − σt − μ σt + σz( 􏼁 + μ σr + σz( 􏼁􏼂 􏼃 �
1 + μ
rE

σr − σt( 􏼁.

(7)

From equation (6),

dεr

dr
�
1
E

dσt

dr
− μ

σr

dr
􏼠 􏼡. (8)

Combining equations (7) and (8),

1 + μ
r

σr − σt( 􏼁 �
dσt

dr
− μ

σr

dr
. (9)

Coordinate transformation in the rectangular coordinate
system σr, σt means, as shown in the following equation,

σr � σxcos
2 θ + σysin

2 θ,

σt � σxsin
2 θ + σycos

2 θ.
(10)

According to Lame’s solution, let the internal pressure
q1 � 0 and q2 � cH in the thick wall cylinder model.

σr � cH 1 −
r
2
1

r
2􏼠 􏼡,

σt � cH 1 +
r
2
1

r
2􏼠 􏼡.

(11)

By calculating the limit equilibrium area around the
working face, the static equation is obtained as equation (3),
according to the limit equilibrium condition.

Rib spalling

(a)

Severe deformation

Support failure

(b)

1.5m
Floor heave

(c)

Figure 1: Damage to surrounding rock caused by high ground stress. (a) Rib spalling. (b) Roadway severe deformation. (c) Floor heave.

thickness (m) Lithology

3.10 mudstone

4.10 Fine sandstone

5.40 Sandy mudstone

2.20 Fine sandstone

2.70 mudstone

3.25 Sandy mudstone

4.40 mudstone

5.18 13-1 coal

5.50 mudstone

Figure 2: Coal seam comprehensive histogram.
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σt �
1 + sin φ
1 − sin φ

σr +
2C cos φ
1 − sin φ

, (12)

where C is the cohesion and φ is the internal friction angle.
Combining equations (3) and (12) and integral,

ln σr + C cot φ( 􏼁 �
2 sin φ
1 − sin φ

ln r + ln A, (13)

where A is the integral constant.
Substituting the boundary conditions r� r1 and σr � 0,

σr � C cot φ
r

r1
􏼠 􏼡

(2 sin φ/(1−sin φ))

− 1⎡⎣ ⎤⎦,

σt � C cot φ
1 + sin φ
1 − sin φ

r

r1
􏼠 􏼡

(2 sin φ/(1−sin φ))

− 1⎡⎣ ⎤⎦,

(14)

when the roof caving behind the working face fills the goaf,
the abutment pressure value in this area gradually recovers
from 0 to the original rock stress,

σt � KcH, (15)

where K is the stress recovery factor.
According to the comprehensive analysis for the abut-

ment pressure at the coal seam position, from the front of the
working face to the rear, it can be divided into elastic zone
(a), limit equilibrium zone (b), complete pressure relief zone
(c), and stress recovery zone (d), as shown in Figure 4.

4. Numerical Analysis of Characteristics of Coal
Mining Stress Distribution

4.1. Model Establishment and Parameter Determination.
Large numerical calculation models are established based on
the engineering geological background of Kouzidong Mine,
as shown in Figure 5. In order to study the impact of the
advancing direction on the distribution of mining stress, six
groups of models with the angle between the advancing
direction and the minimum principal stress direction of 0°,
15°, 35°, 45°, 60°, and 90° were established, respectively.
According to the results of on-site stress measurement, X
axis is determined as the minimum principal stress

direction, Y axis is the middle main stress direction, Z axis is
the maximum main stress direction, and the top of the
model is the stress boundary condition, where the vertical
stress load is applied to simulate the weight of overburden
which is not established, and the surrounding and bottom
are fixed displacement boundary conditions. )e length of
each model working face is 350m and the width of roadway
is 6m. In order to facilitate modeling and improve the
accuracy of solution, the length, width, and height of each
unit in the coal seam, roof, and floor located in the exca-
vation range of the working face are 1m, and the thickness of
the coal seam is 6m. After the working face is excavated, the
excavated unit body is filled to simulate the goaf. Step by step
excavation mode is adopted for the model with the same
advancing direction as the actual site, which is calculated
once for each excavation of 5m to simulate the daily advance
distance, and the goaf is filled with 20m behind the coal wall.

In the process of simulation, the self-developed con-
stitutive model is used to control the mechanical charac-
teristics of coal and rock mass. In order to determine the
model parameters, coal and rock samples are collected at
121304 working face to determine the rock mechanical
parameters. According to the measured distribution char-
acteristics of coal and rock fractures, combined with Hoek
Brown criterion, the rock parameters of different layers are
modified, and the rock mass parameters are obtained, as
shown in Table 1. After excavation, the double yield model is
used to simulate the compaction bearing characteristics of
gangue in goaf. )e model parameters are shown in Table 2.
)e parameters of the double yield model are determined by
trial and error method: the model parameters are changed
constantly to make the simulated stress-strain curve of
gangue in goaf consistent with the prediction result of
Salamon model.

4.2. Numerical Model Validation. In order to determine the
reliability of the model, four borehole stress gauges were
installed 200m away from the front working face of the
return airway, which will measure the distribution charac-
teristics of air side leading abutment pressure of 121304
working face. )e monitoring results are shown in
Figure 6(a). When it is 150m away from the working face,
abutment pressure begins to be affected by mining, showing
an upward trend, reaching a peak 10–12m before the
working face, and the coal body reached the limit equilib-
rium state; after that, the coal body entered the mining
damage zone, the bearing capacity decreased, and the
abutment pressure began to decrease. )e coal wall near the
working face is reduced to the minimum value, which is
about the residual strength of the coal body. )e above-
mentioned abutment pressure distribution characteristics
indicate that the leading mining influence range of 121304
working face reaches 150m, and the width of the coal body
damage zone in front of working face reaches 10–12m.

)e on-site measurement and numerical calculation
results are shown in Figure 6. Comparing the two results, it
can be found that the trends of the two results are consistent
on one side of the working face. In the length direction of the

(r, θ)
r0

8r0

θ

σt

σt

σr+dσr

dr

σr 

dθ

τrθ

τrθ τθr

τθr

dr

u

u+du

Figure 3: Simplified model of stress distribution around working
face.
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working face, there is a trend of first rising and then falling
back from the end to the middle. Peaks appear on two sides
of the working face.)emeasured results show that the peak
value is close to 50MPa. )e numerical calculation results
show that the peak position is 7m away from the roadway.
)e abutment pressure reaches 57.8MPa. Along the ad-
vancing direction, the change trend of the abutment pres-
sure showed a first increase and then a decrease and finally
approached the original rock stress. )e peak points of
numerical simulation and measured results are located
10–12m in front of the working face, and the influence range
was about 150m. It can be seen that the numerical calcu-
lation model is basically consistent with the on-site mea-
sured results, and the calculation parameters are reliable.

4.3. Analysis of Numerical Results. In order to observe the
variation characteristics of mining stress under different
advancing directions, two measuring lines and a plane are
arranged in the coal seam 5m above the coal seam floor. )e
measuring plane is parallel to the horizontal plane. )e
position of measuring line is showed in Figure 5. As shown
by the red line, one measuring line is arranged in the middle
of the working face along the advancing direction, and the
other measuring line is arranged at 5m in front of the
working face along the length direction, as shown by the
pink line and the light blue line.

)e influence of the advancing direction on the dis-
tribution characteristics of the maximum principal stress

is shown in Figure 7. Under the influence of coal seam
mining, the maximum principal stress of the working face
is obviously concentrated in advance of the working face,
and the maximum principal stress concentration area is
mainly distributed in front of the working face, and at
both ends, the leading maximum principal stress presents
a three-peak shape on the middle of the working face and
both sides.

In the length direction of working face, the three peaks at
different included angles change significantly, as shown in
Figure 8(a). When the angle between the advancing direc-
tion and the minimum principal stress is 0°, the maximum
principal stress peaks on both sides of the working face are
greater than the peak in the middle of the working face, and
the peaks on the left and right sides are 51MPa. As the angle
between the advancing direction of the working face and the
minimum principal stress increases, the leading maximum
principal stress of the working face first decreases and then
increases. When the angle is equal to 45°, the maximum
principal stress is the smallest. At this time, the peak at the
middle position is 49MPa and the peak at both sides is
47MPa. When the included angle increases to 90°, the peak
at themiddle position is 53MPa, and the peak at both sides is
51MPa. In the distribution form of the maximum principal
stress of the tendency, with the increase of the included
angle, the measuring line in the direction of the tendency
gradually began to show an asymmetric distribution, and the
peak value of the maximum principal stress in the middle
part was gradually greater than the peaks at both sides.

(σy) Y Z (σz)

X (σx)

350m

5m

20m

tailgateoverburde

coal
floor

headgate

α
minimum in-situ stress

tailgate

working face

goaf

advancing direction headgate

working face

Figure 5: Numerical calculation model and the location of measuring line.

0

γH

a b c d

Figure 4: Abutment pressure distribution in advancing direction of working face.
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In the advancing direction of working face, under dif-
ferent included angles, the maximum principal stress dis-
tribution of the working face is shown in Figure 8(b). )e
angle between the advancing direction and the minimum
principal stress has a less impact to the maximum principal
stress of the working face, and the leading influence range is
about 40m. When the included angle is 0°, the maximum
principal stress peak position of the working face is 6m in
front of the working face, and the peak point is 51.9MPa. As
the included angle increases, the peak point position moves
slightly to the front of the coal wall, and the maximum
principal stress peak increases slightly. When the included
angle increases to 90°, the maximum principal stress peak
position of the working face is 4m before the working face,
and the peak point is 52.5MPa. In general, the angle between
the advancing direction and the minimum principal stress
has little effect on the distribution of the maximum principal
stress.

Figure 9 shows the maximum principal stress concen-
tration factor of the working face under different angles
between the advancing direction and the minimum prin-
cipal stress. )e stress concentration factor is expressed in η,
where B is the peak stress of working face and A is the in situ
stress without mining disturbance. As shown in Figure 9, the
maximum stress concentration factor of principal stress
appears to decrease first and then increase. )e minimum
value of the maximum principal stress concentration factor
is at the angle of 15° with a value of 2.16. As the included
angle continues to increase, the stress concentration factor
gradually increases. When the included angle increases to
45°, the increase began to slow down. When the included
angle increases to 90°, the stress concentration factor reaches
the maximum value of 2.25.

In summary, the angle between the minimum principal
stress and the advancing direction of the working face has a
greater influence on the mining stress distribution in
working face. In terms of stress, with the increase of the

angle, the mining stress as a whole shows a trend of de-
creasing first and then increasing. In terms of morphological
distribution, the spatial division characteristics of mining
stress are also affected by the included angle. With the in-
crease of the included angle, the peak values of the double
peaks on both sides are gradually smaller than the peaks in
the middle.

Under the condition of different included angles be-
tween the direction of the initial minimum ground stress (X-
axis) and the advancing direction of the working face, the
evolution characteristics of the maximum principal stress
rotation trajectory are shown in Figure 10. )e red, green,
and blue measuring lines are arranged along the advancing
direction of the working face. )e red measuring line is
arranged in the middle of the working face, and the green
and blue measuring lines are arranged 20m away from the
roadway at both ends. )e pink and light blue measuring
lines are arranged from both ends of the tailgate and
headgate to the middle of working face along the length
direction of the working face, 5m ahead of the working face.
)e maximum principal stress rotation trajectory on the
advancing direction measuring line always deflects in the
direction of the goaf in the vertical plane parallel to the
advancing direction of the working surface. )erefore, the
angle between the 90–270 axis direction and the maximum
principal stress rotation trajectory on the strike measuring
line gradually increases. It always maintains the angle be-
tween the advancing direction of the working face and the
initial minimum ground stress direction. )e maximum
principal stress rotation trajectory on the length direction
measuring line always maintains the arc of the symmetry
axis with the advancing measuring line, roughly toward the
roadway on both sides of the working face direction. In
summary, the size of the rotation angle of the maximum
principal stress is less affected by the direction of propulsion,
but the direction of rotation is obviously affected by the
advancing direction.

Table 1: Rock parameters.

Lithology Elastic modulus
(GPa)

Poisson’s
ratio

Cohesion
(MPa)

Internal friction angle
(°)

Tensile strength
(MPa)

Softening
parameter

m n k
Fine sandstone 21.22 0.16 10.0 38 1.29 0.001 0.70 750
Sandy
mudstone 17.50 0.25 4.9 33 2.01 0.0015 0.65 400

Mudstone 14.69 0.25 2.4 32 0.58 0.002 0.56 320
Coal 2.83 0.20 1.25 30 0.15 0.0035 0.40 270

Table 2: Mechanical parameters of falling gangue in goaf.

Parameter
name

Density
(kg/m3)

Bulk modulus
(GPa)

Shear modulus
(GPa)

Cohesion
(MPa)

Internal friction
angle (°)

Tensile strength
(MPa)

Blocking
parameters
a b c

(MPa) — (MPa)
Value 2000 1.2 0.6 0 30 0 60 15 20
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5. Conclusions

(1) )e on-site measurement has obtained the in situ
stress distribution of the deep part of the Kou-
zidong Mine. )e maximum principal stress di-
rection is the vertical direction with a magnitude
of 25.12MPa. )e direction of the minimum
principal stress is east by north 55° of the hori-
zontal direction, and the magnitude is 12.89MPa.
)e deep mine of Kouzidong Mine has an ad-
vanced mining influence range of 150 m, and the
maximum stress concentration position is about
10m in front of the coal wall. )e results of nu-
merical simulation agree well with this feature.

(2) Under the influence of coal seam mining, the
maximum principal stress of the working face is
obviously concentrated in advance of the working
face, and the maximum principal stress concen-
tration area is mainly distributed in front of the
working face, and at both ends, the leading
maximum principal stress presents a three-peak
shape on both sides of the working face and the
middle of the working face.

(3) )rough the establishment of numerical models of
different advancing directions, it is found that the stress
concentration is located at 7–10m in front of the
working face, and in the length direction of the working

face, the distribution characteristics of three-peak stress
are all presented.With the increase of the angle between
the advancing direction and the minimum principal
stress, the mining stress concentration first decreases
and then increases and tends to be stable. )erefore, in
the safe and efficient production of super-long working
face in deep mine, it is necessary to consider the in-
fluence between the advancing direction and the
minimum principal stress angle, so as to minimize the
stress concentration of the working face and strengthen
the support at the end and the middle of the working
face to prevent the occurrence of rib spalling and other
accidents.
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In order to effectively solve the problem of gas concentration overrun in the upper corner of goaf and tailentry during the mining
of panel 9303 in Anshun Coal Mine, based on the advantages of controllable trajectory and wide coverage area of directional
drilling technology, high directional long boreholes are arranged in tailentry 9303 to extract pressure relief gas. Firstly, the
principle of high directional long borehole drainage technology is introduced, and the fracture evolution of overlying strata is
obtained through using numerical simulation, theoretical calculation, and field practice, and the fracture evolution range is
determined to be 6–12.69m, and rationality of fracture height obtained by theoretical analysis and numerical simulation is verified
by the method of field borehole peep observation. 3rough the analysis, it is concluded that the best location of the final hole is
within the range of 6–12.69m of the roof of coal seam 9#. 3e field practice has proved that the final hole position of the high
directional long borehole is arranged at 12m from the roof of coal seam 9#, and the average gas extraction concentration can reach
40%–50% after the borehole enters the stable extraction stage, the purity of gas extraction is up to 8.5m3/min, and the gas
concentration in the upper corner of panel 9303 is stable below 0.5% duringmining, which achieves good gas drainage and control
effect and provides a new way for gas control under similar geological conditions.

1. Introduction

3e coal resource in Guizhou Province is very abundant,
known as “Jiangnan Coal Sea.” 3e coal industry is one of
the pillar industries in Guizhou Province, but coal seam gas
content is generally high in Guizhou Province; coal and gas
outburst disasters are serious. In particular, the number of
coal layers is large, and the coal seam spacing is close, when
the coal seam is mined, the pressure relief gas in the adjacent
coal seam is easy to flow into the goaf of the working face
through the delamination fracture and broken fracture.
With the improvement and popularization of directional
drilling technology and equipment in China, the use of high
directional long boreholes technology to control coal mine
gas problems is widely used in major coal mines.

Coal seammining causes the redistribution of stress field
of overlying strata [1, 2], resulting in deformation and failure
of overlying strata, thus forming mining-induced fractures.
3erefore, study on fracture evolution law of overlying strata

on working face is very important to improve gas control
ability of high-level directional long borehole technology. To
determine the drainage horizon of efficient extraction of
high directional long borehole, many studies have analyzed
the fracture evolution law of overlying strata in goaf during
coal mining. Wang and Mang [3] proposed the gas control
mode of goaf by roof directional long borehole instead of
high drainage roadway, and it is concluded that compared
with the high drainage roadway, the roof directional long
drilling can not only achieve the same treatment effect, but
also greatly reduce the capital investment and shorten the
construction period. Finally, the best drainage position is
determined by FLAC3D numerical simulation. Xu et al. [4]
on the basis of predecessors, according to the actual working
face roof overlying strata characteristics and mining con-
ditions, the establishment of coal mining numerical simu-
lation model, not only according to the results of numerical
simulation and theoretical analysis to determine the high
directional long drilling layout horizon, but also optimize
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the drilling structure, effectively reduces the gas concen-
tration of the working face. Using the different-source
prediction method, Cai et al. [5] analyzed gas emission
source of working face, and the height range of caving zone
and fracture zone in goaf is calculated theoretically, after the
reasonable high drilling parameters are determined
according to the specific situation of the mine. It was found
that using roof strike high borehole gas drainage technology
can effectively ensure the safe mining of working face. With
the deepening of research on the overlying strata of working
face, Cheng et al. [6] according to the simulation results of
crack field, stress field, and strain field distribution, the range
of fracture strengthening zone and compaction zone of goaf
roof along the advancing direction of working face are di-
vided. In their study, the borehole part in the fracture
strengthening zone is the effective extraction area of bore-
holes; the length of the effective extraction section of
boreholes and the development degree of fractures in the
effective extraction section of boreholes jointly determine
the extraction efficiency of long boreholes with high strike,
revealing the mechanism of gas extraction by long boreholes
with high strike in goaf roof. Li and Jin [7] simulate the
mining process of panel 3304 in Zaozhuang Coal Mine by
UDEC numerical simulation software, and combined with
the theoretical analysis of rock fracture, according to the
failure characteristics of coal seam roof and the change rule
of displacement field in the simulation results, the maximum
height position of roof rock caving zone and water flowing
fault zone caused by mining is determined. 3e results show
that the results obtained by field test are close to the nu-
merical simulation results.

3e above research, whether numerical simulation or
model test, has carried on the beneficial exploration and the
research to the goaf overburden law according to the dif-
ferent actual working condition and the geological condition
[8] and has obtained the massive research results. 3erefore,
on the basis of previous studies, this paper adopts the
method of combining numerical simulation, field test, and
theoretical analysis to calculate and analyze the distribution
range of caving zone and fracture zone, so as to determine
the location of holes. Finally, the effect of gas drainage is
investigated through field practice to verify the distribution
range of fracture zone, and the directional drilling tech-
nology is used to accurately control the drilling trajectory, so
that the drilling trajectory is always in the fracture zone, so as
to intercept and extract the pressure relief gas in the adjacent
layer and control the gas in the upper corner of the goaf to
achieve the purpose of safe production.

2. Engineering Background

3e panel 9303 of the Anshun Coal Mine has a buried depth
of 398m and belongs to a high gas mine.3e dip angle of the
coal seam is near horizontal, which are 8#, 9#, and 10# coal
seams (as shown in Figure 1), respectively. 3e coal seam 8#
and coal seam 10# are thin and therefore not mined. 3e
mining coal seam 9# is 12.44–12.94m below the 10# coal
seam and 14–16.55m above the coal seam 8#. 3e coal seam
spacing is relatively close, so it is easy to cause disturbance to

the adjacent coal seam due to the excavation of the working
face, making the pressure relief gas flows to the working face
through the cracks. 3e panel 9303 adopts the U-type
ventilation mode. 3e goaf is easy to accumulate gas, and
there is a risk of exceeding the gas volume fraction in the
upper corner.

3e panel 9303 is located in coal seam 9# of 3rd panel,
the panel length is 726m, and the setup entry length is
173m. 3e thickness of coal seam 9# is 1.52m, and the
recoverable reserves of panel 9303 are 290.3 million tons.
Coal seam 9# roof is no false roof and direct top of silty
mudstone, thickness 5.96m.3e basic roof is limestone with
a thickness of 4.79m. 3e direct bottom is fine sandstone
with a thickness of 3.78m. 3e old base is siltstone with a
thickness of 8.12m. 3e distance between coal seam 9# and
coal seam 8# is about 15m. 3e coal thickness of coal seam
8# is 0.2–0.58m, and the average coal thickness is 0.43m.
3e maximum gas content of coal seam 8# is 20.83m3/t.

3. Drainage Position Determination

3.1. Principle of Gas Drainage Technology with High Direc-
tional Long Borehole. Directional drilling technology and
equipment reflect the most advanced level of underground
drilling in coal mines at this stage [9, 10]. Directional drilling
is a kind of drilling method which uses natural bending law
of drilling hole or artificial deflecting tool to extend drilling
hole to predetermined target according to design require-
ment [11, 12].

3e principle of gas drainage by high directional drilling
is based on the “three zones” distribution theory and “O”
circle theory of overlying strata. When overlying strata move
and destroy on the working face, “falling zone, fracture zone,
and bending subsidence zone” are formed in the vertical
direction, namely, “vertical three zones.” “Coal wall support
influence zone, separation zone, and recompaction zone” are
formed in the horizontal direction, namely, “transverse three
zones” [13, 14]. 3e separation zone is the mining fracture
“O” circle. 3e “O” circle and the middle and lower parts of
the fault zone are the main channels of gas migration and the
main places for gas accumulation [15].

3e horizon determination of high directional long
borehole is crucial, which is directly related to the gas
drainage effect, based on the distribution of the fracture
zone of the overlying strata and “O” circle theory. On the
one hand, the high directional long borehole cannot be
arranged in the falling zone; otherwise, the rock crushing
and caving will directly destroy the borehole, resulting in
difficult drainage and even unable to extract. On the other
hand, it cannot be arranged in the bending subsidence
zone, because of the fracture development is poor in this
zone, there is no effective gas flow channel between cracks,
and the effect of gas extraction is poor. 3e best high di-
rectional long borehole arrangement horizon is the range of
fracture zone in “three zones,” because of the development
of fractures in this zone, fractures are connected to each
other to form an effective channel for gas flow, and will not
cause serious damage to boreholes, which is conducive to
gas extraction [16]. However, due to the different geological
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and mining conditions of working faces in different mining
areas, the height of the “three zones” formed by the collapse
of the overlying strata is also different. 3erefore, in order
to reasonably determine the high directional long bore-
holes arrangement horizon, it is necessary to determine the
caving characteristics of overlying strata, the evolution of
fractures, and the height of “three zones” of overlying
strata.

3.2. (eoretical Calculation of “(ree Zones” Height of
Overlying Strata. 3e height of overlying strata falling
zone and fracture zone is determined by the mining
height of working face, coal seam dip angle, roof man-
agement method, roof lithology, and other factors.
Considering the actual situation of working face, since
the roof of coal seam 9# is silty mudstone, it belongs to
soft rock. So, the following empirical formula is selected
to calculate the height of falling zone and fracture zone
[17, 18]:

H1 �
100M

6.2M + 10.0
± 2.5, (1)

H2 �
100M

3.1M + 6.0
± 6.5. (2)

In the formula, H1 is the falling zone height. H2 is the
fracture zone height.M is the thickness of coal seammining;
take the average thickness of 1.5m into formulas (1) and (2),
the height of falling zone H1 is 5.27–10.27m, and the height
of fracture zone H2 is 7.58–20.58m.

3.3. Numerical Simulation of Roof Crack Evolution in Goaf
duringMining. In order to further accurately determine the
fracture development characteristics of pamel 9303 under
different advancing distances, based on the coal and rock
strata histogram, physical and mechanical properties of coal
strata, and panel 9303 mining conditions, the UDEC nu-
merical simulation method is used to establish the evolution
model of overlying strata fracture in the process of coal seam
mining, so as to study the evolution characteristics of
overlying strata fracture under different advancing distances
and finally determine the most efficient hole arrangement
horizon.

3.3.1. Establishment of Numerical Simulation Model. By
cutting the blocks, UDEC separates the deformed mate-
rials into discrete block sets to represent the discontin-
uous medium. 3e block in the model uses the
Mohr–Coulomb criterion to describe the deformation and
failure process of rock materials [19], as shown in the
following formula:

R � c · cosφ +
1
2

σ1 + σ3( 􏼁 · sinφ. (3)

In the formula, φ is the angle of internal friction of rock, c
is rock cohesion, σ1 is the maximum principal stress, σ3 is the
minimum principal stress, and R is the radius of stress circle,
R� (σ1 − σ3)/2. And according to the geological prospecting
report of Anshun Coal Mine, the mechanical parameters of
the roof-floor of coal seam 9# are obtained, as shown in
Table 1.
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limestone 4.79
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5.96

4.56

1.5

8.62

4.26

19.84

Sandstone

Column Name of rock �ickness (m)

8# Coal seam

9#
Coal seam

10# Coal seam

Fine sandstone

Siltstone

Mudstone

Siltstone

Silty mudstone

Fine sandstone

Siltstone

Medium
sandstone

Page-like or lamellar bedding,easy to crack into fragments when hit
with hard objects, poor water permeability.

 Black powder, good coal quality, containing plant fossils

Lithologic character

Dark gray ~ gray, clumpy, patchy, containing fossil plant
roots, strong water absorption, easy to weathering.

Dark gray ~ gray, clumpy, patchy, containing fossil plant
roots, strong water absorption, easy to weathering.

Black powder, good coal, contains plant fossils

Dark gray, silty structure, dense and brittle.

Pale gray white, mainly composed of quartz, containing plant
carbonized debris, and the underlying layer obviously contact.

Gray limestone containing chert nodules.

Dark gray, silty structure, dense and brittle.

Light gray to gray, with horizontal stratification, slightly
oblique stratification.

Light gray, with horizontal bedding, loose and fragile,
good water absorption

Pale gray white, mainly composed of quartz.

Pale grayish white, containing carbonated plant debris, in obvious
contact with sublayers

Figure 1: Coal and rock strata histogram.
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Based on this, establish a simplified two-dimensional
model by UDEC. 3e model is 200m in length and 120m in
height. Displacement constraints are applied to the vertical
direction and lower boundary of the model, and equivalent
stress loads are applied to the upper boundary. According to
the calculation, the equivalent load is 7.11MPa. 3e advance
length of the model is 120m for excavation, and the de-
velopment law of rock strata caving cracks is simulated. 40m
is left at both ends to offset the boundary effect (as shown in
Figure 2).

3.3.2. Analysis of Roof Fracture Development. In the process
of working face advancing, due to the influence of excavation
work, the stress field is redistributed, resulting in the con-
tinuous evolution of mining cracks with excavation work
[20–23]. Due to the supporting effect of coal wall at both
ends of working face and the different lithology of rock
strata, the collapse and subsidence degree of each rock strata
are different, so the separation of rock strata will occur first;
thus, the separation cracks will appear first. In general, the
gas flow and concentration in borehole extraction will be
significantly higher than before after the emergence of
separation cracks. With the further excavation of the
working face, after the large-scale collapse of the overlying
strata, the fracture cracks are formed at both ends of the
open cut hole and the working face. With the further in-
crease of the excavation distance, the cracks in the upper
central area of the goaf are gradually compacted, and the
separation cracks begin to evolve upward. 3ese fractures
are interconnected and gradually form fracture channels,
resulting in the continuous inflow of free gas from the
adjacent layer and surrounding rock into the goaf through
this channel, resulting in the gas concentration overrun in
the working face.

In order to analyze and study the overlying strata
fracture evolution law, the fracture evolution diagram of
working face advancing to 30m, 50m, 80m, and 110m is
selected for analysis.

(1) When the working face advances 30m, it can be seen
from Figure 3 that the immediate roof reaches the
bearing limit and begins to collapse due to the ex-
cavation work. When the working face is pressed for
the first time, the stress of the rock strata is released,
and under the action of the dead weight, bending and
sinking occur, and the main roof cracks begin to
develop. A small amount of delamination fracture
appears in the overlying strata and the disturbed coal
seam 8#. Broken fissures are formed at both ends of
the working face and the open-off cut, and the de-
lamination fracture in the overlying strata shows a
parallel distribution. However, the evolution of the
fissures has just begun, and the penetrating fissures
have not yet occurred.

(2) When the working face advances 50m, it can be seen
from Figure 4 that the collapse range of the im-
mediate roof and the main roof increases obviously,
and the immediate roof has collapsed, the main roof
is fractured, and the working face is under periodic
weighting. 3e upper coal seam 8# is deformed, and
the delamination fracture continues to expand up-
ward. 3e key layer fracture is increasing. 3e rock
strata near the open-off cut side and the working face
side are supported by the coal wall to form a shear

Table 1: 3e mechanical parameters of major rock mass for roof and floor.

Name of rock Density (kg·m−3) Bulk modulus (GPa) Shear
modulus (GPa)

Cohesion
(MPa)

Angle of internal
friction (°) Tensile strength (MPa)

Sandstone 2600 5.27 11 2.3 39 4.35
Fine sandstone 2645 4.62 18 8.36 34 2.35
Siltstone 2700 5.6 7 5.3 35 2.86
Mudstone 2550 4.16 4.69 1.41 37 3.2
Coal seam 8# 1350 3.95 2.2 2 30 1.04
Siltstone 2700 5.6 3.8 5.3 35 2.86
Limestone 2540 6.85 1.47 1.26 10 1.2
Silty mudstone 2132 6 8.13 8.87 42 4.56
Limestone 2540 6.85 1.47 1.26 10 1.2
Silty mudstone 2132 6 8.13 8.87 42 4.56
Coal seam 9# 1300 4.33 5.1 2 38 1.04
Fine sandstone 2245 24.62 12 6.36 34 2.35
Siltstone 2100 5.6 7 5.3 35 2.86
Coal seam 10# 1350 3.95 2.2 2 30 1.04
Medium sandstone 2132 26 8.13 11.87 42 4.56

Figure 2: Numerical calculation model.
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effect on the upper part, forming a shear failure and
then forming a broken fissure.

(3) When the working face advances 80m, it can be seen
from Figure 5 that the roof fracture further expands
to the overlying strata, and the overlying rock
fracture area gradually expands. 3e delamination
fracture and broken fissures continue to penetrate,
and the key layer fracture develops well. 3e com-
paction area gradually forms in the middle of the
overlying strata.

(4) When the working face advances 110m, it can be
seen from Figure 6 that the delamination fracture
begins to develop laterally, and the fracture in the
middle of the goaf gradually disappears. 3e de-
lamination fracture at the top of the fracture field is
gradually replaced by the broken fracture at the
bottom. With the continuous advancement of the
working face, after 110mmining in the working face,
the fracture distribution form and scope of the
overlying strata are gradually stable in the vertical
direction. In the horizontal direction, the develop-
ment of overlying rock fractures moves forward
synchronously with the mining of working face, but

does not continue to extend upward in the advancing
direction. At this time, the fracture of overlying
strata develops completely.

In summary, combined with the distribution of the
fracture strengthening area and the compaction area of the
overlying strata, the fracture strengthening area of the roof
of the goaf is the main accumulation area of the pressure
relief gas in the upper coal seam 8#. 3e gas content is high
and the concentration is large, which is the best choice for
the hole arrangement layer of the drainage borehole.
3rough the simulation results when the working face is
excavated to 110m, it can be obtained that the best fracture
development of the overlying strata is with the height of
12.69m.

3e above empirical formula calculation and numerical
simulation results show that when the working face advances
to 110m, the working face reaches full mining, the height of
the “three zone” of the overlying strata is basically stable, and
the maximum fracture zone is 12.69m. 3erefore, the high
directional long borehole should be arranged in the position
of about 12m of the coal seam roof.

3.3.3. Mining Fracture Height by Field Test. 3e borehole
peeping method has the advantages of intuitive and con-
venient, which is widely used in coal mines to detect the
geological structure of surrounding rock and the develop-
ment of fractures [24, 25]. 3is borehole peeping adopts the
intrinsically safe borehole peeper for mining. 3e minimum
diameter of the peeping borehole is 25mm, and the length of
the observable borehole is 30m. 3e working principle is to
use the probe to convert light into electronic signals, and the
signal is transmitted to the image receiver through the cable,
so as to observe, record, and store the rock mass structure
image in the borehole [26, 27].

3is study mainly wants to obtain the fracture evolution
height of roof strata affected by mining in panel 9303 during
mining, so as to verify the rationality of numerical simu-
lation and empirical formula calculation [28]. When
arranging the peep boreholes test points, considering that a
large amount of dust will be generated during the drilling
construction, the test points are selected in the return airway.
Combined with the actual position and advancing speed of
the working face, two boreholes are constructed at 50m,
100m, and 150m away from the open-off cut as the test
points of peep boreholes. 3e layout of the observation
borehole is shown in Figure 7, two boreholes are in one
group, and the plane surface of each group is shown in
Figure 8. 3e borehole design of each group is the same.
According to the actual situation of Anshun Mine, the
vertical height of the final borehole position is determined to
be 18m.

In order to analyze the development of fracture at dif-
ferent heights, so as to determine the fracture zone of the
overlying strata on the roof, the borehole images of the same
borehole with the advance of the working face in different
periods and depths are intercepted, as shown in Figures 9
and 10.

9#Coal

10#Coal

8#CoalDelamination Fracture

Broken Fissures

50 m

�e advancing direction of panel 9303

Figure 4: Evolution diagram of overlying strata fracture when
working face advances to 50m.

8#Coal

9#Coal

10#Coal

�e advancing direction of panel 9303

Delamination Fracture
Broken Fissures

30 m

Figure 3: Evolution diagram of overlying strata fracture when
working face advances to 30m.
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From Figures 9 and 10, it can be seen that, from the
opening up into the fracture zone, the fracture is more
developed, the hole wall is broken until 10m, and then to the
upper rock layer is more complete, but at the end hole height
of 15m, there is a more broken section, which may be
broken again after mining stress compression shear failure.
3e upper hole wall is basically intact, only a few places have
slight damage. 3erefore, the borehole observation results
show that the height of water flowing fractured zone is not
more than 15m.

9#Coal

8#Coal

10#Coal
110 m

Fracture strengthening zone of open cut Fracture strengthening zone of working face

Compaction area

�e advancing direction of panel 9303

Figure 6: Distribution of fracture strengthening zone and compaction zone in overlying strata after stable fracture development.
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Figure 7: Peeping borehole layout schematic diagram.
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Figure 8: Peeping hole layout plane diagram.
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Fissures
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Figure 5: Evolution diagram of overlying strata fracture when working face advances to 80m.
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In summary, according to the same drilling hole in
different hole depth peep, the analysis found that the
fractures are mainly produced in the range of 6m to 15m
above the roof, and the range changes with the advance of
the working face. 3rough the analysis of images with
different advancing distances and different borehole depths,
it is found that when the working face advances to 100m,
according to the peep images of 3-1# and 3-2# two boreholes,
the fracture development situation shown by the images of
2-2# boreholes is similar. It can be concluded that the
fracture development height gradually tends to be stable.
Fracture zone range is within 6–15m.

4. Parameter Design of Long Height
Directional Drilling

Comprehensively considering the results of empirical
formula calculation and numerical simulation, and
according to the field measurement verification, it can be
seen that the hole arrangement layer of gas directional
drilling in goaf of panel 9303 is selected at 12m above coal
seam 9#. Due to the first use of directional drilling rig in
this mine, in order to simplify the construction tech-
nology, the directional high drilling design adopts single-
hole parallel arrangement and does not open branch
holes.

In order to verify the above theoretical research results,
the directional drilling rig drilling site is constructed in the
lower side of tailentry 9303 (the drilling site position is
shown in Figure 11). 3e drilling site specification is
wide× deep× high� 10× 5× 3m. 3e opening position is
located at 0.5–1m of the coal seam roof and the opening
spacing is 0.5–0.8m. 3e design inclination of the opening
section is 10–14°. After drilling the sandstone on the roof of
coal seam 9#, the drilling direction is adjusted until the
drilling reaches the predetermined position: 12m above coal
seam 9# (as shown in Figure 12), and the final hole spacing is
7m.3e parameters for five specific boreholes are as follows:

(1) Design parameters of 1-1 borehole: opening angle is
14°, opening azimuth is 331.9°, opening height is 0.3m
above coal seam roof, final hole height is 12m above
coal seam, and final design hole depth is 325m. 3e
final hole is 8m away from the roadway side.

(2) Design parameters of 1-2 borehole: opening angle is
14°, opening azimuth is 328.9°, opening height is
0.3m above coal seam roof, final hole height is 12m
above coal seam, and final design hole depth is
335m. 3e final hole is 15m away from the roadway
side.

(3) Design parameters of 1–3 borehole: opening angle is
14°, opening azimuth is 325.9°, opening height is
0.3m above coal seam roof, final hole height is 12m

(a) (b)

(c) (d)

Figure 9: Drilling peep at different depths of 1-2# observation hole when working face advances to 50m. (a) Final hole height 2m. (b) Final
hole height 6m. (c) Final hole height 10m. (d) Final hole height 15m.
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above coal seam, and final design hole depth is
335m. 3e final hole is 22m away from the roadway
side.

(4) Design parameters of 1–4 borehole: opening angle is
14°, opening azimuth is 322.9°, opening height is
0.3m above coal seam roof, final hole height is 12m
above coal seam, and final design hole depth is
335m. 3e final hole is 29m away from the roadway
side.

(5) Design parameters of 1–5 borehole: opening angle is
14°, opening azimuth is 319.9°, opening height is
0.3m above coal seam roof, final hole height is 12m
above coal seam, and final design hole depth is
335m. 3e final hole is 39m away from the roadway
side.

5. Extraction Effect Analysis

During the mining of panel 9303, the drainage effect of five
high directional boreholes constructed by directional dril-
ling field is significant. Gas drainage is shown in Figure 10.
3e extraction flow and gas concentration of five boreholes
at different advancing distances were counted (as shown in
Figure 13). When the mining face is 0∼30m, the gas con-
centration of borehole extraction increases significantly, and
the pure gas flow rate shows a rising trend to 5.5m3/min. At

this stage, panel 9303 overlying strata has begun to form
cracks due to the mining influence, and with the con-
tinuous development of cracks, drainage concentration
and drainage gas flow are also rising. Subsequently, when
the working face advances from 30m to 110m, the
concentration of gas drainage and the pure flow of gas
drainage gradually increase. Since the overlying strata
activities of the stope are continuously intensified, this
causes disturbance to the upper coal seam 8# and makes
the gas in the coal seam 8# continue to flow downward
through the intertwined separated fractures and broken
fractures. When the working face advances to 30m, the
first weighting of the working face, the expansion de-
formation of the coal seam 8#, and the gas pressure relief
occur. When the working face advances to 50m, periodic
weighting occurs. Before the periodic weighting, the
borehole drainage flow and drainage concentration have a
significant downward trend. After the periodic weighting,
the borehole drainage concentration and drainage flow
have a significant upward trend and then tend to be stable
until the next periodic weighting. Subsequently, when the
working face advances to 110m, the overall drainage effect
of the borehole tends to be stable, entering the stage of
efficient and lasting stable drainage. 3e drainage con-
centration reaches about 43%, and the maximum pure gas
flow rate reaches 8.5m3/min.

(a) (b)

(c) (d)

Figure 10: Drilling peep at different depths of 2-2# observation hole when working face advances to 100m. (a) Final hole height 2m.
(b) Final hole height 6m. (c) Final hole height 10m. (d) Final hole height 15m.
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During the mining period, the gas concentration in the
return airway of the working face was 0.25%–0.4%, and the
gas concentration in the upper corner was also lower than
0.5%, as shown in Figure 14. 3e high directional long

borehole can effectively prevent the pressure relief gas of coal
from 8# entering the return air flow through the fracture into
the goaf, which leads to the problem of gas concentration
overrun in the working face. At the same time, compared
with the traditional high pumping roadway, the preparation
time of the working face is shortened, the production cost is
reduced, and the safe and efficient mining of the working
face is ensured.

6. Conclusions

(1) 3rough theoretical analysis and numerical simu-
lation under the real geological parameters condi-
tion, it is obtained that during the mining period of
panel 9303 in Anshun Coal Mine, when the working
face advances to 110m position, the working face
reaches fully mining, and the height range of “three
zones” of overlying strata is basically stable. At this
time, the development range of fracture zone is
6–12.69m, and this area is the best high drainage
borehole final hole layer. 3e rationality of the de-
velopment height of fracture zone obtained by
theoretical analysis and numerical simulation is
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Figure 11: Indication diagram of directional long drilling field layout.
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verified by the method of borehole peeping
observation.

(2) By analyzing the field drainage effect of high di-
rectional long drilling, after the high directional long
drilling in panel 9303 enters the stable and efficient
extraction stage, the gas extraction rate is between
40% and 45%, and the pure gas extraction amount is
up to 8.5m3/min. 3e results show that the high
directional long drilling has the advantages of gas
concentration, large extraction amount, and stable
flow, and the drilling drainage interception and
extraction of adjacent layer gas is effective. It can
provide reference for the arrangement of gas
drainage boreholes in adjacent working faces and
similar geological conditions.
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In Northwest China, rainfall is low, water resources are scarce, and the ecological environment is fragile. For shallow-buried and
close-spaced coal seams with a thickness of upper coal bed >60∼70m, the water-conducting fissures of the overlying rock will not
penetrate the water-isolating layer after the upper coal seam is mined; the internal and external gap angles of the water-conducting
fissures are not generated from the water-isolating layer.We set out to explore the critical internal and external dislocations for the
second significant development of water-conducting fissures in the overlying rock after coal mining under control. A calculation
model for the critical internal and external staggered distances of coal mining face in shallow-buried and close-spaced coal seams
is established, the calculation formula is given, and the calculation formula for the critical seam mining ratio under the condition
of internal staggered mining mode is given. Numerical simulation performed by UDEC methods: taking the overburden strata in
the shallow-buried and close-spaced coal seam mining area of Shigetai Coal Mine as a prototype, it was verified that the critical
internal and external offsets of the coal mining face in shallow-buried and close-spaced coal seams have a significant effect on the
overlying water flow cracks in the mining of the lower coal seam. For the feasibility of developmental control, according to the
engineering geological conditions of Shigetai, through the calculation method of external staggered distance, it is concluded that
the distance of the open cut of the lower coal face and the upper coal face is only 21∼27m, which is much smaller than the water
barrier. It does not produce the critical distance of the water-conducting cracks.-erefore, in the process of mining the lower coal
seam, the water-proof layer will produce water-conducting cracks, lose its water-proof performance, and cause water loss. -is is
also the cause of the water inrush accident in Shigetai Coal Mine.

1. Introduction

Taking the geological parameters that affect the development
of water-conducting fissures in the overlying rock as the
basic conditions, starting with the mining parameters, find
the control methods. -ere is a soft rock water barrier in the
shallow-buried and close-spaced Shendong coal mining
area. Once the water barrier is stretched and damaged and
eventually water-conducting cracks are formed, water re-
sources will be lost. Looking for a control method for the
development of water-conducting fissures in the overlying
rock in the repeated disturbance zone is to find a control

method that does not produce water-conducting fissures in
the water barrier [1–6].

For the first type of shallow-buried and close-spaced coal
seams in Northwest China (the thickness of the upper seam’s
bedrock <50–60m), when the full-thickness long-wall
mining method is adopted to mine the coal seam, the
overburden water-conducting fissures will penetrate the
ground surface, causing water resource loss. For such
shallow-buried and close-spaced coal seams, even if the full-
mining and full-filling coal mining method is adopted in the
mining of the lower coal seam, the loss of water resources
cannot be prevented, unless the overburden water-
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conducting fissures are grouted and blocked. For the second
type of shallow-buried and close-spaced coal seams (the
thickness of the upper seam’s bedrock >60∼70m), when the
full-thickness long-wall mining method is adopted to mine
the coal seam, after the upper coal seam is mined, due to the
expansion of the water-resistant layer existence, the water-
conducting cracks in the overlying rock will not penetrate
the water-impermeable layer in the end. When mining the
lower coal seam, whether the water-conducting cracks in the
overlying rock will penetrate the water-resistant layer is
mainly related to the control method adopted. -erefore,
exploring the control methods for the development of water-
transmitting fissures in the overlying rock in shallow-buried
and close-spaced coal seams will be carried out for the
second type of shallow-buried and close-spaced coal seams.

Starting from the mining layout (the inner and outer
staggered layouts of the mining face of the upper and lower
coal seams), the effective way to is find the second significant
development of the overlying water-conducting fissures in
the smallest area after the mining of the lower coal seam.

2. The Critical Inner and Outer Distances of the
Water Barrier That Do Not Produce Water-
Conducting Cracks

Coal mining will cause overlying strata to move. Under
sufficient mining conditions, the surface above the mined-
out area will sink to form a sinking basin. In the main section
of the surface subsidence basin, the angle between the line
from the edge point to the boundary point of the corre-
spondingmined-out area and the horizontal line is called the
strata movement boundary angle. -e center of the sinking
basin is a flat, no-deformation zone, and the angle between
the line from the edge point to the boundary point of the
corresponding mined-out area and the horizontal line is
called the full-mining angle of rock formation. For shallow-
buried and close-spaced coal seams, the boundary angles and
full-mining angles of the upper and lower coal seams during
mining can be used to determine the critical inner and outer
displacements of the aquifer without water-conducting
cracks.

2.1. Internal Staggered Layout. When the upper and lower
coal mining face adopts the internal staggered layout, if the
development of the overlying water-conducting fissures near
the upper coal seam’s mining boundary can bemaintained at
the original stable state and no longer continue to develop
after the lower coal seam is mined, then this type of internal
error distance under the conditions is the critical internal
error distance. After the coal seam is mined, the overlying
rock layer is broken, forming a rock layer breaking line. -e
angle between the rock fracture line and the horizontal line is
the rock fracture angle, generally 60–78°. -e fracture angle
of the rock formation is often greater than the full-mining
angle of the rock formation movement [7].

When adopting the internal staggered layout, if the
moving edge point of the water barrier (the intersection of
the boundary line of the rock formation and the top surface

of the water barrier) during the mining of the lower coal
seam is located in the no-deformation zone of the sinking
basin of the water barrier after the mining of the upper coal
seam, then, during the mining process of the lower coal
seam, the secondary development of water-conducting fis-
sures in the overlying rock on the side of the cut-off cut in the
upper coal seam will not occur. When mining shallow-
buried and close-spaced coal seams, the critical internal
staggered layout of the upper and lower coal mining faces is
shown in Figure 1.

According to the calculation model of the critical in-
ternal offset of the coal mining face in shallow-buried and
close-spaced coal seams (as shown in Figure 2), the calcu-
lation formula of the critical internal offset Lln c is

Lln c � hxf − wsg􏼐 􏼑cot ψs + hxf + hcj − wsg􏼐 􏼑cot δx, (1)

where hxf is the total thickness of the rock above the upper
coal seam and below the aquifer,m; ψs is the full-mining angle
after the upper coal seam is mined; δx is stratum movement
boundary angle after mining of the lower coal seam; wsg is the
maximum subsidence value of the aquifer when the upper
coal seam is mined,m; hcj is the thickness of interbedded rock
in shallow-buried and close-spaced coal seams, m.

2.2. External Staggered Distance Llwc. Figure 3 shows the
overall external staggered layout of the coal face under the
shallow-buried and close-spaced coal seam. When the
shallow-buried and short-distance coal seam adopts the
external staggered layout, if the boundary point of the no-
deformation zone of the sinking basin of the lower coal seam
is located at the boundary point of the water-resisting layer
movement during the mining of the upper coal seam (the
boundary line of the rock layer movement and the water
barrier except for the intersection point of the top surface of
the seam), the mining of the lower coal seam will not cause
the secondary development of water-conducting fissures in
the upper coal seam on the side of the cut.

-e calculation model of the critical distance for
shallow-buried and close-spaced coal seams is shown in
Figure 4. -e calculation formula for the critical distance is
as follows:

Llwc � hcj + Ms + hxf􏼐 􏼑cot ψx + hxf cot δs, (2)

where hcj is the thickness of interlayer rock, m; Ms is the
upper seam’s thickness, m; ψx is the full-mining angle when
mining the lower coal seam; and δs is stratum movement
boundary angle during upper coal mining.

-e seam mining ratio is proposed for the mining of
close-spaced coal seams, and its meaning is the ratio of the
thickness of the interlayer rock layer to the mining height of
the lower coal seam, η; that is, η� hcj/Mx.

When the external staggered layout is adopted, the
development of water-transmitting fissures in the overlying
rock during the mining process of the shallow-buried and
close-spaced coal seam can be regarded as a single coal seam
(lower coal seam) mining for research. In some cases, due to
the restriction of the production geological conditions, the
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internal staggered layout is required. -en, it is necessary to
study the critical stratummining ratio that does not produce
water-conducting cracks in the water barrier.

2.2.1. 0e Minimum Value of the Maximum Subsidence
Value When the Water Barrier Does Not Produce Water-
Conducting Cracks. According to existing research results,
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Figure 1: Internal displacement of the whole working face in the lower coal seam of shallow-buried short-distance coal seams.
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the relationship between the crack width of the aquifer and
its maximum subsidence value is

d � 0.9273 ln w + 0.7463, (3)

where d is the water barrier crack width; w is the maximum
subsidence value when the water barrier does not produce
water-conducting cracks.

-e nonhydrophilic water barrier material measured by
the lateral restraint expansion experiment is Lpz � 0.605mm.
To ensure that water resources are not lost, ddx ≥ 0; that is,
d>2 Lpz �1.210mm. Substituting formula (3), we have
wlj ≤ 1.649m.

-erefore, wlj � 1.649m is the minimum maximum
subsidence value when the water barrier does not produce
water-conducting cracks. When it is wlj > 1.649m, water-
conducting fissures will occur in the water barrier.

2.2.2. Critical Layer Mining Ratio Where the Water Barrier
Does Not Produce Water-Conducting Cracks ηlj.
Shallow-buried and close-spaced coal seams adopt internal
staggered arrangement. When the internal staggered dis-
tance is greater than the critical inner staggered distance, the
area where the overlying strata moved and the cracks de-
veloped due to the mining of the lower coal seam is located
in the no-deformation zone of the sinking basin after the
upper coal seam is mined; that is to say, before the mining of
the lower coal seam, the rock layers in the repeated dis-
turbance zone were in a horizontal state. -e hard rock
layers were broken into blocks and squeezed and closed
horizontally, while the soft rock water barrier did not un-
dergo horizontal tensile deformation and did not produce
water-conducting cracks.

Whether there are water-conducting cracks in the water
barrier is mainly related to the height of the effective sinking
space below, in addition to its physical and mechanical
properties and hydraulic properties. -e factors that de-
termine the height of the effective sinking space are the
thickness of the underlying rock layer and its residual
swelling coefficient. According to existing research results,
for close-spaced coal seams, after the lower coal seam is
mined, the residual breaking expansion coefficient of the
rock strata in the upper coal seam mining caving zone will

become smaller, but the magnitude is not large, and the rock
strata in the upper coal seam mining fracture zone will enter
the caving zone, and the residual breaking expansion co-
efficient will increase, but the amplitude is not very large. On
the whole, after the lower coal seam is mined, the residual
breaking expansion coefficient of the overlying rock of the
upper coal seam can be regarded as unchanged, and the
shallow-buried and close-spaced coal seams also conform to
this law.-erefore, for shallow-buried and close-spaced coal
seams, when the internal fault distance is greater than the
critical internal fault distance, the lower coal seam can be
regarded as a single coal seam mining, and the thickness of
the overlying rock layer is the layer spacing. Under the
condition of the internal staggered arrangement, the critical
condition for the water barrier not to produce water-con-
ducting cracks is

wlj ≥ Mx − hcj · kcc − 1􏼐 􏼑 � Mx 1 − ηlj · kcc − 1􏼐 􏼑􏼐 􏼑, (4)

where kcc is the average residual breaking expansion coef-
ficient of the interlayer rock formation.

It is concluded that the critical layer mining ratio for the
water barrier without water-conducting cracks is

ηlj �
Mx − wlj

Mx · kcc − 1􏼐 􏼑
. (5)

At the same time, according to formulas (5) and (6), it
can also be determined that the reasonable mining height of
the lower coal seam when the water-resistant layer does not
produce water-conducting cracks is

Mhx ≤ wlj + hcj · kcc − 1􏼐 􏼑. (6)

3. Numerical Simulation Analysis

Taking the overburden strata in the shallow-buried and
close-spaced coal mining area of Shigetai Coal Mine as a
prototype, the overburden parameters are shown in Table 1
[8–11].

Using UDEC’s stress-seepage coupling system, sim-
ulation calculation, and analysis of the development law
and seepage characteristics of the internal and external
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Figure 2: Calculating model of internal dislocation of the whole working face in the lower coal seam of shallow-buried short-distance coal seams.
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offsets to the overburden seepage fissures during the
mining of shallow-buried and close-spaced coal seams,
according to the measured physical and mechanical pa-
rameters of the overburden, the model parameters are

assigned. -e rock mechanical parameters are shown in
Table 2, and the rock joint parameters are shown in Ta-
ble 3. -e boundary conditions are as follows: the left and
right sides and the lower part of the model are
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Figure 3: Outward displacement of the whole working face in the lower coal seam of shallow-buried short-distance coal seams.
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displacement boundaries and nonseepage boundaries. -e
simulated solid-liquid coupling adopts SET steady flow,
and the joint characteristics adopt the default setting (the
second type). -e initial pore pressure is set as
pp � 0.125MPa.

3.1. 0e Influence of Internal Staggered Distance on the
Water-Conducting Fissures. Numerical models of different
internal error distances are established, and the simulation
results are shown in Figure 5.

From the analysis of Figure 5, it can be seen that, with the
increase of the internal staggered distance, the secondary
development degree of the water-conducting fissures on the
side of the cut-off cut in the upper coal seam gradually
decreases. When the internal staggered distance is less than
80m, the mining of the lower coal seam will cause the water-
conducting fissures on the side of the open cut to develop
twice; when the internal staggered distance is 80m, the
water-conducting fissures on the side of the open cut will not
be affected by the mining of the lower coal seam. Without
secondary development, it can maintain the original stable

The sinking curve of the aquifer after the upper coal seam is mined

The sinking curve of the water-resistant layer
after the mining of the lower coal seam
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Figure 4: -e calculation model of outward dislocation of the whole working face in the lower coal seam of shallow-buried short-distance
coal seams.

Table 1: -e overburden parameters.

Serial number Lithology -ickness Remarks
1 Loose layer 5
2 Loess 6 Water barrier
3 Sandy mudstone 6
4 Silt sandstone 7
5 Medium-grained sandstone 3
6 Fine-grained sandstone 16 -ick hard rock
7 Sandy mudstone 6
8 Medium-grained sandstone 9
9 Silt sandstone 7
10 Coarse-grained sandstone 3
11 Medium-grained sandstone 10 Basic top
12 Sandy mudstone 5
13 Upper seam 2.5
14 Silt sandstone 7
15 Medium-grained sandstone 14
16 Coarse-grained sandstone 10
17 Lower coal seam 3
18 Fine-grained sandstone 5
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Table 2: -e mechanical parameters of rock.

Rock formation Density d
(kg·m−3)

Bulk modulus k
(GPa)

Shear modulus g

(MPa)
Cohesion c
(MPa)

Internal friction
angle f (°)

Tensile strength σt
(MPa)

Coal seam 1400 2.3 2 1.25 27 0.6
Silt sandstone 2420 30.3 13 9.6 33 6
Coarse-grained
sandstone 2480 19 12.1 4.3 32 6

Medium-grained
sandstone 2500 37.5 19.5 4.3 33 3.2

Fine-grained
sandstone 2510 40.8 20.2 4.3 33 3.2

Sandy mudstone 2410 6.3 6.9 6.7 31.5 2
Loess 1720 20 14.2 3 15 4.3
Loose layer 2200 14 11.5 10 32 2

Table 3: -e mechanical parameters of the rock joints.

Rock formation Normal stiffness
(MPa)

Tangential stiffness
(MPa)

Cohesion
(MPa)

Joint penetration factor
(Pa−1·s−1)

Initial gap
(mm)

Residual gap
(mm)

Coal seam 1600 1100 0.313 166.7 0.5 0.1
Silt sandstone 7600 5200 0.800 166.7 0.5 0.1
Coarse-grained
sandstone 7900 5600 0.688 166.7 0.5 0.1

Medium-grained
sandstone 7500 5500 0.712 166.7 0.5 0.1

Fine-grained
sandstone 8800 6600 0.690 166.7 0.5 0.1

Sandy mudstone 6400 4500 0.375 101.5 0.5 0.1
Loess 9000 7900 0.311 15 0.1 0.1
Loose layer 2200 1300 0.100 300 3.0 0.1
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Figure 5: Continued.
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state after the upper coal seam is mined (before the lower
coal seam is mined).

3.2. 0e Influence of External Staggered Distance on the
Water-Conducting Fissures of the Overlying Rock.
Numerical models of different external error distances are
established, and the simulation results are shown in Figure 6.

It can be seen from the analysis of Figure 6 that, with the
increase of the external staggered distance, the development

degree of the overlying rock water-conducting fissures on
the side of the cut-off cut in the upper coal seam gradually
decreases. When the offset distance is less than 80m, the
mining of the lower coal seam will cause the secondary
development of the water-conducting fissures on the open
cut side of the upper coal seam; and when the external
staggered distance is greater than 90m, the water-con-
ducting fissures on the open cut side of the upper coal seam
will not develop. Affected by the mining of the lower coal
seam, new water-conducting fissures are generated in the
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Figure 5: Water flowing fractures development characteristics of overburden rock with the different internal dislocation of shallow-buried
short-distance coal seams. (a) After the upper seam is mined. (b) Internal staggered distance of 60m. (c) Internal staggered distance of 80m.
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Figure 6: Continued.
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overlying rock near the mining boundary of the lower coal
seam.

4. Reverse Verification of Project Examples

At 5:50 in the morning on August 2, 2010, the head of the
lower coal seam was advanced by 17.5m and the tail was
advanced by 21.5m. A roof water gushing accident occurred.
-e total amount of water gushing was about 47,000m3,

causing the equipment in the fully mechanized mining face
to be flooded. -e location of the water gushing is shown in
Figure 7, and the actual photo of the scene is shown in
Figure 8 [12].

According to the geological conditions of the water
gushing site in Shigetai Coal Mine, the distance between the
upper coal seam and the lower coal seam is 2.6m, and the
bedrock thickness of the upper coal seam is 76.37m.
According to the calculation method of the critical external
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Figure 6: Water flowing fractures development characteristics of overburden rock with the different outward dislocation of shallow-buried
short-distance coal seams. (a) After the upper seam is mined. (b) External staggered distance of 40m. (c) External staggered distance of 80m.
(d) External staggered distance of 90m.
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offset, ψs � 60°, δx � 73°, hcj � 2.6m, hxf � 76.37m, and
wsg � 0.86m, substituted into equations (1)–(6), and the
calculation is Lln c � 68.12m. At the site of the roof water
gushing accident, the distance between the lower seam face
and the upper seam face is only 21∼27m, which is far smaller
than the critical outer staggered distance where the water
barrier does not produce water-conducting cracks. -ere-
fore, in the process of mining the lower coal seam, the water-
proof layer will produce water-conducting cracks, lose the
water-proof performance, and cause water loss.

5. Conclusion

(1) For the second type of shallow-buried and close-
spaced coal seams (the thickness of the base rock of
the upper coal seam >60∼70m), under the condi-
tions of repeated disturbance and multiple mining,
the lower water-conducting cracks of the overburden
water-proof layer are given. -e calculation formula
for the critical inner and outer staggered distances of
the coal seam determines the calculation method for
the critical stratum mining ratio that does not
produce water-conducting cracks in the overburden
water-resistant layer under the condition of inner
staggered layout.

(2) -e roof water gushing accident at the fully mech-
anized coal mining face of Shigetai Coal Mine’s coal

seam 12 caused the equipment in the working face to
be flooded. -e main reason was that the distance
between the open cut of the lower coal face and the
upper coal face was only 21∼27m, which is smaller
than the critical distance of the water barrier that
does not produce water-conducting cracks.
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Because of daily maintenance, equipment damage, gas overrun, and other force majeure factors, the continuous stopping of the
working face causes the roof pressure to accumulate, which leads to causing accidents such as coal wall spalling and roof falling. To
address the roof safety problem caused by continuous stoppages, the 620 working face in the Huanglingmining area is taken as the
research object..rough field measurement, theoretical analysis, numerical simulation, and other researchmethods, the influence
and mechanism of stopping pressure under different rates of advance are studied. .e results show that the velocity factor of roof
load transfer is positively correlated with the advancing velocity of the working face; the reasonable length of the suspended roof is
mainly affected by the number of caving holes and the effect of pressure relief; and comparing the two stages of advance speed of
4.8m/d and 12.8m/d, the periodic weighting step distance of the latter increases by 24.4% compared with the former, and the rate
of increase of support load caused by stopping mining increases by 42.1% compared with the former. .e roof pressure ac-
cumulation caused by stopping mining is increased. Taking appropriate measures for local forced caving of the working face can
release the roof pressure and reduce the risk of local caving of the working face. .e study can provide a theoretical basis for roof
control of continuous stopping under similar engineering conditions.

1. Introduction

Due to force majeure factors such as daily maintenance of
working face, equipment damage, special geological struc-
tures, and gas overrun, the continuous stoppage of mining in
the normal advancing process of working face is inevitable,
and the characteristics of ground pressure show obvious
differences under different rates of advance [1]. In this
regard, Xie [2–4] analysed the failure field and stress field of
the fully mechanised top coal caving face under different
rates of advance through numerical simulation and similar
simulation methods. .e results show that when the unit
mining depth increases, the extent of failure zones in the
rock around the working face decreases, but a large amount
of energy accumulates inside the rock mass, and the pos-
sibility of local rock burst increases; according to Yang and
Liu [5, 6], the integrity of surrounding rock and the volume

of broken rock block are positively correlated with the rate of
advance of working face in shallow coal seams; S. Yang and
J. Yang [7–13] believed that, in high-intensity mining, the
rate of occurrence of coal and rock disasters is affected by the
rate of advance and the working face length. .e greater the
coal rock disaster rate, the greater the first weighting step of
the working face roof; Zhu and Xu [14, 15] analysed the
damage to a coal and rock mass under different geological
conditions by combining numerical simulation and field
measurement methods. .e analysis results show that the
faster the working face advances, the greater the stress
concentration on both sides of the working face, and the
extent of the plastic zone is reduced. .ese research results
used weighting characteristics of working face and coal and
rock catastrophes under different rates of advance but fail to
reveal the ground pressure on the working face when the
mining is stopped. Due to special reasons, if the advance
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distance has not reached the collapse step distance, a large
amount of energy accumulated in the roof cannot be re-
leased, the risk of a roof fall in the working face is greatly
increased, and, at the same time, the hydraulic support
movable column shrinks and the hydraulic pipe bursts. In
view of this kind of engineering problem, the author, by
means of numerical simulation and field measurement, took
the 620 working face of a mine in the Huangling mining area
as the research background and investigated the ground
pressure behaviour upon continuous stoppage at the
working face in the process of high-speed advance thereof.

At present, the 620 working face of No. 2 Coal Seam in
Huangling coal mine is being mined. .e average thickness
of the coal seam is 2.4m, the dip angle is 0° to 6°, the average
burial depth of the working face is 380m, the width is 235m,
the advancing length is 2267m, the current daily rate of
advance is 12.8m/d, the working face relies on the ZY6800/
11.5/24d hydraulic support to automatically support the
roof, the rated support resistance is 6800 kN, and the support
is equipped with a PM32 electrohydraulic control system,
which can record the live column load in real time. .e roof
and floor of the coal seam are thus as follows: the main roof
is siltstone and fine sandstone and the thickness is 11.8m;
the direct roof is fine sandstone and the thickness is 8.7m;
and the direct bottom is mudstone and the thickness is
2.8m. Due to force majeure factors such as daily mainte-
nance, equipment damage, and gas overrun, the phenom-
enon of continuous stoppage affects mine safety. For face
620, the phenomenon of support pressing and hydraulic
pipe bursting occurs regularly during the stoppage of the 620
working face (Figure 1). .e table of rock mechanics pa-
rameters is shown in Table 1.

2. The Influence of Working Face Ground
Pressure under Different Rates of Advance

To analyse the influences of ground pressure and the per-
formance characteristics of stoppage pressure under dif-
ferent rates of advance, two different advancing sections of
the 620 working face are selected for in situ testing (Table 2
and Figure 2). .e stoppage points marked in Figure 2 are
caused by local gas overrun of the working face. According
to an investigation of the mining area, when the rate of
advance is 4.8m/d and 12.8m/d, the basis for the judgment
of periodic weighting is as follows: the end resistance of
circulation reaches 35MPa and 25MPa, respectively, the
high-level gas drainage concentration increases instanta-
neously, and the coal wall spalling is severe. When the
working face stops mining, the bearing degree of the support
increases, but it has not reached the average load for periodic
weighting. After stopping mining, the roof pressure will be
released with the continuous advance of the working face.

Combined with the load conditions of support in
Figures 2(a) and 2(b), the measured weighting character-
istics are listed in Table 3. .e measured results show that
when the rate of advance is 4.8m/d and 12.8m/d, the pe-
riodic weighting step distance of the latter is 24.4% higher
than that of the former, and the support load rise rate caused
by stoppage of the latter is 42.1% higher than that of the

former, and the risk of roof fall of working face is greatly
increased. .erefore, avoiding the fluctuation of the mining
speed of the working face can decelerate the accumulation of
dangerous roof pressure on the working face and play a
positive role in the control of the rock strata; by comparing
the rise of the support load when stopping mining under the
two rates of advance, it is found that when the rate of ad-
vance is large, the accumulated pressure on the roof is also
high, and the risk of a local roof fall in the working face is
relatively low. Appropriate measures should be taken to
release the roof pressure to ensure safe production at the
working face.

3. Theoretical Analysis

3.1. Speed Factor of Load Transfer. Some research results
show that, with the increase of the rate of advance, the peak
load increases andmoves forward [16–18]; and when the rate
of advance is rapid, the mining failure caused by the direct
roof is incomplete, the roof load increase caused by mining
cannot fully act on the support, and the support load re-
mains low [19, 20]. On the other hand, when the main roof
collapses, the main load is provided by the load layer on the
top of themain roof..e load transfer process and the rate of
advance have a time effect. .at is, when the working face is
advancing normally, the load transfer characteristics of the
main roof are such that it unloads first, then arches, and after
that unloads, until the original state of stress in the rock is
restored. However, when the rate of advance is decelerated
due to special reasons, secondary unloading will occur. For
this reason, some scholars have proposed a time transfer
factor KT [21–25], as given by the following:

Kt �
Pz

Krh1lρg
, (1)

where PZ is the load acting on the key block; Kr is the li-
thology factor; h1 is the thickness of the loading layer; L is the
length of the key block; and ρ represents the average bulk
density of the key layer.

At the same time, the author thinks that the time factor
Kt will change with time in the transformation process of the
key blocks of themain roof..erefore, the following formula
can be obtained:

Kt � mt, (2)

where m is the time factor.
Based on the above results, a velocity transfer factor KV

suitable for the main roof load in the Huangling mining area
is proposed. .e velocity transfer factor KV will change with
the speed, and the following formula can be obtained:

Kv � nv, (3)

where n is the velocity factor.
During the periodic weighting of the main roof, when

the rate of advance is kept constant, the periodic weighting
step length is quasiconstant; therefore, it is considered that
the periodic weighting step is a constant SZ, and the load
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speed transfer factor Kv at this time is deduced, as shown in
the following formula:

Kv �
mnSzKrh1lρg

Pz

. (4)

When the rate of advance changes, the periodic weighting
step distance of themain roof also changes..e greater the rate
of advance, the larger the periodic weighting step distance;
therefore, the correction coefficient m is introduced.
According to the measured results of periodic weighting step
distance of working face in the Huangling mining area, the
value of correction coefficientm is set (it is positively correlated
with the rate of advance of the working face). Taking the
advance speed of the 620 working face as an example,m� 1.2,
therefore, the load transfer speed factor Kv1 applicable to the
620 working face is shown in the following formula:

Kv1 �
mn1.2 · SzKrh1lρg

Pz

. (5)

Taking the load of the key block of the main roof, the
extreme value of the speed factor Kv0 for load transmission
can be deduced as follows:

Kv0 � 1.2SzKrmn. (6)

It can be seen from formula (6) thatKv0 is jointly affected
by periodic weighting step SZ and lithologic factor Kr as
determined by the thickness of load layer, lateral pressure
coefficient, and internal friction angle, that is, given Kr, m,
and n being constant, it can be considered that Kv0 is
positively correlated with periodic weighting step SZ. At the
same time, periodic weighting step SZ is positively correlated
with the rate of advance of the working face and load transfer
factor Kv0 is positively correlated with the rate of advance.

3.2. Reasonable Suspended Roof Length for Roof Pressure
Relief. After the first fracture of the roof, with the contin-
uous advance of the working face, one end of the roof rock
beam is fixed on solid coal, and the other is suspended,
showing a cantilever beam structure, and with the contin-
uous advance of the working face, the roof periodically
collapses [1, 26, 27]. If the roof load is evenly distributed,
roof pressure will accumulate when stoppage occurs. Based
on previous research results [28–30], the design relies on the
drilling of several caving holes in the direct roof of the

(a) (b)

Figure 1: A failed support and hydraulic pipe explosion.

Table 1: Rock mechanics parameters.

Serial
number

Rock
properties

.ickness
(m)

Shear modulus
(GPa)

Bulk modulus
(GPa)

Density
(g/cm3)

Cohesion
(MPa)

Internal friction
angle (°)

Tensile strength
(MPa)

1 Medium
sandstone 28 6.23 5.07 2450 6.25 39 1.20

2 Siltstone 11.8 7.13 5.13 2350 4.24 37 1.12

3 Fine
sandstone 8.7 5.78 4.70 2320 4.05 35 1.10

4 Coal 2.1 2.81 1.68 1347 0.64 32 0.32
5 Mudstone 2.8 4.87 3.06 2100 1.32 34 0.66

Table 2: Comparison of rate of advance of working face in different periods

Advance time (2019) Advance duration (d) Advance speed (m/d) Advance distance (m)
6.1∼6.18 18 4.8 86.4
7.23∼7.29 7 12.8 89.6
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gateway to release the roof pressure and assist the roof
caving. Two sections are made along the gateway and the
working face, and the mechanical model of roof pressure
relief fracture is drawn, as shown in Figure 3 [31–33].

It can be seen from Figure 3 that the load layer above the
main roof exerts a uniform load Q on the main roof. If there
are I caving holes under construction and the load released
by each caving hole is Q, the support resistance provided by
the support to the working face is the allowable support
resistance [P]. According to the fact that the support can
bear all the loads within the roof control area, then

1
2

[P]a
2

�
1
2

(Q − iq)L
2
,

[P] �
(Q − iq)(a + b)

2

a
2 ,

(7)

where a is the distance of support control, L is the distance of
hanging roof, and L� a+ b.

Forced caving is used to ensure that the working resistance
P provided by the support is not greater than the allowable
support resistance [P] in case of periodic roof fracture. .en,

P≤ [P] �
(Q − iq)(a + b)

2

a
2 ,

b≥ a

������
[P]

Q − ip

􏽳

− 1⎛⎝ ⎞⎠.

(8)

.e reasonable length of the suspended roof based on the
pressure relief of the caving hole and the allowable support
resistance [P] of the support can be calculated:

L≤ a

������
[P]

Q − ip

􏽳

. (9)

According to formula (9), after the working face is
determined, the roof control distance of the support and the
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Figure 2: Load distribution on the support at different rates of advance. (a) Load distribution on the working face support when the rate of
advance is 4.8m/d. (b) Load distribution on the working face support when the rate of advance is 12.8m/d.

Table 3: Measured pressure characteristics.

Advance speed (m/d) Times of periodic
weighting (frequency)

Average periodic
weighting step (m) Stoppage time (h) Load rise (MPa) Load rise rate (MPa/h)

4.8 11 7.2 6 5.7 0.95
12.8 9 8.96 3 8.4 2.8
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allowable support resistance of the support are determined,
and the main roof load is also determined. .erefore, the
reasonable hanging roof length is mainly affected by the
number of caving holes and the pressure relief effect.

4. Numerical Simulation Study

4.1. Establishment of Model. FLAC3D finite difference sim-
ulation software is used here: theMohr–Coulomb constitutive
relationship is set for rock stratum and a strain-softening
constitutive relationship is applied to model the coal seam.
.e mechanical parameters of rock mass are provided by the
mine. To simplify the stratum, the strike direction is 345m,
the advancing direction length is 300m, the vertical thickness
is 81m, and the thickness of the coal seam is 3m. A total of
354,960 elements and 371,124 nodes are established. We limit
the displacement around the model, fix the bottom, apply a
5MPa uniform load to the top of the model, and assume a
lateral pressure coefficient of 1.2. .e numerical simulation
model is shown in Figure 4. .e numerical simulation mainly
analyses the distribution of advance abutment pressure after
the working face reaches a stable rate of advance. After the
working face is advanced by 100m, three measuring lines are
established to monitor the abutment pressure distribution
characteristics within 50m ahead of the working face. .e
three monitoring lines are located on both sides of goaf and
the middle of goaf, respectively. When simulating the ad-
vancing process of working face, the unit mining depth of the
working face is replaced by time steps, and the difference of
rate of advance is characterised by the difference in total
operation steps [2, 7, 8]. Among them, the same excavation
step distance and different excavation steps are used to replace
the propulsion speed. .e specific advancing scheme is
summarised in Table 4 .

4.2. Analysis of Simulation Results

(1) Analysis of advance abutment pressure distribution
under different rates of advance:
Figure 5 shows the distribution diagram of abutment
pressure on the advancing (by 100m) mining face
under different rates of advance. Combined with the

data in Figure 4, the characteristics of roof pressure
at different rates of advance are plotted, using data in
Table 5. .e analysis shows that, with the contin-
uous increase of the rate of advance, the bearing
pressure first decreases and then decelerates. When
the rate of advance of the working face reaches
15m/d, the weakening trend of the advanced
abutment pressure will diminish. Compared with
the rate of advance of 20m/d, the stress concen-
tration in each case is similar. Compared with the
slow rate of advance, the stress concentration is
smaller when the rate of advance reaches 15m/d; at
the same time, it is concluded that, in a certain
range of rate of advance, increasing the rate of
advance reduces the working face pressure, but
when the rate of advance reaches a certain value, the
change in the rate of advance has little influence on
the weighting of the working face.

(2) Analysis of advance abutment pressure distribution
in different times of stopping mining under different
rates of advance:
Taking survey line 1 as an example, the difference in
abutment pressure at different stopping times under
different rates of advance is analysed. Figure 6 shows
the distribution of advanced abutment pressure at
different stopping times at different rates of advance
of line 1, and Table 6 shows the concentrated
characteristics of stopping production pressure at
different rates of advance of line 1. Accordingly, the
peak position of advanced abutment pressure ap-
pears at about 12m from the coal wall, and the
abutment pressure first increases and then decreases
with the distance of the leading coal wall; at the same
time, the degree of concentration of abutment
pressure also increases with the extension of the
stoppage time. According to the data in Table 6, the
range of pressure change is not large when the
mining is stopped for 2 days or 3 days, so it is
speculated that the roof pressure concentration had
stabilised.

(3) Analysis of maximum eigenvalue variation of
abutment pressure at different rates of advance:

Coal

Immediate roof

Main roof A

B C

Top coal caving hole

Goaf

Q

L

a b

P

(a)

Immediate roof

Main roof

Haulage
gateway

Coal Return
gateway

(b)

Figure 3: Mechanical model of roof pressure relief.
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Figure 7 shows the variation in the maximum ei-
genvalue of different rates of advance. It can be seen
from Figure 6 that the maximum eigenvalue grad-
ually decreases with the increase of the rate of ad-
vance, and the increment of the stress peak value
changes to a significant extent in the process of the
gradual acceleration of the rate of advance.When the
rate of advance reaches 15m/d, the peak stress in-
crease presents a downward trend. Compared with
the four curves in Figure 7, it can be seen that, with
the continuous increase of the rate of advance of the
working face, the increase of the maximum eigen-
value is significant: the rate of change of abutment
pressure increment at different stoppage times is also
accelerated. When the working face stops mining for
1 day, the increment of abutment pressure changes
most, then, with the increase of stoppage time, the
increment of abutment pressure gradually decreases
and finally diminishes; therefore, it can be concluded
that the faster the rate of advance of working face, the

greater the roof pressure caused by stopping mining.
When the rate of advance reaches a certain value, the
roof pressure will increase and the increment of
abutment pressure then will decrease.

5. Engineering Application

Combining with the characteristics of support load distri-
bution in the 620 working face with different rates of ad-
vance in the past, it is necessary to take some pressure relief
measures according to the pressure accumulation phe-
nomenon when stopping mining at different rates of ad-
vance in the 620 working face, so as to release the roof
pressure and maintain the safety and stability of the working
face. Taking the stoppage of 620 working face on 8 August
2019 as an example, the current daily rate of advance is
12.8m/d, and the method of constructing a caving hole is
adopted to release roof pressure locally to assist goaf caving.
.e MQT-120T pneumatic drill pipe machine is used for
construction. .e first row is 3m from the coal wall of the

81m

300m
345m

Goaf

Advance 
distance 

(100m)

Boundary pillar

Boundary pillar

Measuring 

distance (50m)

XY
Z

Medium sandstone
Siltstone
Fine sandstone
Boundary pillar
Working face and boundary pillar
Mudstone

Figure 4: Numerical simulation model.

Table 4: Design of different face-advance schemes.

Serial number Programme Unit mining
depth (m)

Advance
speed (m/d) Advance time steps of primary mining Total steps

1 Advancing 100m 5 5 2000 40000
2 Advancing 100m and stopping for 1 day 5 5 4000 42000
3 Advancing 100m and stopping for 2 days 5 5 6000 44000
4 Advancing 100m and stopping for 3 days 5 5 8000 46000
5 Advancing 100m 10 10 2000 20000
6 Advancing 100m and stopping for 1 day 10 10 4000 22000
7 Advancing 100m and stopping for 2 days 10 10 6000 24000
8 Advancing 100m and stopping for 3 days 10 10 8000 26000
9 Advancing 100m 15 15 2000 14000
10 Advancing 100m and stopping for 1 day 15 15 4000 16000
11 Advancing 100m and stopping for 2 days 15 15 6000 18000
12 Advancing 100m and stopping for 3 days 15 15 8000 20000
13 Advancing 100m 20 20 2000 10000
14 Advancing 100m and stopping for 1 day 20 20 4000 12000
15 Advancing 100m and stopping for 2 days 20 20 6000 14000
16 Advancing 100m and stopping for 3 days 20 20 8000 16000
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Figure 5: Distribution of advance bearing pressure of the working face under different rates of advance. Advance speed of (a) 5m/d,
(b) 10m/d, (c) 15m/d, and (d) 20m/d.

Table 5: Roof pressure characteristics at different rates of advances.

Advance speed (m/d)
Abutment pressure peak value (MPa) Peak stress concentration factor

Survey line 1 Survey line 2 Survey line 3 Survey line 1 Survey line 2 Survey line 3
5 8.48 11.6 10.2 1.37 1.87 1.65
10 8.28 11.2 9.99 1.34 1.81 1.61
15 8.14 11.0 9.77 1.31 1.77 1.58
20 8.14 10.9 9.03 1.31 1.76 1.45
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goaf, with 13–15 rows in each row. .e spacing between
rows is 300× 4000mm, the hole depth is 8m, and the hole
diameter is 28mm. At the same time, a discharge top hole is
constructed at a spacing of 300mm from the side slope of the
solid coal (Figure 8).

As shown in Figure 9, the two instances of the sudden
drop of support load to zero are due to the decline of
working face support and the separation of support top
beam and roof, resulting in no load above the support.
Periodic weighting occurs at the working face at about 06 :
00, and the peak load on the support is 36.2MPa. .e roof
then collapses and the support load decreases..e time from

peak weighting to stoppage is about 6 h. During this period
of time, at about 11 : 00, the top beam of the support dropped
and separated from the roof, resulting in a sudden drop of
the support load to zero, and at 15 : 07, the working face
suffers from tile failure. At this time, the support load in-
creases slowly, the peak load is 23.8MPa, the load increase is
6.3MPa, and the duration of pressurisation is 1.8 h. At the
same time, forced caving measures are taken to release the
roof pressure. At this time, the support load drops sharply,
the final load decreases to 11.7MPa, and the cumulative load
decreases by 12.1MPa. Compared with the support load
before and after pressure relief, the load rise rate caused by
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Figure 6: Distribution of advance support pressures at different stoppage times at different rates of advance. Advance speed of (a) 5m/d,
(b) 10m/d, (c) 15m/d, and (d) 20m/d.
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Figure 8: Caving hole layout parameters.

Table 6: Concentration characteristics of stoppage pressure at different rates of advance: line 1.

Advance
speed (m/d)

Abutment pressure peak value (MPa) Amount of abutment pressure increase
(MPa) Rate of increase (%)

Stop
mining for

1 day

Stopmining
for 2 days

Stopmining
for 3 days

Stop
mining for

1 day

Stopmining
for 2 days

Stopmining
for 3 days

Stop
mining for

1 day

Stopmining
for 2 days

Stopmining
for 3 days

5 8.67 8.72 8.73 0.19 0.24 0.25 2.24 2.83 2.95
10 8.62 8.71 8.73 0.34 0.43 0.45 4.11 5.19 5.43
15 8.58 8.70 8.73 0.44 0.56 0.59 5.41 6.87 7.25
20 8.69 8.72 8.73 0.55 0.58 0.59 6.76 7.12 7.25
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stopping mining is 3.5MPa/h, that caused by forced caving
is 23.4MPa/h, the load drop rate is 6.68 times the previous
rate of rise, and the forced caving pressure relief effect is
obvious.

6. Conclusion

(1) .e load transfer velocity factor Kv of a working face
is affected by lithology factor Kr and the periodic
weighting step. After the working face is calculated,
Kv is determined accordingly; that is, the load
transfer speed factor applicable to the working face is
positively correlated with the rate of advance of the
working face.

(2) .e reasonable hanging roof length based on the
allowable support resistance of the support is mainly
affected by the number of caving holes and the
pressure relief effect.

(3) With the continuous increase of the rate of advance
of working face, the advance abutment pressure first
decreases and then tends to be stable. At different
stoppage times, the incremental trend of roof
abutment pressure varies: with the continuous ex-
tension of stoppage time, the increment of roof
abutment pressure decreases, but when the rate of
advance increases to within a certain range, the trend
of abutment pressure increment decreases.

(4) .e roof has accumulated part of energy after the
working face has been excavated continuously after
normal cycle weighting. If a stoppage then occurs,
the roof pressure accumulation is significant, so it is
necessary to take forced roof caving measures to
control the roof pressure.
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)e key stratum controls the activities of the overlying strata or the whole strata up to the surface, which is one of the important
research objects in the coal seam mining. Based on the analysis of several geological factors affecting on the key stratum, the
definition of “disturbance degree of key stratum” (KSDD) was proposed. And, the KSDD is quantified by the value among 0 to 10.
)rough the response surface method, experiments of three factors (mining height, buried depth, and interlayer spacing) with
three different lithology types (soft, medium, and hard) between key stratum and coal seam are signed. And, the KSDD of each
scheme is calculated by the developed calculation system. )e response surface regression models of KSDD with three lithology
types are established. And, the single influence and interactive influences of the three factors on the KSDD with different lithology
types are studied. )e results show that the following. (1) Mining height and buried depth are positively correlated with the value
of KSDD, and the interlayer spacing is negatively correlated with KSDD. However, when the value of interlayer spacing exceeds
30m, the change of the KSDD tends to be gentle. (2) )e value of KSDD is not only affected by a single factor but also affected by
the interaction of various factors. With the increase of burial depth, the decrease of interlayer spacing and the impact of mining
height on key stratum are more severe. (3) )e influence order of each factor on KSDD is as follows: the interlayer spa-
cing>mining height> buried depth. (4) Although the three factors interact with each other, the three factors decrease with the
increase of the lithology proportional coefficient. According to the above research results, based on the calculation results of KSDD
on five mines, the variation laws of KSDD with actual situation are analysed. And, the calculation results further verify the above
experimental rules, which provide a certain reference and theoretical basis for the design of backfilling parameters and the
management of the roof.

1. Introduction

Rock strata with different thickness and strength were formed
above the coal seam because of different diagenetic time
periods. According to the key stratum theory, the stratum
which controls the whole or part of rock mass activity are
called key stratum [1, 2]. A large number of engineering
practice show that the key stratum was hard. So, a new
structure still can be formed to support the overlying strata
when key stratum was broken [3–5]. )erefore, the studies of
key stratum, such as the breaking position, structural stability,
and integrity of key stratum, are of great significance to the
safety and production of coal seam mining [6–10].

A large number of scholars have enriched and expanded
the theory of key stratum in order to control strata

movement. Based on the medium-thick plate theory, the
influences of the thickness on the fracture mode of the key
layer have been studied. )e criterion of fracture mode of
key stratum with different thickness has been obtained
[11, 12]. Based on the theory of double key strata, the roof
structure models of double key strata have been established,
and the mining methods of graded water conservation have
been obtained [13, 14]. Based on the model of the key
stratum structure after sliding and instability, the restability
condition of the key stratum has been obtained [15]. )e
degree of subsidence deflection has been proposed through
the establishment of the surface deflection subsidence
model. Based on the key stratum theory, the influences of the
thickness of loose strata and the bulking factor on the surface
deflection subsidence have been analysed [16]. )e stability
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and periodic pressure mechanism of single and double key
strata in overlying strata with large mining height have been
revealed. )e calculation formula of support resistance has
been obtained [17]. Based on numerical simulation, the
influences of different distances of double seams’ mining on
overlying water resisting key stratum have been studied [18].
)e above studies have analysed various failure laws of key
stratum under different geological conditions. A series of
relatively complete theoretical and surrounding rock control
methods are established. However, the current research
studies mainly focus on the influences of key stratum on the
working face. And, there are few studies on the influences of
mining geological conditions on the disturbance of key
stratum. In addition, there is no corresponding evaluation
method and theoretical basis.

)erefore, in order to explore the influences of different
geological conditions on key stratum, this paper focuses on
the following three research objectives. (1) Several geological
factors affecting the key stratum and the proposal of the
“disturbance degree of key stratum” are analysed (herein-
after referred to as KSDD). (2) )e Design-Expert software
will be used to design the response surface [19–21] exper-
imental scheme of three factors (mining height, buried depth,
and interlayer spacing) with three different lithology types
(soft, medium, and hard) between key stratum and coal seam.
)e response surface regression model of KSDD will be
established. (3))e single influence and interactive influences
of the three factors on the KSDDwith different lithology types
will be explored.)ese studies will provide a certain reference
and theoretical basis for the stability identification of key
water resisting stratum, the design of backfilling parameters,
and the control of surface subsidence.

2. Definition and Influencing Factors of
the KSDD

2.1. #e Definition of KSDD. Underground coal mining
breaks the original stress state of surrounding rock [22–24].
Due to the coal seam mining, the degrees of disturbance on
the stratum above the coal seam are different. )erefore, in
order to explore the change laws of disturbance degree on
key stratum with different mining geological conditions.)e
degree of disturbance caused by coal seam mining on key
stratum is defined as the “Disturbance Degree of Key
Stratum” (KSDD), which is expressed by the symbol φ.

According to the definition of the KSDD, which means
the key stratum is greatly affected by the disturbance with
coal seam mining with large value of KSDD, the key stratum
under the same conditions is more likely to be destroyed at
this time. Conversely, the key stratum is relatively affected by
the disturbance with coal seam mining with a small value of
KSDD. And, the key stratum under the same conditions is
easier to keep intact at this time.

2.2. #e Calculation Formula of KSDD. )e related factors
are considered comprehensively, including quantitative
discriminationmethod of the feasibility of upwardmining in
close multiple coal seams [25], mining height, buried depth

[26], distance between key stratum and coal seam (here-
inafter referred to as interlayer spacing), tensile strength, and
rock hulking coefficient. )en, according to the definition of
KSDD, the disturbance intensity of the key stratum caused
by coal mining is quantified by the value from 0 to 10.
Formula (1) [25] is obtained:

φ � 10 − λ􏽘
n

i�1
Kpi

·
Hi

H
· Rti

􏼒 􏼓 ·
H

2

D · M
+ C⎡⎣ ⎤⎦, (1)

where φ is the disturbance degree of key stratum (KSDD),M
is the mining height, m, H is the interlayer spacing, m, D is
the buried depth of the coal seam, m, H1, H2 . . .Hi are the
thicknesses of the ith (i� 1, . . ., n) rock above the mining
coal seam, m, Rt1, Rt2 . . .Rti are the tensile strength of the
ith(i� 1, . . ., n) rock above the mining coal seam, MPa, KP1,
KP2 . . .KPi are the rock bulking factors of the ith (i� 1, . . ., n)
rock above the mining coal seam, n is the number of all rock
strata between the Kay stratum and coal seam, λ is the
influence factor of the disturbance degree of the key stratum,
and C is the geological constant.

)e value of KSDD is closer to 10, and the disturbance
effect of coal mining on the key stratum is greater. In
contrast, the value of KSDD is closer to 0, and the distur-
bance effect of coal mining on the key stratum is smaller.

2.3. #e Influencing Factors of KSDD. )e location distri-
bution of the various factors included in formula (1) are
shown in Figure 1:

In order to simplify formula (1), according to the lo-
cation relationship of various factors, the ratio of the in-
terlayer spacing and the mining height (H/M) in formula (1)
is defined as “disturbance influence coefficient.” )e ratio of
the interlayer spacing and the buried depth (H/D) is defined
as “interburden-to-overburden,” And, the Kpi

· (Hi/H) · Rti

in formula (1) is defined as “lithology proportion coeffi-
cient,” which is expressed by the symbol ξ.

In order to simplify the experimental research and
analysis, based on formula (1), the lithology proportion
coefficient (ξ) is expressed as follows:

Kpi
·
Hi

H
· Rti

� Kpi
· Rti

·
Hi

H

� α · β � ξ,

(2)

where ξ is the lithology proportional coefficient, α is the
lithology strength coefficient, and β is the lithology ratio:

α � Kpi
· Rti

,

β �
Hi

H
.

(3)

Figure 2 shows the relationship between the defined
above and the factors in formula (1) with the KSDD.

2.4. Calculation System of KSDD. As the geological condi-
tions of coal seam are complex and various, the calculation
process of KSDD is cumbersome. )erefore, based on
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formula (1), the calculation system of KSDD is developed
with C# language on “. NET” platform.)e home page of the
system is shown in Figure 3.

According to Figure 4, the calculation of KSDD can be
divided into the following four steps. (1) Click “File”-“New” to
enter the calculation interface. (2) Click “Add Rock Stratum” to
enter the rock information input interface. (3) Input param-
eters including the rock strata, the thickness of the single
stratum, the cumulated thickness of the rock strata, the tensile
strength, the bulking factor, the mining height, the interlayer
spacing, and the buried depth. (4) Finally, click to “Calculate
the KSDD” to get calculation results.

In addition, batch calculation can be performed
according to Figure 5, and the calculation steps are as

follows. (1) Save relevant data as “.csv” file in fixed “Excel”
format. (2) Click “File”-“Import” and select the “.csv” data
file to be imported. (3) After the data are imported, the
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Figure 1: )e location relationship of various factors.
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KSDD can be calculated. (4)Wait until the data calculation is
completed, click “File”-“Export” to get a lot of data.

3. Experimental Design

In order to simplify the subsequent data analysis, the li-
thology between key stratum and coal seam is set as soft,
medium, and hard, respectively. According to the actual
geological conditions, the tensile strength of three lithology
is set as 1MPa, 3MPa, and 5MPa, respectively. Similarly, the
bulking factor is set as 1.2, 1.3, and 1.4, respectively, as
shown in Table 1.

In order to obtain the lithology proportion coefficient
and show the superimposed influences between strata, three
experimental schemes are set up. As shown in Table 2, the
soft rock in Scheme 1 reaches 80%, which means the overall
lithology between the key stratum and the coal seam is
relatively soft. However, the hard rock in Scheme 3 reaches
80%, which means the overall lithology between the key
stratum and the coal seam is relatively hard.

According to Table 2, the influences of various factors on
KSDD are studied in three schemes. Each scheme selected
mining height (M), buried depth (D), and interlayer spacing
(H) as the research object. )en, three levels are obtained.
)e final three factors and three levels’ experimental scheme
is shown in Table 3.

4. Results and Analysis

4.1.#e Experimental Results. )e Box–Behnken in Design-
Export [27] is used to obtain the experimental design table.
)e KSDD of each scheme is calculated by the calculation
system, and the results are shown in Table 4. In addition, the
response surface functions of KSDD with the three kinds of
lithology matching schemes are obtained as follows.

(1) Soft:

Y1 � 0.213X1 + 0.128X2 − 0.3525X3 + 0.0502X1X2

− 0.2543X1X3 − 0.1518X2X3 + 0.0081X
2
1

− 0.0049X
2
2 + 0.02531X

2
3 + 7.25 R

2
� 0.96􏼐 􏼑.

(4)

(2) Medium:

Y1 � 0.1316X1 + 0.0791X2 − 0.218X3 + 0.0312X1X2

− 0.157X1X3 − 0.094X2X3 + 0.0051X
2
1

− 0.0029X
2
2 + 0.1569X

2
3 + 4.48 R

2
� 0.96􏼐 􏼑.

(5)

(3) Hard:

Y1 � 0.0184X1 + 0.0184X2 − 0.0406X3 + 0.0045X1X2

− 0.0227X1X3 − 0.0272X2X3 + 0.0003X
2
1

− 0.0009X
2
2 + 0.0456X

2
3 + 1.28 R

2
� 0.96􏼐 􏼑.

(6)

)e goodness-of-fit (R2) of three schemes are close to 1,
so the three regression models are significant.

4.2. #e Analysis of Variance. )e results of response
surface variance are shown in Table 5.

In response surface experiment, the significance of each
factor in the regression model is related to P valued. If P< 0.05,
it means that the factor is significant, otherwise, it is not sig-
nificant. In addition, if the F valued is larger, it means that the
factor has a greater impact on the dependent variable [28, 29].

As shown in Table 5, it can be seen that the three factors
are significant because P valued of three factors are more than
0.05. However, when the lithology proportional coefficient
increases, the significance of the model decreases. Moreover,
by comparing the F valued with three schemes, the influence
order of each factor on KSDD can be obtained as follows:
interlayer spacing>mining height> buried depth.

4.3. #e Analysis of Single Factor. In order to more
intuitively analyse the influence of each factor on KSDD, the
relationships between each factor and the value of KSDD are
obtained as shown in Figures 6–8.

4.3.1. Influences of Mining Height. As shown in Figure 6, the
values of KSDD are linearly positively correlated with the
mining height. )at is to say, the increase of mining height
increases the disturbance effect on the key stratum. In addition,
the range of KSDD between 1m and 5m is 0.238 in (a), the
range 1m and 5m is 0.147 in (b), and the range between 1m
and 5m is 0.043 in (c). It can be inferred that, as the lithology
proportion coefficient increases, the impacts’ range of mining
height changes on the key stratum decreases.

Table 1: Value of lithological strength coefficient.

Lithology Tensile strength
Rti (MPa)

Bulking
factor KPi

Lithological strength
coefficient α

Soft 1 1.2 1.2
Medium 3 1.3 3.9
Hard 5 1.4 7.0

Table 2: Value of lithology proportion coefficient.

Scheme
number

Lithology ratio
Lithology proportion

coefficientSoft
(%)

Medium
(%)

Hard
(%)

1 (soft) 80 10 10 2.05
2 (medium) 10 80 10 3.94
3 (hard) 10 10 80 6.11

Table 3: )ree factors and three levels’ design.

Factors
Levels

−1 0 1
Mining height (M) (m) 1 3 5
Buried depth (D) (m) 300 500 700
Interlayer spacing (H) (m) 20 40 60
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4.3.2. Influences of Buried Depth. As shown in Figure 7, the
buried depth of coal seam has a positive linear correlation
with KSDD. To be specific, the increase of buried depth
increases the disturbance effect on the key stratum. In ad-
dition, the range of KSDD between 300m and 700m is 0.143
in (a), the range 300m and 700m is 0.088 in (b), and the
range between 300m and 700m is 0.026 in (c). It can be
inferred that, as the lithology proportion coefficient in-
creases, the impacts of buried depth changes on the key
stratum decrease.

4.3.3. Influences of the Interlayer Spacing. As shown in
Figure 8, the values of KSDD are negatively correlated with
the interlayer spacing. )at is to say, the increase of inter-
layer spacing decreases the disturbance effect on the key

stratum. )en, when the value of interlayer spacing is less
than 30m, the influence is more severe. However, when the
value of interlayer spacing is more than 50m, the distur-
bance effects on the key stratum tend to be gentle. In ad-
dition, as the lithology proportion coefficient increases, the
impacts of interlayer spacing changes on the key stratum
decrease.

4.3.4. Influences of Disturbance Influence Coefficient. As
shown in Figure 9, with the increase of the disturbance
influence coefficient, the impact on the key stratum de-
creases. However, when the disturbance influence coefficient
increases to a certain value, the decrease of KSDD tends to be
gentle. And, when the disturbance influence coefficient is
less than 10, the impact on the key stratum is more serious,

Table 4: Response surface calculation results.

Scheme
number

Input Output

Mining height (M) Buried depth (D) Interlayer spacing
(H) KSDD (φ) (soft) KSDD (φ)

(medium) KSDD (φ) (hard)

1 1 700 40 7.152 4.421 1.286
2 3 700 20 8.175 5.054 1.470
3 1 300 40 7.106 4.393 1.278
4 3 300 60 7.117 4.400 1.280
5 3 500 40 7.246 4.479 1.303
6 5 500 60 7.200 4.451 1.295
7 3 500 40 7.246 4.479 1.303
8 1 500 20 7.306 4.517 1.314
9 3 700 60 7.179 4.438 1.291
10 3 500 40 7.246 4.479 1.303
11 1 500 60 7.097 4.387 1.276
12 5 500 20 8.426 5.209 1.515
13 5 700 40 7.493 4.632 1.347
14 3 500 40 7.246 4.479 1.303
15 5 300 40 7.246 4.479 1.303
16 3 500 40 7.246 4.479 1.303
17 3 300 20 7.506 4.640 1.350

Table 5: Variance results of the regression model.

Scheme number Origins Sum of squares Freedom Mean square F valued P valued

1 (soft)

Model 2.12 9 0.2357 17.72 0.0005
Mining height 0.363 1 0.363 27.29 0.0012
Buried depth 0.1311 1 0.1311 9.85 0.0164

Interlayer spacing 0.9941 1 0.9941 74.73 0.0001
Residual error 0.0931 7 0.0133
Summation 2.21 16

2 (medium)

Model 0.8113 9 0.0901 17.7 0.0005
Mining height 0.1386 1 0.1386 27.22 0.0012
Buried depth 0.0501 1 0.0501 9.84 0.0165

Interlayer spacing 0.3802 1 0.3802 74.67 0.0001
Residual error 0.0356 7 0.0051
Summation 0.8469 16

3 (hard)

Model 0.0684 9 0.0076 17.54 0.0005
Mining height 0.0038 1 0.0038 8.65 0.0217
Buried depth 0.0019 1 0.0018 4.15 0.0809

Interlayer spacing 0.0088 1 0.0088 20.3 0.0028
Residual error 0.003 7 0.0004
Summation 0.0715 16
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but when the disturbance influence coefficient is more than
10, the impact is gentle. In addition, as the lithology pro-
portion coefficient increases, the curve gradually becomes
gentle. )at is to say, the increase of lithology proportion
coefficient reduces the influence range of the disturbance
influence coefficient.

4.3.5. Influences of Interburden-to-Overburden. Similarly,
with the increasing values of interburden-to-overburden, the
impacts on the key stratum decrease, as shown in Figure 10.
However, when the value of interburden-to-overburden
increases to a certain value, the decrease of KSDD tends to be
gentle. And, when the value of interburden-to-overburden is
less than 0.06, the impact on the key stratum is more serious,
but when the disturbance influence coefficient is more than
0.06, the impact is gentle. In addition, as the lithology

proportion coefficient increases, the curve gradually be-
comes gentle. )at is to say, the increase of lithology pro-
portion coefficient reduces the influence range of
interburden-to-overburden.

In general, the impacts of disturbance influence coeffi-
cient and interburden-to-overburden on KSDD are roughly
similar. However, compared with the disturbance influence
coefficient, the impact of interburden-to-overburden on the
key stratum is relatively small. It further shows that the
impact of buried depth on the key stratum is less than
mining height.

4.4. #e Analysis of Multifactors. )e KSDD is affected not
only by the single factor (mining height, buried depth, in-
terlayer spacing, and lithology proportional coefficient) but
also by the interaction of factors. )erefore, in order to
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Figure 6: Impacts of mining height with different lithology proportion coefficients on the key stratum. (a) Soft. (b) Medium. (c) Hard.
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Figure 7: Impacts of buried depth with different lithology proportion coefficients on the key stratum. (a) Soft. (b) Medium. (c) Hard.

30 40 50 6020
Interlayer spacing (m)

7.0

7.2

7.4

7.6

7.8

8.0

V
al

ue
 o

f K
SD

D

(a)

30 40 50 6020
Interlayer spacing (m)

4.2

4.4

4.6

4.8

5.0

5.2

V
al

ue
 o

f K
SD

D

(b)

30 40 50 6020
Interlayer spacing (m)

1.0

1.2

1.4

1.6

1.8

2.0

V
al

ue
 o

f K
SD

D

(c)

Figure 8: Impacts of interlayer spacing with different lithology proportion coefficients on the key stratum. (a) Soft. (b) Medium. (c) Hard.

6 Advances in Civil Engineering



explore the impacts of the interaction between factors on the
key stratum, based on the calculation results of KSDD, the
3D response surfaces of each factor interaction are obtained
(Figures 11–13).

4.4.1. Interaction between Mining Height and Buried Depth
on Key Stratum. As shown in Figure 11, with the increase of
mining height and burial depth, the response surface be-
comes steeper, which indicates that the impacts on the key
stratum increase. However, with the increase of the lithology
proportion coefficient, the response surface gradually tends
to be gentle. )at is to say, the increase of lithology pro-
portion coefficient decreases the range of impacts by mining
height and buried depth on the key stratum. In addition,
according to the distribution trend of contour, with the
increase of buried depth, the disturbance effect of mining
height on the key stratum is strengthened.

4.4.2. Interaction between Mining Height and Interlayer
Spacing on Key Stratum. As shown in Figure 12, with the
increase of interlayer spacing and the decrease of mining

height, the response surface gradually becomes gentle, which
indicates that the impacts on the key stratum decrease.
However, with the increase of the lithology proportion
coefficient, the response surface gradually tends to be gentle.
)at is to say, the increase of the lithology proportion co-
efficient decreases the range of impacts by interlayer spacing
and mining height on the key stratum. In addition,
according to the distribution trend of contour, the impacts
on the key stratum is the most severe when the interlayer
spacing is within 30m. )erefore, when the key stratum is
close to the coal seam, the mining height can be appro-
priately reduced to slow down the disturbance effect of coal
mining on the key stratum.

4.4.3. Interaction between Buried Depth and Interlayer
Spacing on Key Stratum. As shown in Figure 13, with the
increase of interlayer spacing and the decrease of coal seam
buried depth, the response surface gradually becomes gentle,
which indicates that the impacts on the key stratum de-
crease. However, with the increase of lithology proportion
coefficient, the response surface gradually tends to become
gentle. )at is to say, the increase of lithology proportion
coefficient decreases the range of impacts by interlayer
spacing and buried depth on the key stratum. In addition,
according to the distribution trend of contour, it can be seen
that, with the increase of buried depth, the range of impacts
by interlayer spacing on the key stratum increases. )ere-
fore, when coal seam is in the deep area or the coal seam is
close to the key stratum, the key stratum is more seriously
affected by coal seam mining. And the method of backfilling
can be used to reduce the disturbance effect of coal seam
mining on the key stratum.

5. Engineering Verification

Based on the geological data of Longde Coal Mine [30],
Yuhua Coal Mine [31], Da’anshan Coal Mine [32], Qian-
jiaying Coal Mine [25], and Fangezhuang Coal Mine [33],
the values of KSDD in each mining area is calculated by the
calculation system of KSDD. )e results are shown in
Table 6.

As shown in Table 6, when the buried depth and
interlayer spacing are basically the same, the values of
KSDD are affected by mining height and lithology pro-
portion coefficient. )erefore, roof management should
be strengthened in areas with large mining height to
prevent roof fall and other disasters caused by mining
height increase. When the mining height and interlayer
spacing are basically the same, the values of KSDD are
mainly affected by the buried depth and the lithology
proportion coefficient. )erefore, when mining in Yuhua
Coal Mine and other areas with large buried depth, the
key stratum is more likely to be destroyed, which makes
the overlying strata more difficult to control and easily
bring disasters such as rock burst. When the lithology
proportion coefficient decreases, the values of KSDD are
greatly affected by the changes of mining height, buried
depth, and interlayer spacing. )at is to say, when there is
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less intermediate hard rock, the changes of mining height,
buried depth, and interlayer spacing need to be paid
attention to, which will lead to more damage to the key

stratum. In general, the above rules are basically con-
sistent with the actual situation, which further verifies the
above experimental results.
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Figure 11: 3D response surface of interaction between mining height and buried depth. (a) Soft. (b) Medium. (c) Hard.
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Figure 12: 3D response surface of interaction between mining height and interlayer spacing. (a) Soft. (b) Medium. (c) Hard.
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6. Conclusion

Synthesizing the experiment designed of response surface,
calculation results of KSDD, and analyses of single factor
and multifactors, the following main conclusions are drawn:

(1) )ough the analysis of the key stratum affected by
several geological factors, the definition of “distur-
bance degree of key stratum” (KSDD) was proposed.
To be specific, KSDD is the degree of disturbance
caused by coal seam mining on the key stratum.
Based on the calculation formula of KSDD, the
calculation system is developed. And, the value of
KSDD is quantified by the value among 0 to 10. In
addition, the response plane method is used to de-
sign the experiment of three kinds of lithology
proportional coefficient with a different mining
height, buried depth and interlayer spacing. )e
response surface regression models of three lithology
proportional coefficients are established.

(2) By analysing the disturbance effect of a single factor
on the key stratum and its significance, the following
are found.①)e order of influence intensity of each
factor on the KSDD is as follows: interlayer spa-
cing>mining height> buried depth. ② Mining
height and buried depth are positively correlated
with the value of KSDD.③)e interlayer spacing is
negatively correlated with KSDD, but when the in-
terlayer spacing increases to a certain value, the
influence range of KSDD tends to be small.

(3) )e KSDD is affected not only by a single factor but
also by the interaction of various factors. )at is to
say, with the increase of buried depth, the impacts of
mining height on the key stratum increase. And, with
the decrease of interlayer spacing, the disturbance
effects of mining height on the key stratum are more
severe. In addition, with the increase of buried depth,
the change of interlayer spacing increases the in-
fluence range of KSDD. However, with the increase
of lithology proportional coefficient, the influence
range of KSDD decreases with the three factors.

(4) )e actual geological data of five mines are selected
to calculate the value of KSDD. And, the variation
law of KSDD in each mine is analysed. )e calcu-
lation rules of KSDD of five mines further verified
the above experimental results, which provide some
reference and theoretical basis for the management
of the roof and the design of backfilling parameters.
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*e weak interlayer in the slope meets with water threatening the overall stability of the slope. Sequestration location of the weak
layer has an impact on the stability of the slope. Based on this, taking the south-side slope of Fushun West Open-Pit Mine as the
background, the limit equilibriummethod was used to study the influence of different depths and dip angles of weak interlayers on
the factor-of-safety and sliding mode of the slope. After analyzing the effect, a bottom friction experiment was conducted to verify
the theoretical results. *e research results show that, as the buried depth of the weak layer becomes larger and the dip angle
becomes smaller, the safety factor of the slope increases. Dip angle and depth both affect the sliding mode of the slope. *is can
provide a reference for study of the influence mechanism of weak interlayer on slope stability in multi-weak-layer slopes.

1. Introduction

Slope landslide is one of the three natural disasters.*ere are
about 35,000 instability accidents due to weak interlayers in
slopes ever year in China. *ese accidents pose a serious
threat to the national property and people’s lives [1].

In reality, the geological structure of the slope is com-
plex, usually containing more than one weak interlayer.
Studying which weak interlayer has the greatest impact on
slope stability and the reasons are of great significance to the
prevention and control of landslides.

Sloan [2] analyzed the slope with weak interlayer and
verified that the weak interlayer is the main factor controlling
the slope landslide. Li et al. [3] conducted a large-scale geo-
mechanical model experiment to study the influence of rainfall
infiltration on the slope characters. Liu et al. [4] studied the
influence of the hydrological characteristics of the fracture zone
composed of clay minerals on the slope stability. Li [5] studied
the potential slip surface of the representative section of the
southern slope of Fushun West Open-Pit Mine and deter-
mined that the potential slip surface is the weak interlayer in
the slope. Sun and Li [6] studied open-pit mine slope stability
based on improved TOPSIS method. In summary, as for re-
search on the weak interlayers in slope, domestic scholars have

focused on the changes in the mechanical properties of weak
interlayers after being softened by water. However, there are
few studies on the influence of the location of the softenedweak
layer on the overall stability and sliding mode of the slope. In
this paper, the influence of the buried depth and dip angle of
the weak layer on the slope stability and sliding mode is an-
alyzed based on the background of the south slope of Fushun
West Open-pit Mine. *en, a similar model experiments is
conducted to validate the analysis results.

2. Influence of Weak Interlayer on Slope
Stability and Sliding Mode

2.1. Mechanism of Weak Interlayer Softening. *e weak in-
terlayer is rich in clay minerals and has strong expansibility
when exposed to water, which greatly reduces the shear
strength of the weak interlayer [7–9]. According to the un-
saturated soil strength theory [10,11], there is the following
relationship between soil shear strength and matrix suction:

τf � c′ + σ − uα( 􏼁tan ϕ′ + uα − uw( 􏼁tan ϕb
, (1)

where τf is the shear strength, c′ is the effective cohesion, σ is
the normal stress, uα is the atmosphere pressure, uw is the
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pore water pressure, uα − uw is the matrix suction, ϕ′ is the
friction angle in saturated state, and ϕb is the friction angle
that varies with suction.

It can be seen from formula (1) that there is a linear
function relationship between the shear strength of the weak
interlayer and the suction force of the matrix. When the
water content of the weak layer increases, the pore water
pressure will increase, the matrix suction will decrease, and
the shear strength will decrease.

2.2. Limit EquilibriumAnalysis ofWeak Layer Affecting Slope
Stability. *e model used in this paper comes from the
E1200 section of the south slope of the Fushun West Open-
Pit Mine. *e stratigraphic composition is mainly Archean
granite-gneiss, strongly weathered basalt, and weakly
weathered basalt. *ere are 3 weak interlayers that can be
proven. *e simplified slope profile is shown in Figure 1. In
Figure 1, the weak interlayers are marked as weak layer 1,
weak layer 2, and weak layer 3 from top to bottom. Strongly
weathered basalt is located above weak layer 1, and weakly
weathered basalt is located between weak layer 1 and
granite-gneiss.

By collecting, summarizing, and analyzing the rock and
soil test results of previous projects, the rock mechanics
parameters required for this calculation are shown in
Table 1.

*e factor-of-safety and factor-of-safety reduction ratio
of the slope after softening of different weak interlayers are
calculated based on the limit equilibrium method. *e re-
sults are shown in Tables 2 and 3, respectively.

After comparing the safety factor reduction ratio of the
three softened weak layers, obviously the softening of weak
layer 1 has the greatest impact on the overall stability of the
slope, followed by weak layer 2 and weak layer 3, the smallest
in the model studied in this paper.

Judging from the sequestration location of the three
weak layers in the slope, the buried depths and dip angles of
the three weak layers are different, resulting in different
degrees of influence on the slope of the three weak inter-
layers. *e following uses the limit equilibrium method to
calculate the safety factor of the slope to explore how the
buried depth and dip angle of the weak interlayer affect the
stability of the slope. Due to the dip angle, the buried depth
of the weak layer has no definite value. In this paper, the
vertical distance between the weak layer and the slope toe is
defined as the buried depth of the weak interlayer. According
to the above research model, the in situ burial depth of weak
interlayer 1 is 40m, and the base rock below the weak layer
does not slide. *e weathered basalt lies above the weak
layer. *e burial depth of the weak interlayer is increased by
20m, and the safety factor of the slope and changing trend of
slip surface is calculated by the limit equilibrium method.
*e results are shown in Table 4.

As shown in Table 4, when the buried depth of the weak
interlayer increases while other factors remain unchanged,
the safety factor of the slope gradually increases. *e buried
depth increases from the original 40m to 80m, and the
sliding mode of the slope is sliding along the weak layer.

When the buried depth is greater than 99m, the safety factor
is still increasing, but its sliding mode becomes shallow
sliding along the slope surface.*erefore, when the dip angle
is 23°, the buried depth of 99m is the critical value for the
change of the slope sliding mode.

According to the research model, the dip angle of weak
interlayer 1 in the original position is 23°. Set the part below
the weak layer as a non-slip bedrock, and the part above it as
a strongly weathered basalt. Inclination angle increment is
3°. *e results of the safety factor of the slope and changing
trend of slip surface calculated by the limit equilibrium
method are shown in Table 5.

It can be seen from Table 5 that when the dip angle of the
weak interlayer decreases while other factors remain un-
changed, the safety factor of the slope gradually increases.
When the dip angle of the weak interlayer decreases from the
original 23° to 9°, the sliding mode of the slope is sliding
along the weak layer. When the dip angle of the weak in-
terlayer is less than 8°, the safety factor is still increasing, but
the sliding mode changes, and the sliding mode at this time
becomes a shallow sliding along the slope.

Selecting the buried depth as 10m, 70m, and 140m,
when the slope is in the critical state of sliding along the
shallow layer of the slope, the trend of the dip angle is shown
in Table 6.

Taking the buried depth as the horizontal axis and the
dip angle as the vertical axis, linear fitting is performed from
the results obtained in Table 6.*e law of the sliding mode of
the slope is shown in Figure 2.

It can be seen from Figure 2 that the relationship be-
tween the buried depth and the dip angle is linear. *e fitted
straight line divides the first coordinate system into two
parts. Take the value of the buried depth and dip angle at the
upper left of the line; the slope will slide along the weak
interlayer, and take the value of the buried depth and dip
angle at the lower right of the line; the slope will slide
shallowly, and the dividing line is the straight line obtained
by linear fitting.

3. Bottom Friction Experiment

3.1. Design of the Experiment. When the three weak inter-
layers in the model are softened, it is the interlayer 1 that
affects the stability of the slope most. *erefore, this section
studies the influence of different dip angles and buried
depths of weak layer 1 on slope stability and sliding mode to
verify the calculation result of the limit equilibrium method.

Generalize the geological prototype. *e generalized
prototype is 1000m long and 450m high. Combined with
the actual situation of the bottom friction test bench size:
length×width× thickness� 1.0m× 1.0m× 0.05m, the geo-
metric similarity ratio of the simulation test is determined as
C1� 1000 :1. *e test model is shown in Figure 3.

Similar model experiment requires that the model is not
only similar in geometry to the prototype, but also requires
the physical quantities included in the test process to be
similar to the prototype. *is experiment uses a mixed
material of sand, lime, and gypsum in different proportions
to simulate the bedrock and basalt above it [12]. After
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Figure 1: Simplified map of E1200 geological section.

Table 1: Rock mechanical parameters of each rock formation.

Elastic modulus, E
(MPa) Cohesion, C (kPa) Friction, Φ (°) Poisson’s ratio, v

Volumetric weight, ρ
(g·cm−3)

Granite gneiss 50000 30000 50 0.23 2.8
Weakly weathered basalt 11892 1810 37.2 0.26 2.6
Strongly weathered
basalt 7824 1690 36.7 0.28 2.43

Weak interlayer 1 1076 220 21.6 0.32 2.4
Weak interlayer 2 1506 330 25.1 0.3 2.35
Weak interlayer 3 2500 450 30 0.3 2.0

Table 2: Factor-of-safety of the slope after softening of different weak layers.

Factor-of-safety
Ordinary Bishop Janbu Janbu generalized

Dry slope 1.068 1.100 1.068 1.109
Weak layer 1 softening 0.689 0.613 0.607 0.713
Weak layer 2 softening 0.950 0.971 0.912 1.048
Weak layer 3 softening 1.068 1.100 1.068 1.109

Table 3: Factor-of-safety reduction ratio of the slope after softening of different weak layers.

Factor-of-safety reduction ratio
Ordinary (%) Bishop (%) Janbu (%) Janbu generalized (%)

Weak layer 1 softening 35.48 44.27 43.16 35.71
Weak layer 2 softening 11.05 11.73 14.61 5.5
Weak layer 3 softening 0 0 0 0
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repeated tests, the percentage of each material is determined
as shown in Table 7.

In order to verify the influence of the dip angle and
buried depth of the weak interlayer on the stability and
sliding mode of the rock slope, a total of four sets of ex-
periments were designed: experiment 1—the weak layer is in
the original position (23°, 44mm); experiment 2—the dip
angle decreases (8°, 44mm); experiment 3—the buried depth
increases (23°, 120mm); and experiment 4— the dip angle
and the buried depth both increase (29°, 100mm).

3.2. Experiment Results and Analysis

3.2.1. Experiment 1: 7e Weak Layer Is in the Original Po-
sition (23°, 44mm). When the slope is in the original state,
the break process of the slope is shown in Figure 4.

Start the bottom friction machine; after running for 21
seconds (Figure 4(b)), the first crack L1 appeared at the foot
of the basalt layer slope, the crack width was about 1mm,
and it penetrated the weak interlayer of the lower layer; after
23 seconds (Figure 4(c)), a new crack L2 appeared at the foot
of the basalt slope, and a crack L3 appeared at the slope
surface, which also penetrated the weak interlayer; after 26
seconds (Figure 4(d)), cracks L4, L5, and L6 appeared on the
slope. At this time, the foot of the basalt in the upper part of
the slope was completely destroyed; after 33 seconds
(Figure 4(e)), the basalt part lost the support of the slope toe,
and the entire basalt part was destroyed, sliding along the
weak interlayer and cracks everywhere. At the end of the
experiment (Figure 4(f)), the basalt layer sank 5 cm from the
bedrock, and the overall displacement in the horizontal
direction was 10 cm. *e slope eventually broke. From the
perspective of the break process of the slope, the toe of the
slope was damaged first. *e reason is that the toe of the
slope is a stress concentration area. *e toe of the slope was
squeezed by the upper rock layer to cause shear failure.
Secondly, cracks appeared on the surface of the slope, and

the cracks gradually propagated upward from the middle
and lower parts of the slope, and finally the slope appeared as
a whole landslide. After the toe of the slope was damaged, the
rock layer at the slope lost the support at the toe of the slope.
*e basalt layer in the middle and lower parts of the slope
broke the connection with the rock layer in the middle and
upper part under the action of gravity, resulting in damage.
In short, after losing the support of the slope toe, the upper
rock layer of the slope will be broken and destroyed step by
step under the action of gravity. *e slope eventually loses
stability along the weak interlayer, and its sliding mode is in
good agreement with the results of the limit equilibrium
method.

3.2.2. Experiment 2: 7e Dip Angle Decreases (8°, 44mm).
When the dip angle of the weak interlayer is changed from
the original 23° to 8°, and the other parameters remain
unchanged, the photos of the slope at different moments are
shown in Figure 5.

Start the bottom friction machine; after 15 seconds
(Figure 5(b)), the shallow area on the top of the slope began
to damage; after 23 seconds (Figure 5(c)), the scope of the
slope top damage became larger, and the damage in the
shallow area develops toward the middle part. At the same
time, two cracks appeared on the slope surface. Crack L1 was
arc-shaped, the entrance was at the top of the slope, and the
exit was at the middle and upper part of the slope. Crack L2
is about 7 cm long and sloped upward along the slope. After
27 seconds (Figure 5(d)), a new crack L3 appeared on the
sliding body; the crack was a vertical crack, about 5 cm long.
In the end (Figure 5(e)), the shallow layer damage at the top
of the slope has progressed to the middle layer, and the scope
of damage has become larger. At the same time, a new crack
L4 appeared on the upper sliding body, which is connected
with L1 and L4 and divides the sliding body into four.

From the perspective of the break process, the break of
the slope first occurred at the top of the slope. *e slope top
was damaged under the action of its own weight stress. With
the rotation of the belt, the damage gradually develops to the
slope surface. *e cracks on the slope gradually increased,
but the cracks did not extend to the interior of the slope. *e
slope was only partially damaged, and the whole slope
remained stable.When the belt stopped rotating, the damage
range at the top of the slope became larger than it was at the
beginning, and the cracks on the slope increased. Generally
speaking, the damage is shallow and local, and the slope does
not slide along the weak interlayer. *e slope remains stable
as a whole.

3.2.3. Experiment 3: 7e Buried Depth Increases (23°,
120mm). When the buried depth of the weak interlayer is
changed from the original 40m to 120mm, and the other
parameters remain unchanged, the photos of the slope at
different moments are shown in Figure 6.

Start the bottom friction machine. After 20 seconds
(Figure 6(b)), the model began to break. *e first crack L1
appeared in the middle and upper parts of the slope. After 26
seconds (Figure 6(c)), two cracks L2 and L3 appeared on the

Table 4: *e relationship between buried depth of weak interlayer
and slope stability.

Buried depth (m) Safety factor Sliding mode
40 1.069 Sliding along the weak layer
60 1.185 Sliding along the weak layer
80 1.314 Sliding along the weak layer
99 1.460 Shallow sliding on slope
120 1.461 Shallow sliding on slope

Table 5: *e relationship between dip angle of weak interlayer and
slope stability.

Dip angle (°) Safety factor Sliding mode
23 1.069 Sliding along the weak layer
20 1.158 Sliding along the weak layer
17 1.232 Sliding along the weak layer
14 1.307 Sliding along the weak layer
11 1.394 Sliding along the weak layer
8 1.460 Shallow sliding on slope
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Table 6: *e general law of sequestration location of the weak layer affecting the slope slip mode.
Buried depth (m) 10 40 70 99 140
Dip angle (°) 0 8 16 23 32
Sliding mode Along the weak layer Along the weak layer Along the weak layer Along the weak layer Along the weak layer

Equation
Weight
Residual sum of
squares
Pearson’s r
Adj. R-square

Dip angle

y = a + b∗x
No weighting

1.35357

0.99892
0.99711

Intercept

Slope

Value
–1.9295
0.2469

Standard error
0.56367
0.00664
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Figure 2: *e general law of sequestration location of the weak layer affecting the slope slip mode.
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Figure 3: Generalized model section.

Table 7: Mass percentage of each material.

Rock formation Sand Lime Plaster
Granite gneiss 80 12 8
Weak interlayer — — —
Basalt 80 16 4
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Figure 4: Model break process of experiment 1. (a) Initial state. (b) After 21 s. (c) After 23 s. (d) After 26 s. (e) After 33 s. (f ) End of run.
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Figure 5: Continued.
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Figure 5: Model break process of experiment 2. (a) In the beginning. (b) After 15 s. (c) After 23 s. (d) After 27 s. (e) End of run.
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Figure 6: Model break process of experiment 3. (a) In the beginning. (b) After 20 s. (c) After 26 s. (d) End of run.
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slope. Crack L2 was arc-shaped and connected to crack L1.
*e entrance of crack L2 was in the center of the top of the
slope, and the exit was in the center of the surface of the
slope. L2 cut the slope into an arc-shaped slip surface. Crack
L3 appeared in the middle of the small area cut by L1, di-
viding the small area into two. In the end (Figure 6(d)), new
cracks L4 and L5 appeared in the middle of the sliding
surface. Both cracks were vertical.*e length of L4 was about
8 cm and the length of L5 was about 4 cm. *e sliding body
was divided into several blocks.

Observing the break process of the model, the break of
the slope first started at the slope surface. Small cracks firstly
appeared on the slope surface. When the small break area
generated, the supporting force of the area at the slope
surface is weakened. An arc-shaped failure surface appeared
at the slope surface. *e bottom friction machine continued
to run until the end, and the supporting force on the right
side of the arc-shaped failure surface area was weakened.
Under the action of gravity, the sliding body lost the support
on the right side, and two new cracks appeared, dividing the
sliding body into four pieces. From the perspective of the
failure process, the failure of the slope is a local small-scale
failure, the sliding body on the slope surface has not slipped
as a whole, and the slope has no large-scale damage.

3.2.4. Experiment 4: 7e Dip Angle and the Buried Depth
Both Increase (29°, 100mm). When the buried depth of the
weak interlayer increases to 100mm, the dip angle increases
to 29°. *e photos of the slope selected at different moments
are shown in Figure 7.

Start the bottom friction machine and begin the test.
After 25 seconds (Figure 7(b)), the first small-scale damage
occurred in the toe of the slope. After 32 seconds

(Figure 7(c)), the damage range of the shallow layer at the
toe of the slope became larger, and 3 penetration cracks
appeared at the toe of the slope and the slope at the same
time. Crack L1 appeared at the toe of the slope, which was
vertical, about 17 cm long, connected to the first damaged
area, and extended to the weak interlayer. *ere was also a
small area of damage in the toe of the slope where the weak
interlayer connects with the upper strata. Crack L2
appeared in the center of the slope and was vertical, about
15 cm long.*e crack completely penetrated the upper rock
layer until it connected with the weak interlayer of the
lower layer. Crack L3 appeared in the middle and upper
part of the slope and extended to the upper left and was
about 22 cm long. *e crack also completely penetrated the
upper rock layer and was connected to the weak interlayer.
After 37 seconds (Figure 7(d)), the cracks at the toe of the
slope have completely penetrated the upper and lower areas
of the failure of the toe, and the damage range has become
larger. *ree new through cracks appeared in the upper
rock layer. Crack L4 appeared in the middle of the slope
and was vertical. It was connected to crack L3, which
completely penetrates the upper rock layer and connects to
the weak interlayer. Crack L5 appeared at the upper left of
crack L3 and was vertical. It completely penetrated the
upper rock layer and connected to the weak interlayer.
Crack L6 appeared at the top of the slope and is curved
upward; it was connected with the weak interlayer. At this
time, the upper rock layer of the slope had a tendency to
squeeze the weak interlayer, and the upper rock layer had a
displacement of about 3 cm in the vertical direction. In the
end (Figure 7(e)), the toe of the slope was completely
broken, the slope was densely cracked, and the slope as a
whole slid along the weak interlayer to the toe, and the
slope was eventually destroyed.

L2

L3

L1

(c)

L4
L5

L6

(d)

(e)

Figure 7: Model break process of experiment 4. (a) In the beginning. (b) After 25 s. (c) After 32 s. (d) After 37 s. (e) End of run.
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Judging from the break process of the slope, the first
place where the slope was damaged was at the toe of the
slope. Large-scale damage occurred at the toe of the slope
first, and then cracks occurred at the slope. *e uneven
settlement of the weak interlayer resulted in vertical cracks at
the toe of the slope. *en, under the action of gravity, the
rock strata at the slope surface was pulled apart and slid
down along the weak interlayer under the action of gravity.
When the slope fails, it slides downward as a whole, and its
failure mode is in good agreement with the calculation
results of the limit equilibrium method.

4. Conclusions

In this paper, the limit equilibrium method is used to study
the relationship between the safety factor and sliding mode
of the slope and the sequestration of the weak interlayer in
the slope.When the dip angle decreases and the buried depth
increases, the safety factor will increase. *e sliding mode of
the slope follows the rule illustrated in Figure 2. If the point
of dip angle and buried depth are at the top left of the line,
the slope will break along the weak layer. Otherwise, the
slope will break in the shallow part.

*e bottom friction experiment verifies the results of
limit equilibrium method. In experiments 1 and 4, the slope
breaks along the weak interlayer. In these two experiments,
the point decided by the sequestration location of the weak
interlayer is at the top left of the line in Figure 2. According
to the result of limit equilibriummethod, the slope will break
along the weak interlayer, the same as the experiment.
Experiments 2 and 3 also show the same results as the limit
equilibrium method, as expected.
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In order to solve the problem of controlling the roof of the stoping roadway in 1204 fully mechanized face under the influence
of advanced support pressure, according to the characteristics of the stoping roadway section, the single hydraulic prop and
π-shaped steel beam were selected to verify the shrinkage of the single hydraulic support and establish mechanics. ,e model
calculates that at least 3 single hydraulic props and at least 2 material lanes are required for the transportation lane; through the
numerical simulation method, a reasonable roof control plan for the stoping roadway in the advance support section is
determined, that is, 0∼ in front of the material lane. ,e one-beam three-column method is adopted within 30m, and the row
spacing is 0.8m; the one-beam four-pillar method is adopted within 0–20m of the working front of the transportation lane; and
the one-beam three-pillar method is adopted within 20–30m, and the row spacing is 0.8m. On-site industrial test practice
proved that the proposed roof control scheme is reasonable, and the roadway section can meet the actual
production requirements.

1. Introduction

Under the action of the advanced supporting pressure, the
mining roadway will experience roof subsidence, bottom
heave, and two-side shrinkage deformation so that the
section of the mining roadway cannot meet the actual
production requirements and affects the normal mining of
the coal mining face. ,ere are many technologies for the
roof control of mining roadways. For example, Sun Jiuzheng
published the book “Control Technology and Engineering
Practice of ,in Composite Roof of Mining Roadways,”
which discussed the mechanical characteristics, changing
laws, and influencing factors of thin composite roofs of
mining roadways. ,e deformation and failure mechanism
of the thin composite roof of the roadway and the defor-
mation and failure laws of the thin composite roof of the
mining roadway are summarized. Qiu Wenhua et al. pro-
posed roof control technology for semicoal and rock

roadways under complex conditions. Due to the different
production geological conditions of each mining area, the
roof control technology of the fully mechanized mining face
is different under the influence of the advanced support
pressure. According to the specific production conditions of
the 1204 working face, relevant research is carried out to put
forward a reasonable technical plan for the roof control of
the mining roadway in the fully mechanized mining face.

2. Engineering Geological Conditions

,e 1204 working face is arranged in the 2# coal seam, the
ground elevation is +948～+1103m, the underground ele-
vation is +495～+541m, the strike length is 1980m, and the
dip length is 167m. ,e thickness of the coal seam is 2.5 to
3.95m, with an average of 3.2m; the inclination angle of the
coal seam is 3° to 8°, with an average of 6°. ,e occurrence of
roof and floor is shown in Table 1.
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3. Determination of the Key Parameters of the
Roof Control of the Mining Roadway

According to the production geological conditions of 1204,
the roof control mode of the advanced support section of the
super 1204 fully mechanized face is determined to be “single
hydraulic prop + π beam”.

3.1. Single Hydraulic Prop and π-Shaped Steel Beam Selection.
According to the cross section characteristics of the two
lanes in the 1204 working face, the single hydraulic prop of
the transportation lane uses the DZ-35 type, and the
π-shaped steel beam uses the DFB4000-300 type. ,e single
hydraulic prop of the material lane is DZ-28, and the
π-shaped steel beam is DFB3600-300. ,e main technical
characteristics of the single hydraulic prop and the π-shaped
steel beam are shown in Tables 2 and 3, respectively.

3.2. Verification of the Shrinkage of Single Hydraulic Support.
After the roadway is excavated, the basic support is per-
formed, and the initial deformation of the old roof is given
[1]. ,e allowable shrinkage amount should satisfy the
movement and development of the old roof and reach the
final stable state, that is, the basic support of the roadway.
,e allowable roof shrinkage of the protective structure
should at least meet the expected deformation of the sur-
rounding rock [2, 3].

Δh + Δhj >Δh0, (1)

where Δh is the required shrinkage of the basic support in
the lane, Δhj is the amount of compression of the auxiliary
supporting structure, and Δh0 is the moving amount of the
roof and floor of the roadway under a given deformation
state of the old roof, generally 200～300mm.

,e roof control method of the roadway in 1204 fully
mechanized coal mining face adopts “single hydraulic
prop + π beam,” the compression of the auxiliary support
structure is 0, and the estimated roadway roof and floor
moving in the given deformation state of the old roof is
300mm. ,e required shrinkage of the basic stent should
be greater than 300mm. ,e selected single hydraulic
prop has a stroke of 800mm, which can meet the
requirements.

3.3. Supporting Density of Single Hydraulic Prop.
According to the supporting force of the single hydraulic
prop under the given deformation of the old roof and the

given load of the roof, the bearing capacity of the π-shaped
beam is considered, and the supporting density is deter-
mined by comprehensive analysis.

3.3.1. Under a Given Deformation State. Under the given
deformation working condition required by the old roof, the
supporting structure in the roadway should control the
direct roof and make it close to the old roof. ,erefore, the
supporting force should be at least sufficient to balance the
rock weight of the direct roof.

N � 10λchBd, (2)

where N is the supporting force, kN; λ is the dynamic
pressure coefficient, 2; c is the bulk density of the direct roof,
2.5 t/m3; h is the thickness of the direct roof, 1.6m; d is row
spacing, 0.8m; and B is the width of the lane, the trans-
portation lane is 5m, and the material lane is 4m.

It is calculated that the required supporting force
N� 320 kN for the transportation lane and the required
supporting forceN� 256 kN for the material lane.,erefore,
in this case, the transport lane needs at least 2 single hy-
draulic props and at least 2 material lanes.

3.3.2. Under a Given Load State. Since the roof falling shape
is arched, it is analyzed according to Platts’ pressure-free
arch theory [4], as shown in Figure 1.

,e damage range of the roadway gang is given by [5]

C �
kcrHv

1000σm

− 1􏼠 􏼡h tan 45∘ −
ϕ
2

􏼠 􏼡. (3)

In the above formula, the squeezing stress concentration
coefficient around the roadway is generally taken as 3; r is the
average gravity density of the rock formation, which is
25 kN/m3; v is the mining influence coefficient, 2; H is the
buried depth and the maximum value is 487m; σm is the
uniaxial compressive strength of the top plate, 20MPa; ϕ is
the internal friction angle of the top plate, 20°; and h is the
height of the roadway, the transportation lane is 3.1m, and
the material lane is 2.5m.

By using formula (3), the damage range of the trans-
portation lane ledge is calculated as 2.99m and the damage
range of the material lane ledge is calculated as 2.41m.

,e maximum loosening range of the top plate is given
by [6]

b �
L/2 + C

fm

, (4)

Table 1: ,e lithology of the roof and floor.

Roof and floor name Rock name ,ickness (m) Lithology
Basic top Sandy shale argillaceous shale 6.5 Dense and hard, not easy to fall
Direct top Partially sandy shale 1.6 Broken, cracks developed, easy to straddle
Pseudotop Mudstone 0.2 Fall with the mining
Direct bottom Sandy shale 2.4 Siltstone lenticular horizontal bedding with fissures
Old bottom Fine-grained sandstone 2.42 Horizontal bedding fissures are developed and hard, f� 6 or so
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where fm is roof rigidity coefficient, taking 2, and L is the
width of the lane. ,e transportation lane is 5m, and the
material lane is 4m.

By using formula (4), the loosening range of the roof of
the transportation lane is calculated as 2.74m and the
loosening range of the roof of the material lane is calculated
as 2.21m.

Considering the most dangerous situation, the weight of
the rock mass within the loose roof range is borne by the
single hydraulic prop. ,e required single hydraulic prop
supporting force is given by

N � br(2C + L)d. (5)

By using formula (5), the supporting force of the single
hydraulic prop required by the transportation lane is cal-
culated as 603 kN and the supporting force of the single
hydraulic prop required by the material lane is calculated as
389 kN. ,erefore, in this case, at least 3 single hydraulic
props are required for the transportation lane and at least 2
for the material lane.

3.3.3. Considering the Bearing Capacity of π-Shaped Steel
Beams. Since the length of the π-shaped beam is much
larger than that of the hinged top beam, its overall sup-
porting effect is good, which avoids the phenomenon of large

top pressure and wedge pressing on the hinged top beam
[7–12]. When the roof control mode is one beam and two
columns, it is simplified as a simply supported beam for
calculation, as shown in Figure 2(a); when the roof control
mode is one beam and three columns, it is simplified as a
statically indeterminate beam for calculation as shown in
Figure 2(b).

When the roof control mode is one beam and two
columns, it satisfies

[σ] �
Mmax

Wz

�
1/8 · q · L

2

Wz

�
1/8 · F · L

Wz

. (6)

When the roof control mode is one beam and three
columns,

[σ] �
Mmax

Wz

�
9/512 · q · L

2

Wz

�
9/512 · F · L

Wz

, (7)

where [σ] is the allowable stress, MPa; Mmax is the
maximum bending moment, kN∗m; WZ is the bending
section modulus, m3; q is the uniform load, kN/m; L is
beam span, m; and F is the equivalent concentrated force,
kN.

It can be seen from Table 2 that when the beam span is
700 mm, the central load of the beam is 300–400 kN. Since
the π-shaped steel beam [σ] and WZ are constants, the
bearing capacity of the π-shaped steel beam at differ-
ent individual hydraulic prop spacings is obtained (see
Table 4).

,e calculation results in Table 4 show that when the
roof control mode is one beam and two columns, the
bearing capacity of the π-shaped steel beam is less than the
required supporting force N under the given deformation
of the old roof and the given load state of the roof; when the
roof control mode is one beam and three columns, the
bearing capacity of the π-shaped steel beam in the material
lane can meet the requirements, and the bearing capacity of
the π-shaped steel beam in the area affected by the weak
forward supporting pressure of the transportation lane can
also meet the design requirements, but the loading capacity
of the π-shaped steel beam in the severely affected area

Table 2: ,e main technical characteristics of single hydraulic prop.

Model Rated work
resistance (kN)

Rated work
hydraulic (MPa)

Setting
force (kN)

Pump station
hydraulic (kN)

Maximum
height (mm)

Minimum
height (mm)

Stroke
(mm)

Stroke base
area (cm2)

DZ-35 200 25.5 118～157 15～20 3500 2700 800 113
DZ-28 250 31.8 118～157 15～20 2800 2000 800 113

Table 3: ,e main technical characteristics of π type steel beam.

Model Material Width (mm) Length (mm) Height
(mm) ,ickness (mm) Bearing capacity (kN)

DFB4000-300 27simn 100 4000 90 8 300～400, that is, when the beam span is
700mm, concentrated load at beam centerDFB3600-300 3600

b

LC

h

2C/3

b1

R R

Figure 1: ,e map of roof caving arch.
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of the transportation lane cannot satisfy the design
requirements.

4. Research and Demonstration of Roof
Control Scheme

4.1. Feasible Plan. In order to further determine the roof
control plan of the stoping roadway in 1204 fully mecha-
nized mining face, the influence range of the advanced
support is considered as 30m. Due to the different section
sizes of the transportation lane and the material lane, four
feasible plans are proposed, respectively. Under the normal
mining situation of the simulation study, different methods
are adopted. When the advance support plan is used, the
surrounding rock deformation law and plastic zone distri-
bution characteristics of the two lanes are used to optimize
and determine the reasonable roof control plan of the
mining roadway. ,e specific plan is as follows.

4.1.1. Material Lane

Option 1: the roof control of the mining roadway
adopts one beam and three pillars, and the row spacing
is 1.6m
Option 2: the roof control of the mining roadway
adopts the one-beam three-pillar method, and the row
spacing is 0.8m
Option 3: the roof control of the mining roadway
adopts one beam and three pillars, and the row spacing
is 0.4m
Option 4: the roof control of the mining roadway
adopts the one-beam four-pillar method, and the row
spacing is 0.8m

4.1.2. Transportation Lane

Option 1: the roof control of the mining roadway
adopts one beam and three pillars, and the row spacing
is 1.6m

Option 2: the roof control of the mining roadway
adopts the one-beam three-pillar method, and the row
spacing is 0.8m
Option 3: the roof control of the mining roadway
adopts one beam and four pillars, and the row spacing
is 0.8m
Option 4: the roof control of the mining roadway
adopts the one-beam four-pillar method within 0–20m
from the working face, and one-beam three-pillar
method within 20–30m, and the row spacing is 0.8m

4.2. Plan Demonstration and Determination. With the help
of FLAC3D software, the above feasibility schemes are
researched and demonstrated. Establish a horizontal model,
excavate 80m, and arrange surface displacement measure-
ment points in two lanes 50m ahead of the work face, as
shown in Figure 3. By comparing and analyzing the de-
formation law of the surrounding rock of the mining
roadway and the distribution characteristics of the plastic
zone in different schemes, the reasonable advance support
technical scheme is optimized and determined [13, 14].

4.2.1. Material Lane. ,e plastic zone distribution of sur-
rounding rock under different schemes is shown in Figure 3,
and the surface displacement characteristics of the trans-
portation lane under different schemes are shown in Table 5.

From the analysis in Figure 3, it can be seen that when
option 1 is adopted, the distribution range of the plastic zone
of the surrounding rock of the material lane is obviously
larger than that of options 2, 3, and 4, while when the option
2, 3, and 4 are adopted, the distribution range of the plastic
zone of the surrounding rock of the material lane is similar.
It means that the roof of the roadway in the advanced
support section of the working face has been effectively
controlled when the second, third, and fourth options are
adopted, but the first-time control effect of the program is
poor.

From the analysis of Figure 3 and Table 5, it can be seen
that when the first scheme is adopted, the roof control mode
of the mining roadway is one beam and three columns, the
row spacing is 1.6m, and the cumulative displacement of the
roof and floor and the cumulative displacement of the two
sides have reached 460mm and 501mm, respectively. When
the second scheme is adopted, the roof control method of the
mining roadway remains unchanged, and the row spacing
becomes 0.8m. Compared with the first scheme, the cu-
mulative displacement of the roof and floor and the

q

L

(a)

q

L/2 L/2

(b)

Figure 2: ,e advanced support simplified mechanical model. (a) One beam and two columns. (b) One beam and three columns.

Table 4: ,e carrying capacity of π type steel beam in different
spans.

Mode
Beam span (mm)

4000 (kN) 3600 (kN) 700 (kN)
One beam and two columns 52.5 58.3 400
One beam and three pillars 373 415
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cumulative displacement of the two sides are reduced by
179mm and 170m respectively; when the scheme is adopted
at 3 o’clock, the roof control method of the mining roadway
remains unchanged, and the row spacing becomes 0.4m.
However, compared with the second plan, the cumulative
displacement of the roof and floor and the cumulative
displacement of the two sides are only reduced by 26mm
and 28mm, respectively. In the fourth plan, the roof control
mode of the mining roadway becomes one beam and four
columns with a row spacing of 0.8m. Compared with the
second plan, the cumulative displacement of the roof and
floor and the cumulative displacement of the two sides are
only reduced by 18mm and 20mm, respectively, which
shows reducing the spacing between rows can improve the

roof control effect of the advanced support section. How-
ever, the simulation study shows that the material lane roof
is effectively controlled when the second, third, and fourth
options are adopted, but the effect is not much different. ,e
ratio control effect is very obvious; therefore, the second
option is determined as the optimal one.

4.2.2. Transportation Lane. ,e plastic zone distribution of
surrounding rock under different schemes is shown in Figure 4,
and the surface displacement characteristics of the trans-
portation lane under different schemes are shown in Table 6.

From the analysis in Figure 4, it can be seen that when
the transportation lane adopts Option 1, the plastic zone of
the surrounding rock is the largest, followed by Option 2, the
smallest in Option 3 and Option 4, and when Option 3 and
Option 4 are adopted, the distribution range of the plastic
zone of the surrounding rock of the material roadway is not
much different.,e distribution range is not much different,
indicating that when schemes 3 and 4 are adopted, the
roadway roof control effect in the advanced support section
of the working face is better.

From the analysis of Figure 4 and Table 6, it can be seen
that when the first scheme is adopted, the roof control mode
of the mining roadway is one beam and three columns, the
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Figure 3: Plastic zone distribution of the material roadway’s surrounding rock. (a) Option 1. (b) Option 2. (c) Option 3. (d) Option 4.

Table 5: ,e displacement curve about the material roadway’s
surface in different advanced support schemes.

Option
Cumulative displacement (mm)

Top and bottom Two gangs
1 460 501
2 299 331
3 273 303
4 281 311
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row spacing is 1.6m, and the cumulative displacement of the
roof and floor and the cumulative displacement of the two
sides reach 511mm and 589mm, respectively. When the
second plan is adopted, the advance support method re-
mains unchanged, and the row spacing becomes 0.8m.
Compared with the first plan, the cumulative displacement
of the top and bottom plates and the cumulative displace-
ment of the two sides are reduced by 108mm and 148mm,
respectively; when the third is adopted at the same time, the
advance support method remains unchanged, and the row
spacing is changed to 0.4m. However, compared with the
case of using the second scheme, the cumulative displace-
ment of the top and bottom plates and the cumulative
displacement of the two sides are only reduced by 66mm

and 62mm, respectively; when the fourth scheme is adopted
and when the working front is 0–20m, one beam and four
columns are used, and one beam and three columns are used
within 20–30m, and the row spacing is 0.8m. Compared
with scheme 3, the cumulative displacement of the top and
bottom plates and the cumulative displacement of the two
sides are only reduced. ,e values of 16mm and 12mm
indicate that the control effect of the surrounding rock in the
advanced support section of the working face of scheme 3
and scheme 4 is better, but the difference in the control effect
between the two is very small. Considering comprehensively,
the fourth option is determined as the best option.

,erefore, the optimal design plan for the roof control of
the mining roadway in 1204 fully mechanized mining face is
determined as follows:①material lane: one beam and three
columns are used within 0–30m in front of the work face,
with a row spacing of 0.8m;② transportation lane: when the
working front is 0–20m, one beam and four columns are
used inside, and one beam and three columns are used
within 20–30m, and the row spacing is 0.8m.

5. On-Site Industrial Test

5.1. Station Layout. In order to verify the roof control effect
of the mining roadway, the roadway surface displacement
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Figure 4: Plastic zone distribution of the surrounding rock. (a) Option 1. (b) Option 2. (c) Option 3. (d) Option 4.

Table 6: ,e displacement curve about transportation roadway
surface in different advanced support schemes.

Serial number
Cumulative displacement (mm)

Top and bottom Two gangs
Option 1 511 589
Option 2 403 451
Option 3 337 389
Option 4 321 377
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observation stations were arranged in the transportation
lane and the material lane, respectively, and the “cross
measurement method” was used for observation. ,e
measurement points are set up as shown in Figure 5. A drill
hole with a depth of 400～500mm is constructed on the top
and bottom and the two sides, and a round steel or steel rod
with a diameter of 16～18mm is buried in the hole and fixed
with a resin coil. ,e roadway shows that the displacement
monitoring mainly includes roof subsidence OC, floor heave
OD, left side approach OA, and right side approach OB.

5.2. Analysis of Observation Results. Field measurements
show that the cumulative approach of the two sides of the
material lane is 477mm, the cumulative approach of the roof
and floor is 411mm, the cumulative approach of the two
sides of the transportation lane is 354mm, and the cumu-
lative approach of the top and floor is 301mm. ,e roof of
the mining roadway in 1204 fully mechanized mining face
has been effectively controlled, and the roadway section can
meet the actual production requirements.

6. Conclusion

(1) ,e roof control support equipment suitable for the
mining roadway of 1204 fully mechanized mining
face is determined, namely, the single hydraulic prop
of the transportation lane is DZ-35, the π-shaped
steel beam is DFB4000-300, the single hydraulic prop
of the material lane is DZ-28 type, and π-shaped steel
beam is DFB3600-300 type.

(2) According to the supporting force of the single
hydraulic prop required under the given deforma-
tion of the old roof and the given load of the roof, and
considering the bearing capacity of the π-shaped
beam, comprehensive analysis is used to determine
the supporting density, combined with FLAC3D

numerical simulation method. Research and dem-
onstration of the roof control scheme of the mining
roadway were carried out, and the optimal scheme
was determined, that is, the severely affected area
within the advanced support range of the trans-
portation lane adopts the one-beam four-pillar
method, and the weakly affected area within the

advanced support range of the material lane adopts
the one-beam three-column method.

(3) Field engineering tests show that it is reasonable to
propose the roof control plan of the stoping roadway
in 1204 fully mechanized mining face. ,e cumu-
lative approach of the two sides of the material
roadway is 477mm, the cumulative approach of the
roof and floor is 411mm, and the cumulative ap-
proach of the two sides of the transportation lane is
354mm.,e cumulative moving distance of the roof
and floor is 301mm, and the roof of the mining
roadway is effectively controlled.
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*e development law of mining cracks in shallow coal seams under gully topography was used as the research base to analyze the
development characteristics of mining cracks in the 5-2 coal mining face of Anshan Coal Mine, and the weak strength was
established. *e basic top force model under the action of the overburden is the “nonuniformly distributed load beam” structure
model. *rough similar simulation research and theoretical calculation analysis, the fracture development law of the working face
passing through the valley is studied. Based on the mechanical analysis of the beam structure with nonuniform load, the
discriminant conditions of the stability of the bearing structure of the bedrock are derived, the calculation formulas of the
parameters such as the pressure, shear force, and the ultimate span of the basic roof at both ends are determined, the influence law
of the thickness and slope change of the weak strength overburden on themining crack spacing is revealed, and the influence of the
slope of the weak strength overburden on the weighting step distance on the beam with nonuniform load is obtained. *e
phenomenon is that the burial depth has a great influence on the step distance of weighting. *e practice shows that the distance
between the mining-induced fractures determined by the nonuniformly distributed load beam model and the periodic weighting
step, the height of fracture development, and the buried depth are approximately the same; the mining-induced fractures in the
overburden develop and evolve periodically with the failure and instability of the bedrock. *e research results will clarify the
development mechanism of surface cracks in the gully mining area, which is of great significance to reduce terrain disasters.

1. Introduction

*e area where the working face of Shenfu coalfield is lo-
cated has complex and craggy terrain. In most areas, the coal
seam is buried shallowly, only dozens of meters away from
the surface, and thin bedrock outcropping is common. *e
bedrock is covered by thick Quaternary loess and Neogene
laterite. Compared with other coal mines, the characteristics
of overlying strata fracture, the form of instability move-
ment, and the evolution law of mining-induced fracture are
significantly different.

Since the 1990s, with the expansion of the mining of
shallow-buried coal seams, in-depth studies have been
conducted on the instability characteristics of overlying

strata failure and the development law of fracture. Until
now, many achievements have been obtained. *rough the
study on the stability of roof structure, the mechanism of
roof failure and instability is well revealed, and the collapse
pattern of overlying strata is vividly described [1–3]. Based
on the study of strata behaviors when the working face is
mining in gully in Shendong mining area, the reason of roof
cutting and caving occurs easily when the working face is in
the uphill stage is pointed out, which provides important
theoretical guidance for the determination of the location of
the overlying strata failure and instability during the mining
[4]. Based on the roof failure characteristics and the de-
velopment height of two zones in the shallow-buried
working face with large mining height, the measured law

Hindawi
Advances in Civil Engineering
Volume 2021, Article ID 9990465, 9 pages
https://doi.org/10.1155/2021/9990465

mailto:1306373793@qq.com
https://orcid.org/0000-0002-8751-8958
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/9990465


which is closer to the traditional calculation formula of
caving zone height is obtained [5, 6], providing an important
guarantee for safe mining. On the basis of fractal geometry
theory and numerical simulation, the fracture development
characteristics of mining-induced rock mass are well
characterized from the perspective of fractal dimension,
providing references for the study of fracture development
under different damage degrees [7, 8]. In view of overlying
strata structure fracture, the factors and mechanism that
affect the distribution of surface fractures in goaf are given,
which can provide some ideas for the prevention and control
of surface disasters under similar conditions [9, 10]. Based
on the study of fracture development characteristics under
different mining intensities in the Yushenfu mining area, the
zoning of ground fissures distribution is revealed [11, 12].
Taking Shendong mining area as the study target, the dy-
namic development law of ground fissures is revealed using
continuous field monitoring, and the corresponding func-
tion relationship is established [13, 14]. Based on the method
of overlying strata composite structure and rock strata
tensile deformation, the correlation between the develop-
ment law of water-conducting fracture zone and strata
structure was studied, and a reasonable formula for calcu-
lating tensile ratio was deduced [15].

In summary, the existing study results have made sig-
nificant achievements in rock structure failure and insta-
bility, caving morphology of overlying strata, and fracture
development law [16, 17]. However, the mechanism and law
of dynamic evolution of mining-induced fractures caused by
the bedrock failure and instability in the mining of shallow-
buried coal seam with thin bedrock in gully remain to be
studied [18–20]. Anshan coal mine belongs to the Loess Hilly
and gully area, with deep gully, steep slope, and thick soil
layer load on the surface. When the working face passes
through the gully bottom, the coal wall spalling is serious,
and the support working resistance increases. *is is in-
consistent with the mine pressure behavior law of the
working face passing through the gully bottom under
general conditions, and whether there will be dynamic load
and other contents need to be further studied, which is also
the key to the prevention of mine pressure in Anshan coal
mine.*erefore, in combination with the mining conditions
of 5-2 working face in Anshan coal mine, the mechanism
and law of dynamic evolution of mining-induced fractures
caused by bedrock failure and instability in the mining of
shallow-buried coal seam with thin bedrock in gully were
studied in this paper.

2. Engineering Overview

Anshan minefield is in a typical loess ridge landform. *e
lowest elevation is 1075.9m, and the highest elevation is
1364.5m, with a large drop. In this region, there are many
gullies with the buried depth of coal seam about 20∼70m.
*e topography of the minefield is shown in Figure 1.

Currently, the main coal seam of the mine is 5-2. *e
average coal thickness of 125203 working face is 2.3m, the
inclination angle is 0∼1°, the strike length of working face is
3152m, the dip length is 270.5m, the horizontal elevation of

the coal seam is +1165m, and the ground elevation is
+1191∼+1304m. It is located in the north side of Shason-
gliang and the northwest side of Caigou. *e working face
adopts a full-height and long-wall comprehensive mecha-
nized coal mining method, and the roof is treated by the full
caving. According to the drilling data and outcrop infor-
mation, the lithology of the roof is generally stable. *e
average thickness of the pseudo-roof is 0.2m, and it is
carbonaceous shale. *e direct roof is fine-grained sand-
stone with an average thickness of 1.12m. *e basic roof is a
silty, fine-grained sandstone with an average thickness of
12m, and the bedrock is covered by a sandy soil layer.

3. Similar Simulation Experiment Analysis

3.1. Experiment Design. During working face stoping, it is
difficult to obtain the dynamic development law of mining-
induced fractures induced by bedrock failure and instability
through on-site detection. *is paper aims to study intui-
tively the dynamic evolution of mining fractures induced by
bedrock failure and instability when different surface forms
(deep gully and shallow gully) are in the downslope, gully
bottom, and upslope stages. *erefore, based on the actual
occurrence of 125203 working face in Anshan coal mine, this
paper builds a plane simulation test platform as shown in
Figure 2 according to the similarity theory. *e size of the
similar model was 3000×1000× 200mm, and the geometric
similarity ratio was 1 :100. When the material is prepared,
river sand is used as aggregate, and gypsum and calcium
carbonate are used as cement. In the laying process of the
model, mica sheets were laid to reduce the size effect caused
by the whole layer laying. *e thickness and ratio of the
model are shown in Table 1. *e stratum selection is based
on the geological data provided by the mine. *e reason for
selecting these six strata is that these strata can represent the
coal seam occurrence conditions of the mine. *e material
ratio is based on the authors’ previous research results.

*e soil layer (the overburden) is mainly distributed in
the Xinmin district and exposed on the surface, which is a
very poor water area. Laterite is mainly distributed in
Yushen mining area, which is located between the aquifer of
Salawusu formation and the overlying bedrock of the coal
seam. In the ancient gully section, due to erosion, the
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Figure 1: Landform map of Anshan mine field.
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weathered rock remains thin. After long-term weathering,
the physical and chemical properties of the bedrock have
changed significantly, and the hydrogeological characteris-
tics have also changed. *e pumping data show that the unit
water inflow is less than 0.01 l/s·m, and the permeability
coefficient is between 0.006 and 0.04m/d. It can be seen that
the water yield and conductivity of the weathering zone are
very weak, and it has good water resistance, but it also
reduces the strength of the rock mass.

As mentioned above, in the mountain gully of the
shallow-thin bedrock coal seam, the overlying strata are
prone to full-thickness cutting off, and the mine pressure is
obvious. *erefore, the plane simulation model is divided
into left and right gully depth terrains for comparative study.
A steel ruler and protractor were used to measure the
bedrock breaking step, mining-induced fracture character-
istic parameters (fracture development angle, fracture
opening and height, etc.), and the evolution law during
working face advancement. All data are recorded in real time
[21, 22].

3.2. Analysis of Dynamic Evolution Law of Mining-Induced
Fracture. When the initial pressure of the working face
occurs in the advancing process of the deep gully downhill
section (as illustrated in Figure 2), the basic roof is ruptured
behind the coal wall, causing slipping instability. However,
the full-thickness cutting off of the overlying strata does not
occur along with the basic roof failure, but the whole cutting
off occurs first at the lower part of the overlying strata.
Although there are vertical cracks developed in the upper
part of the overlying strata, the friction force on the upper
part of the overlying strata is greater than its gravity due to
horizontal stress, and the overlying strata do not slide. As the

working face continues to advance, the overlying strata will
collapse as the bedrock cuts down along the coal wall. *e
vertical cracks are developed through the surface, and the
surface forms step-subsidence.

When the working face passes through the bottom of the
gully, the bedrock is subjected to nonuniform loads. Because
the load above the coal wall is relatively small, and the load
behind the coal wall is relatively large, the rotation of the
rock pillar near the bottom of the gully causes the cracks
that penetrate the ground surface, and the development
angle is approximately vertical. However, the fractures in
the gully are gradually closed by horizontal compression
caused by two different turning directions of the upward
and downward slope. Surface uplift appeared, water-air
leakage of overlying strata was reduced, and the air leakage
in the gully was not the maximum. *erefore, the fracture
development of overlying strata is different from that of
other areas.

During the advancing of working face in the upslope of
deep gully (Figure 3), because the load above the coal wall is
relatively large, the load behind the coal wall is relatively
small, and the overlying strata at the back of the working face
are airborne in the horizontal direction; the bedrock
gradually transforms from cantilever beam structure to
hinged structure under nonuniformly distributed loads. *e
overlying strata above the working face are stretched to form
“inverted trapezoidal” open fractures with wide upper and
narrow lower. As the working face continues to advance,
with the increase of bedrock rotation angle, the hinge of
bedrock will eventually be crushed, and the hinged rock
block will slip and become unstable.*e fractures penetrated
the ground surface. *ere was obvious step-subsidence, and
the rear fractures gradually closed under the turning of the
overlying strata.

Table 1: Material ratio of selected typical strata.

Number Strata Height (cm) Mean thickness (cm)
Material ratio

Ratio number Sand Gypsum White powder Coal ash Loess
1 Soil 100.0 83.0 Sand: soil (20 :1) 9.14 — — — 0.45
2 Siltstone 17.0 3.0 837 8.53 0.32 0.75 — —
3 Fine-sandstone 14.0 6.0 846 8.53 0.43 0.64 — —
4 Siltstone 8.0 3.0 746 8.40 0.48 0.72 — —
5 5-2 coal 5.0 2.5 20 :1:5 : 20 4.17 0.21 1.04 4.17 —
6 Fine-sandstone 2.5 2.5 746 8.40 0.48 0.72 — —

Coal mining face

Advancing direction

Figure 2: Deep ditch downhill stage.
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During the advancing of working face in the downslope
of the shallow gully (Figure 4), the lower part of the overlying
strata slipped and destabilized as the bedrock broke, while
the upper part deflected backward under nonuniformly
distributed loads, forming new tensile fractures. Fractures
show obvious asynchrony in spatiotemporal development.
When the working face is advancing in a shallow gully,
because the gully bottom is relatively flat, the stress on
bedrock is more uniform, and the opening and misalign-
ment of surface fracture are small after the bedrock is cut
integrally.

During the advancing of the working face in the upslope
of the shallow gully (Figure 5), affected by the friction of the
overlying strata above the working face, the bedrock breaks
into a hinged structure with the adjacent rocks behind. New
tensile ground fissures are formed in the upper part of the
overlying strata as the bedrock rotates, while rear ground
fissures close as the bedrock rotates. After the working face
continues to advance for a certain distance, the hinged block
slips and becomes unstable. In other words, the whole
bedrock is cut off behind the coal wall. However, compared
with the previous stages, the transmission speed of bedrock
fracture becomes faster and the weighting interval becomes
smaller.

*e change law of the two groups of overburden
movement measuring points after coal seam mining is
shown in Figure 6. *e data of displacement measurement
points analyzed and arranged show that no matter in the
downhill mining and uphill mining area of the valley, or in
the general terrain mining area, the bedrock of the goaf has
obvious cutting subsidence, and the subsidence near the coal
wall is small, which indicates that the goaf is basically
compacted due to the large breaking angle. *e subsidence
of bedrock under goaf in downhill mining and uphill mining
area is the largest, the maximum value of deep valley is
1450mm, and the maximum value of shallow valley is
1320mm, which indicates that the whole overburden cutting
phenomenon is obvious, while the subsidence of bedrock in
general terrain mining area is relatively small, the maximum
value is only 790mm, and the formation of a certain hinge
structure in the goaf slows down part of the surface cutting
subsidence.

In conclusion, during the mining of shallow-buried coal
seam in the gully, mining-induced fractures in the weak
overlying strata show the characteristics of periodic dynamic
development with the failure and instability of bedrock. *e
overlying strata slide with the bedrock instability, and

fracture morphology develops and changes rapidly. *e
surface macroscopic cutting is obvious, and collapsed and
stepped mining fractures are relatively developed, forming
periodically distributed water-air leakage channels. Under
the influence of time effect and horizontal stress, the hor-
izontal opening and vertical misalignment of surface frac-
tures constantly change with the periodic pressure of the
working face, and the opening of temporary open fractures
gradually becomes small. Since the back of the overlying
strata above the working face in the uphill stage is empty, the
fracture opening in the uphill stage is larger than that in the
downhill stage. *e fractures in the deep gully are gradually
closed by horizontal compression caused by two different
turning directions of upward and downward slope. Surface
uplift appeared, water-air leakage of overlying strata was
reduced, and the air leakage in the gully was not the
maximum.

4. Theoretical Model Analysis

4.1. Model Mechanics Analysis. According to the above
analysis, the mining-induced fracture is controlled by the
limit span. *e failure and instability of bedrock directly
cause the overall movement of overlying strata, resulting
in penetrating mining-induced fractures. As a result,
further study on the fracture mechanism and its influ-
encing factors of shallow-thin bedrock in gully can lay an
important foundation for the analysis of the development
law of penetrating mining fractures in shallow coal seam
mining.

*e overlying strata above the bedrock are semi-
consolidated with low strength. *erefore, when the self-

Advancing direction

Coal mining face

Figure 5: Shallow ditch uphill stage.

Advancing direction

Coal mining face

Figure 3: Deep ditch uphill stage.
Advancing direction

Coal mining face

Figure 4: Shallow ditch downhill stage.
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weight stress of the overlying strata is greater than the
friction force, the overlying strata will undergo bar-type full-
thickness cutting off as the basic roof break after working
face stopping. *e actual pressure of the bedrock bearing
structure is the difference between the weight and the
friction force on both sides of the overlying strata. If the
weighting interval of the basic roof is taken as the limit span
of the bearing structure, when the working face is mined in
the gully, the mechanical model of surrounding rock is
formed under the action of overlying strata, as shown in
Figure 7.

In this study, in order to facilitate the calculation of load
bearing structure, the following assumptions are made:① it
is assumed that the development angle of mining-induced
fractures is a right-angle and② the self-weight of bedrock is
negligible.

Taking ABCD as the sliding overlying strata, it can
be known from the static balance equation of the beam
that
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L􏼢 􏼣 � 0,

cL
a + b

2
·
2a + b

3(a + b)
L − FRBL − FB DL � 0,

FAC �
1
2

cb
2 tan ϕ,

FB D �
1
2

ca
2 tan ϕ.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

*en, the magnitude of the bearing reaction at both ends
of the nonuniformly distributed load beam is

FRA �
a + 2b

6
cL −

1
2

cb
2 tan ϕ,

FRB �
2a + b

6
cL −

1
2

ca
2 tan ϕ,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(2)

in which FRA, FRB are the bearing reaction at both ends of the
nonuniformly distributed load beam, kN; a and b are the
buried depth of the shallow and deep ends of the overlying
strata above the nonuniform load beam, respectively,m; c is
the average volume force of the overlying strata, kN/m3; L is
the ultimate span of the bearing structure, m; tanφ is the
friction coefficient of the slipping surface of the overlying
strata, which is generally 0.3 [3].

According to equation (2), the difference of the bearing
reaction at both ends of the nonuniformly distributed load
beam is

FR(A− B) �
1
2

c(b − a)
1
3

L − (a + b)tan ϕ􏼔 􏼕. (3)

*erefore, when the limit span L< 0.9(a + b), the dif-
ference between the two ends of the nonuniformly

x
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Figure 7: Mechanical model of the beam with nonuniform load.
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Figure 6: Surface subsidence data.
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distributed load beam is less than zero. In other words, the
nonuniformly distributed load beam is subjected to greater
pressure at the shallow-buried end, where it is more likely to
cause the fracture development of the surrounding rock.
When a� b, the bearing reaction at both ends of the load
beam are equal, and the fracture development is basically
synchronous.

In the AB section of the nonuniformly distributed load
beam, for any section with a distance of x from the origin, the
shear force is

FS(x) � FRA + FAC −
2b − x tan θ

2
cx,

tan θ �
b − a

L
,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(4)

where FS(x) is the shear force on the section at x from the
origin, kN, and tanθ is the surface slope of the overlying
strata.

*e shear force on the bedrock plane on this section is

FS(x) �
b − a

2L
cx

2
− bcx +

a + 2b

6
cL. (5)

According to equation (5), the shear force on each
section of the nonuniformly distributed load beam changes
with x. In order to see how it works, take the derivative of x
and make it equal to zero. *us, it can be known that the
nonuniformly distributed load beam simply decreases in the
interval (0, L), and the extreme value of the shear force is

FS(0) �
a + 2b

6
cL,

FS(L) � −
2a + b

6
cL,

FS bc −
L

����������
a
2

+ ab + b
2

􏽰

�
3

√
(b − a)

⎛⎝ ⎞⎠ � 0.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(6)

4.2. 9eoretical Analysis Results

(1) If the working face advances in the uphill direction,
the maximum shear stress of the nonuniformly
distributed load beam is located at the coal wall of the
working face. When the shear stress of the basic roof
is greater than its shear strength, the shear failure will
occur along the coal wall, which will result in full-
thickness cutting off in the overlying strata and cause
the surface step-subsidence. If the working face
advances along the downhill direction, the non-
uniformly distributed load beamwill break under the
maximum shear stress behind the working face,
resulting in the tensile shear failure near the coal wall
of the basic roof.

(2) *e ratio of the shear stress on the deep and shallow
ends of the nonuniformly distributed load beam is
FS(0)/FS(L) � − (a + 2b/2a + b). Its value is only
related to the buried depth of the loose overlying
strata at the left and right ends of the nonuniformly
distributed load beam, which has nothing with other
parameters and the direction of the shear force on
both ends is opposite.

(3) When x � bc − (
����������
a2 + ab + b2

√
/

�
3

√
tan θ), the

shear stress of the nonuniformly distributed load
beam is zero. *e determination of this position
provides an important theoretical basis for the
determination of the coal pillar in the working face
of shallow-buried and thin bedrock coal seam, the
filling mining of goaf, and the retracting position of
the working face. Meanwhile, it shows that the
greater the slope of the overlying strata, the closer
the position, where the shear stress is zero, to the
deeper buried end, and the smaller the fracture
spacing.

Based on the mechanical properties of the basic roof and
the stress environment, the study on the stability of the
working face during mining is the basis of mechanical re-
search to predict the weighting interval of shallow-buried
thin bedrock in the gully. Under the maximum shear force,
when the nonuniformly distributed load beam breaks, its
maximum shear stress is

τmax �
a + 2b

4h
cL, (7)

where τmax is the maximum shear stress of the nonuniformly
distributed load beam, MPa, and h is the thickness of the
nonuniformly distributed load beam, m.

As a result, when the maximum shear stress of the
nonuniformly distributed load beam reaches its shear
strength, its ultimate span is

LS �
4h[τ]

(a + 2b)c
, (8)

in which [τ] is the ultimate shear strength of the non-
uniformly distributed load beam, MPa.

*e above relationship shows the following:

(1) *e limit span of nonuniformly distributed load
beam is LS ∈ [4h[τ]/3bc, 4h[τ]/3ac]. It is obviously
different from the limit span of the basic roof cal-
culated according to the uniformly distributed load
beam.*e larger the difference between a and b, that
is, the larger the slope, the larger the error of the limit
span of basic roof calculated according to the uni-
formly distributed load beam. When calculated by
the average of the sum of the buried depth at both
ends, the error may reach 25%.

(2) Under the limit span of the nonuniformly distrib-
uted load beam, the magnitude of the bearing re-
action on both ends is shown in equation (9). It lays
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an important theoretical foundation for the selection
of support resistance in working face:

FRA LS( 􏼁 �
2h[τ]

3
−
1
2

cb
2 tan ϕ,

FRB LS( 􏼁 �
2h[τ](2a + b)

3(a + 2b)
−
1
2

ca
2 tan ϕ.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(9)

5. Field Investigation and
Management Discussion

5.1. Field Investigation. *is study investigated the devel-
opment characteristics of surface mining-induced fractures
in the shallow-buried coal mining face of Anshan Coal
Mine. According to the development morphology and scale
characteristics of mining-induced fractures, it can be
known that two types of typical mining-induced fractures
are easily formed in the upper and lower mining stages of
the working face, namely, collapsed and stepped mining
fractures. *e horizontal opening or vertical misalignment
of stepped fractures is large, but the opening of the two
wings of the collapsed fractures is small. In gentle areas,
parallel fractures with small misalignment and small
opening are easy to form, as shown in Figure 8. However,
fractures develop periodically with the advance of the
working face. *at is, the bedrock fracture causes the
overlying strata to slip, thus resulting in the surface frac-
tures, and with the advance of the working face and the rear
surface fractures gradually closed.

5.2. Management Discussion. *e development of surface
fractures above the working face will form a good water-air
leakage channel, which seriously threatens safe mining.
*erefore, the treatment of mining-induced fractures
should fully consider the landform and occurrence con-
ditions, optimize the layout of the working face, and for-
mulate scientific prevention measures according to local
conditions. In engineering application, the following
measures are suggested for the treatment of mining-in-
duced fractures:

(1) Technical control measures:① for the working face
with a direct water source or confined aquifer,
reasonable filling materials and techniques should
be selected according to the stress distribution
characteristics of the working face.*e purpose is to
prevent the mining from directly connecting the
mine water source and causing air leakage at the
working face. ② For the working face without the
above-mentioned water source conditions, scien-
tific treatment measures should be formulated
according to the topographic conditions. For ex-
ample, filling mining is not necessary in gentle
areas. After the overall subsidence, the ground
fissure sealing technology can be used for landfill

and repair and ecological management. For the
gully, according to the amount of surface water, it
should be decided whether to adopt backfilling
mining to prevent it.

(2) Management and prevention measures: special-
ized personnel shall be arranged to carry out fine
exploration in the mining area, and gullies and
the places where obvious subsidence or fractures
have been formed shall be recorded one by one.
*e basic data is supplemented and improved
timely, and the areas with the threat of water-air
leakage are circled. Targeted prevention and
control measures should be formulated, and
forces are efficiently organized for timely
governance.

Because the “nonuniform load beam” seriously im-
pacts the support when the working face passes through
the valley, the ordinary working face can not effectively
prevent the occurrence of dynamic load mine pressure.
When the working face passes through the valley, the
advancing direction of the working face and the direction
of the valley can be adopted to advance at a 15° angle, that
is, the advancing speed of the upper and lower ends of the
working face can be adjusted, so as to avoid the roof
accident caused by the large-area hanging roof in the
goaf.

At the same time, in order to accurately predict the
pressure law of the working face and the pressure position
of the working face, an online KJ513 mine pressure
monitoring system is used to monitor the mine pressure
of the working face in real time when the working face
passes through the valley. *ree measuring lines are
arranged at the upper, middle, and lower parts of the
working face, respectively. *e monitoring range is 50m
before and after the trench bottom; that is, the working
face is 45 m away from the open cut, and the observation
is 100m. Until the working face advances to the position
145m away from the open cut, the working resistance
curve of the upper, middle, and lower supports of the
working face with the advancing of the working face is
shown in Figure 9. In this process, there are 6 times of
periodic weighting, and the maximum weighting is at the
bottom of the ditch. At this time, the working resistance
of the upper, middle, and lower supports of the working
face is 41MPa, 40MPa, and 42MPa, respectively, with an
average of 41MPa. *e dynamic load coefficient is 1.37,
1.33, and 1.4, respectively, with an average of 1.37. *e
weighting strength is not very large. *e rated working
resistance of ZY8000/14/28 shield type hydraulic support
selected in 20304 working face is 8000 kN, which can
meet the requirements and realize the safe mining of
working face. At the same time, the moving frame with
pressure in the process of advancing can speed up the
advancing speed of the working face, so as to reduce the
movement range of the overlying strata and reduce the
mine pressure behavior strength.
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6. Conclusion

(1) During the mining in the gully, mining-induced
fractures in the weak overlying strata show the
characteristics of periodic dynamic development
with the failure and instability of bedrock. *e
overlying strata slide with the bedrock instability,
and collapsed and stepped mining fractures are
relatively developed. In the uphill stage, the fracture
opening is larger than that in the downhill stage. *e
fractures in the deep gully are gradually closed under
the action of rotation, and the surface is uplifted.

(2) Based on the structural characteristics of sur-
rounding rock in shallow-buried thin bedrock gully
terrain, a structural mechanics model of surrounding
rock with nonuniformly distributed load beam is
established. *e discriminant conditions for the
stability of the surrounding rock structure are de-
rived, and the calculation of the parameters such as
the pressure at both ends of the basic roof, the shear
force, and the ultimate span is determined.

(3) *e slope of overlying strata above the nonuniformly
distributed load beam has little effect on the
weighting interval, while the buried depth has a great
effect on the weighting interval. When the sum of

buried depth at both ends is equal, the smaller the
surface slope is, the larger the interval between the
mining fractures will be. Surface fractures are basi-
cally equidistant and parallel development under
gentle terrain conditions.
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In this study, an improved Knothe time function model is established via analogical reasoning from a phenomenological
perspective, based on an inverse “Hohai creep model” function, in accordance with the antisymmetric relationship between the
unstable creep curve and surface dynamic subsidence curve. An empirical method and fitting method are proposed to determine
the parameters of the improved model based on the availability of measured field data. (e accuracies of the two models are
compared with monitored data from eight monitoring points in the main strike profile of the Guotun coal mine subsidence basin.
(e results show that the improved model can more accurately reflect the dynamic process of surface subsidence. (e average
relative standard deviation of the improved model is only 4.9%, which is far lower than the 23.1% associated with the Knothe
model. (is verifies the improved model’s accuracy and reliability. (e model parameters for different monitoring stations
obtained using the fitting method are similar, which shows that the model parameters are regular and can be easily applied.

1. Introduction

(e surface subsidence caused by coal mining is a dynamic
process [1, 2]. A series of problems associated with surface
subsidence, including environmental deterioration, land
desertification, groundwater level decline, and the formation
of ground-based building and infrastructure cracks, have
been a concern within academic and engineering field [3].
(e accurate prediction and effective control of surface
subsidence in order to recommend reasonable excavation
schemes and ground building protection measures has thus
been identified as a difficult problem requiring solution [4].
Surface subsidence is not only related to the hydrogeological
conditions of coal seams but is also closely related to mining
methods and processes. With the increase of the scope of
goaf, the mining-related range of surface-level disturbance
expands, and a stable subsidence basin gradually forms on
the surface after mining is halted for a period of time. (e
scale of the subsidence basin is far larger than that of the
mined-out area. A specific point on the surface will

experience the whole process of initial subsidence, rapid
subsidence, and slow subsidence before finally reaching a
stable state [5, 6]. (erefore, surface subsidence is a con-
tinuous function of time, and the key to accurate prediction
of surface subsidence is the determination of the time
function model and the model parameters.

At present, Knothe time functionmodel is widely used in
mining engineering. However, with more in-depth research,
the shortcomings of the Knothe time function model are
becoming increasingly apparent [7, 8]. (erefore, many
experts use the methods of parameter modification, piece-
wise modeling, and theoretical analysis to establish more
accurate and applicable prediction models. Hu et al. [9, 10]
proposed the probability integral method to solve the pa-
rameters of the Knothe time functionmodel according to the
general characteristics of surface movement and deforma-
tion caused by mining subsidence and the critical size of the
goaf when fully mined out. Cui et al. [11] proposed Knothe
time function model parameters in line with real-world
situations by comprehensively considering the driving speed
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of the working face and the critical size of the goaf during full
mining. Liu and Zhuang [12, 13] added a power index with
constant K as a parameter in the Knothe time function and
put forward an improved Knothe model in line with the
actual surface subsidence characteristics. Li [14] proposed
the concept of overburden lithologic parameters and
established the relationship between these parameters and
the time function model parameters, thus improving the
Knothe time function model. Taherynia et al. [15] used a
circular network to determine the compaction effect of the
entire reservoir on the field surface, based on the Knothe and
Geertsma influence functions.

(ese research results have been well applied to the
prediction of surface subsidence in coal mining. However,
there are many defects in the model, such as the large
number of parameters and the difficulty involved in their
determination. In this study, an inverse “Hohai creep
model” function is solved according to the antisymmetric
relationship between the unstable creep curve and the
surface dynamic subsidence curve. From a phenomeno-
logical perspective, an improved Knothe time function
model based on an inverse “Hohai creep model” function is
established by analogical reasoning. Additionally, the ra-
tionality and applicability of the improvedmodel are verified
by using monitored data from the main profile of the surface
strike of the 1301 working face in the Guotun mine.

2. Knothe Time Function Model

(eKnothe time function model was proposed by the Polish
scholar Knothe in 1952 [16]. At present, it is widely used to
predict the dynamic subsidence of a specific point on the
surface caused by mining. (e expression of Knothe time
function model is as follows [17, 18]:

W(t) � W0 1 − e
− ct

􏼐 􏼑,

V(t) � cW0e
− ct

,

a(t) � −c
2
W0e

− ct
,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(1)

where c is a time influence parameter; W(t) is the surface
subsidence; V(t) is the subsidence velocity; a(t) is the
surface subsidence acceleration.

According to equation (1), the Knothe time function
curve is obtained, as shown in Figure 1.

According to equation (1) and Figure 1, it can be seen
that the surface subsidence increases gradually, V(t) de-
creases gradually, and a(t) is always less than 0 throughout
the subsidence process, which is clearly inconsistent with the
actual surface subsidence characteristics.

Lots of field monitoring data show that the process of
surface subsidence can generally be divided into initial
subsidence, rapid subsidence, and slow subsidence to a stable
state. (e surface subsidence curve approximates an “S” type
curve, while the surface subsidence velocity curve approx-
imates a normal distribution curve [19, 20]. However, W(t),
V(t), and a(t) represented by Knothe model are monotonic

functions of time, so the model is not suitable for describing
the dynamic surface subsidence process.

3. Improved Knothe Model

According to the rock creep theory, rock will undergo
unstable creep under high stress levels as shown in the blue
curve in Figure 2 (the curve does not include the instan-
taneous strain generated during stress loading). It can be
seen that the shape of the unstable creep curve is similar to a
reverse “S” curve, which is the inverse of the surface sub-
sidence curve. In view of this and taking ε(t) � t as the axis
of symmetry, it is proposed that the inverse image of the
unstable creep curve can be obtained as shown by the red “S”
curve in Figure 2, and this can be used to describe dynamic
surface subsidence. According to basic mathematics, the
functions represented by the red curve and the blue curve are
inverse functions of each other. (erefore, as long as the
unstable creep function is determined and its inverse
function is calculated, the time function describing the
dynamic surface subsidence can be established.

(e establishment of the unstable creep function is al-
ways a difficulty in the study of rock creep mechanics.
Because the parameters of the classical Kelvin creep model,
the Burgers creep model, and the Nishihara creep model do
not change with time, it is difficult to use these models to
describe the unstable creep that occurs when the stress
exceeds the long-term strength of rock [21]. In order to
effectively solve this problem, experts have proposed the use
of nonlinear elements as replacements for the linear ele-
ments present in the classical models to establish a nonlinear
creep model that can describe unstable rock creep. (is has
led to the establishment of the “Hohai creep model” [22]. In
this model, the ideal viscous body is replaced by a nonlinear
viscous body and paralleled with a plastic body. (e “Hohai
creep model” can be used to describe unstable rock creep.
(e “Hohai creep” mechanical model is shown in Figure 3.

According to the nonlinear creep theory, the differential
constitutive relation of the “Hohai creep model” can be
obtained as follows:

σ − σS �
η

nt
n− 1

dε(t)

dt
, (2)

where σ is stress; σS is long-term strength; η is the viscosity
coefficient of the “Hohai creep model”; n is model order; ε is
strain; and t is time.

(dε(t)/dt) in equation (2) is regarded as the independent
variable x and σ − σS as the dependent variable y. (e
functional relationship between x and y can then be obtained
as follows:

y �
η

nt
(n− 1)

x. (3)

(e inverse function of equation (3) can be solved to
obtain the new relationship between the independent and
dependent variables. At this time, the independent variable
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is σ − σS and the dependent variable is (dε(t)/dt). (erefore,
the inverse function of equation (3) can be expressed as
follows:

dε(t)

dt
�

nt
n− 1

η
σ − σS( 􏼁. (4)

From the perspective of phenomenology, we can use
analogical reasoning to equate (dε(t)/dt) to (dW(t)/dt),
(1/η) to C, σ to W0, and σS to W(t). (is allows the proposal
of an improved Knothe model expression as follows:

dW(t)

dt
� Cnt

n− 1
W0 − W(t)􏼂 􏼃, (5)

where C is a time influence parameter of the improved
model.

Solving equation (5) and considering the initial condi-
tion W(t)|t�0 � 0, equation (5) can then be simplified as
follows:

W(t) � W0 1 − exp −Ct
n

( 􏼁􏼂 􏼃. (6)

(e dynamic surface subsidence velocity and accelera-
tion can then be derived from equation (6) as follows:

V(t) � W0Cnt
n− 1 exp −Ct

n
( 􏼁,

a(t) � W0Cn exp −Ct
n

( 􏼁 (n − 1)t
n− 2

− Cnt
2n− 2

􏽨 􏽩.

⎧⎪⎨

⎪⎩
(7)

When n � 1, equations (6)∼(7) can be simplified into
equation (1), which shows that the Knothe model is a
special case of the improved model established in this
study.

(e surface subsidence curve, subsidence velocity curve,
and subsidence acceleration curve of the improved model
are shown in Figure 4. It can be seen that the surface
subsidence curve is approximately S-shaped, and the surface
subsidence velocity curve approximates a normal distribu-
tion curve. (e surface subsidence characteristics that are
reflected are consistent with the real-world process and can
thus be used to describe the dynamic process of surface
subsidence.

4. Determination of Model Parameters

According to equation (6), there are only two parameters in
the improved model: C and n. (erefore, compared with the
Knothe model, the improved model is not only more
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Figure 1: (e Knothe time function curve.
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accurate but is also easily applied in the field due to the
reduced number of required parameters. Additionally, its
practical operability is superior to other complex improved
models.

4.1. Empirical Method. By analyzing a large amount of
surface subsidence monitoring data, we can get the following
empirical equation [23]:

W(t)|V(t)�Vmax
� 0.98W0. (8)

Taking equation (9) into equation (7), we get n� 3.26.
According to empirical analysis and research, when the

length of goaf reaches the full mining value, Wmax will be
approximately 0.98 W0 [24]. According to equation (6), the
parameter C can be calculated as follows:

0.98W0 � W0 1 − exp −C
2H

v tanφ
􏼠 􏼡

3.26
⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦, (9)

where (2H/tan φ) is the critical gob dimension [25], v is the
mining velocity, H is the seam depth, and φ is the full
subsidence angle.

Equation (9) is simplified and the parameter C is ob-
tained as follows:

C � −
v tanφ
2H

􏼒 􏼓
3.26

ln 0.02. (10)

4.2. Fitting Method. (e empirical method mentioned in
Section 4.1 has the following limitations:

(1) When determining the parameters C and n, it is
necessary to determine the time when the surface
subsidence reaches its maximum velocity along with
the critical gob dimension Lf. However, these two
parameters are not easy to determine accurately for
actual coal seam mining.

(2) Due to the application of different mining methods
and differing geological conditions, not all surface
point subsidence values are half of the final subsi-
dence value when the subsidence velocity reaches its
maximum value. In addition, neither is the maxi-
mum surface subsidence equal to 0.98 W0 when the
scale of the coal seam mining reaches the critical
value of full mining.

(erefore, C and n determined by applying empirical
methods are associated with a certain error that is inde-
pendent of the error caused by measurement. When there is
a large amount of surface subsidence monitored data, the
fitting method [26] can be used to determine the improved
Knothe time function model parameters according to the
field monitoring data.(is method can ensure minimization
of the error between the fitting value and the monitored
value. In addition, it is easy to use and is thus widely favored
by researchers.

5. Model Validation

Monitored data and results predicted by the model were
compared and analyzed in order to verify the rationality of
the improved model. (e surface subsidence monitored data
from the 1301 working face in Guotun coal mine, Shandong
Province, China, were used in the investigation. (e 1301
working face is located to the southwest of the Juye mining
area. (e coal seam thickness varies from 1 to 3.6m, and the
dip angle is 12°. Mining began on the working face in the first
ten days of November 2010 and ended in the middle of
December 2012. (e first observation was performed on
October 18, 2010, and the maximum detected surface
subsidence was 16mm.

(e length of the strike observation line of the 1301
working face is 4200m. It contains 126 monitoring points,
numbered Z1–Z126. (e length of the inclination obser-
vation line is 2300m, and it contains 60 monitoring points,
numbered H1–H60. (e distance between two adjacent
monitoring points is 30m. To satisfy the requirements of this
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Time
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f sy

mmetr
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Unstable creep curve

Figure 2: Unstable creep and surface subsidence curves.
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research, the layout of some monitoring points was selected
as shown in Figure 5. Due to the extended observation
duration and the large amount of monitored data, moni-
tored data from points Z29, Z37, Z41, Z44, Z45, Z47, Z50,
and Z53 were randomly selected to analyze the accuracy of
the Knothe time function model and the improved Knothe
time function model in terms of surface subsidence
prediction.

Table 1 shows the measured subsidence values from 8
monitoring points taken at different dates. It can be seen
from the table that the final stable subsidence values of Z29
and Z37 are smaller than those of the other monitoring
points. However, the subsidence trend at all monitoring
points shows a clear “S” shape, allowing the phenomenon to
be described by the improved model.

Combined with the monitored data, the Knothe model
and the improved model were used to predict the surface
subsidence. (e results obtained using the two models can
be compared with the measured data from the eight
monitoring points, as shown in Figure 6.

(e parameters of the improved model and Knothe
model were determined according to the fitting method as
shown in Table 2. It can be seen from a comparison of the
results shown in Figure 5 that there is a big difference be-
tween the fitted values of the Knothe time function model
and the monitored data. Additionally, the model curve flows
a gradual slope with respect to time, which does not reflect
the “S” type curve of surface point subsidence with respect to
time. (e improved model curve is highly consistent with

the monitored data, which accurately reflects the dynamic
characteristics of surface point subsidence with respect to
time. In addition, the model parameters C and n obtained by
fitting the monitored data of monitoring points Z41, Z44,
Z45, Z47, Z50, and Z53 are similar, showing little difference.
(is indicates that the model is relatively stable and that the
model parameters are regular and easily applied.

6. Discussion

As shown in equation (11), the standard deviation m and
relative standard deviation f can be used to verify the ac-
curacy of the improved model. (e calculation results are
shown in Table 3. FromTable 3, we can see that the improved
model’s average relative standard deviation was only 4.9%,
which is far lower than the 23.1% of the Knothe model.
Although the accuracy of the improved Knothe time
function model is higher than that of the Knothe model, the
improved model is only suitable for describing the law of
surface subsidence after full mining and can not accurately
reflect the characteristics of surface subsidence in the process
of insufficient mining.

m � ±

��������������

􏽐
N
i�1 Wj − Wl􏼐 􏼑

2

N − 1

􏽳

,

f �
m

W0

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(11)

σs

σ σ

η, n

Figure 3: “Hohai creep model.”
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Figure 5: (e location of 1301 working face.

Table 1: Surface subsidence monitored data from Z29, Z3, Z41, Z44, Z45, Z47, Z50, and Z53.

Observation times Observation date Relative observation (time/d)
Subsidence (value/mm)

Z29 Z37 Z41 Z44 Z45 Z47 Z50 Z53
1 2010/10/18 0 0 0 0 0 0 0 0 0
2 2010/12/27 69 0.006 0.006 0.006 0.005 0.005 0.006 0.003 0.004
3 2011/1/23 95 0.012 0.008 0.007 0.006 0.004 0.007 0.006 0.003
4 2011/3/2 134 0.020 0.018 0.017 0.014 0.010 0.011 0.009 0.010
5 2011/3/27 159 0.027 0.024 0.020 0.015 0.009 0.009 0.006 0.005
6 2011/4/27 189 0.066 0.074 0.055 0.039 0.030 0.026 0.013 0.008
7 2011/5/14 206 0.080 0.097 0.066 0.046 0.036 0.028 0.014 0.008
8 2011/6/2 224 0.104 0.126 0.100 0.071 0.058 0.047 0.026 0.014
9 2011/6/29 251 0.138 0.185 0.151 0.109 0.092 0.074 0.041 0.023
10 2011/7/27 279 0.153 0.227 0.189 0.137 0.119 0.092 0.043 0.024
11 2011/9/17 329 0.168 0.249 0.208 0.151 0.131 0.102 0.045 0.025
12 2011/10/14 356 0.241 0.394 0.371 0.296 0.265 0.211 0.133 0.080
13 2011/11/3 375 0.283 0.498 0.630 0.569 0.440 0.370 0.241 0.142
14 2012/1/14 446 0.305 0.619 0.717 0.713 0.687 0.630 0.489 0.333
15 2012/3/4 496 0.342 0.700 0.859 0.916 0.917 0.898 0.829 0.691
16 2012/4/5 527 0.364 0.735 0.919 1.003 1.015 1.018 1.005 0.926
17 2012/5/15 567 0.373 0.750 0.940 1.033 1.050 1.060 1.070 1.022
18 2012/6/25 607 0.383 0.765 0.960 1.063 1.085 1.103 1.136 1.119
19 2012/7/24 636 0.390 0.773 0.969 1.072 1.094 1.112 1.147 1.130
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Figure 6: Continued.
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where Wj and Wl are monitoring value and theoretical
value, respectively; N is the total number of monitoring
points.

7. Conclusions

(1) (eoretical analysis shows that Knothe model is not
suitable for describing the process of surface dy-
namic subsidence. An improved Knothe time
function model based on an inverse “Hohai creep
model” function is established from a phenomeno-
logical perspective using analogical reasoning

according to the antisymmetric relationship between
the unstable creep curve and the surface dynamic
subsidence curve.

(2) (e improved model can describe the actual process
of surface subsidence and only contains two model
parameters, which is convenient for practical engi-
neering application.

(3) (e result of error analysis shows that the average
relative standard deviation of the improved model
was only 4.9%, which is far lower than the 23.1% of
the Knothe model, thus verifying that the accuracy
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Figure 6: Comparison of two time function models. (a) Z29; (b) Z37; (c) Z41; (d) Z44; (e) Z45; (f ) Z47; (g) Z50; and (h) Z53.

Table 2: Time influence parameters of different monitoring points.

Monitoring points
Improved Knothe model Knothe model

C/(d−n) n R2 c/(10−3·d−1) R2

Z29 2.24×10−7 2.59 0.992 2.45 0.787
Z37 9.54×10−9 3.09 0.993 2.15 0.715
Z41 3.30×10−10 3.63 0.984 1.97 0.663
Z44 3.17×10−10 3.60 0.979 1.78 0.625
Z45 2.33×10−10 3.63 0.979 1.69 0.607
Z47 1.42×10−10 3.69 0.973 1.59 0.586
Z50 0.87×10−10 3.75 0.985 1.48 0.562
Z53 0.89×10−10 3.79 0.986 1.31 0.529

Table 3: Error of monitored and predicted values.

Monitoring points
Improved model Knothe model

m (mm) f (%) m (mm) f (%)
Z29 13 3.3 66 16.8
Z37 24 3.1 158 20.4
Z41 48 4.9 222 22.9
Z44 76 6.3 259 24.1
Z45 62 5.6 270 24.6
Z47 72 6.4 280 25.2
Z50 63 5.5 289 25.2
Z53 64 4.8 288 25.5
Average value 53 4.9 229 23.1
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and reliability of the improved Knothe model are
superior to those of the Knothe model.
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Intensive and continuous mining of coal resources in China implies their gradual exhaustion, especially in the eastern regions.
While some mines face closure, others have to extract residual coal resources under buildings, water bodies, and industrial sites.
)us, safe and efficient mining of the residual coal resources requires innovative techniques, which would account for the
particular site’s geological conditions. In this study, two schemes of roadway mining with cemented paste backfilling (RMCPB)
and strip mining are put forward. After analyzing the type, construction, and protection standard of the buildings, the probability
integrationmethod and the predictionmodel are used to assess the surface subsidence and deformation.)e research results show
that both schemes can control the surface deformation to a certain extent, but RMCPB combines the advantages of a high coal
recovery rate and disposal of gangue waste. According to the surface subsidence predicted and measured data, the RMCPB
method can effectively control the surface subsidence, deformation, and buildings’ safety. It also yields significant economic and
environmental benefits.

1. Introduction

About half of the world’s coal is produced in China, mainly
(90%) by underground mining. Intensive and continuous
extraction of coal resources leads to their gradual exhaustion
in east-central densely populated areas of China [1–3].
Furthermore, environmental problems in coal mining, in-
cluding surface subsidence and solid waste accumulation
affected by multiple mining, become very topical [4–6].
Statistics indicate that the subsiding areas induced by caving
coal mining annually amount to about 40,000 hm2, resulting
in the annual financial losses of about 300 million USD. At
present, the total area of coal mining-induced surface
subsidence in China has reached 700,000 hm2 [7]. On the
other hand, waste gangue is produced and accumulated on

the ground, occupying significant land resources and pol-
luting the environment [8, 9]. An effective technique for
controlling surface subsidence with simultaneous disposing
of the resulting solid waste in coal mining is urgently re-
quired to mitigate these problems.

Several studies have been conducted to substantiate and
develop such techniques. Yu et al. [10] examined the ra-
tionality of the strip mining scheme with a large mining
depth under dense buildings and analyzed the reasonable
range of strip mining and reserved widths. )e Wilson
theory and FLAC numerical simulation were used to predict
the surface movement and deformation under different
mining conditions. )e reasonable strip mining width was
assessed at 120m, ensuring the safe and economic mining
under the surface village buildings. Zhang et al. [11] analyzed
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the risk assessment and prevention of surface subsidence in
deep multiple coal seam mining under dense above-ground
buildings using numerical simulation and surface subsi-
dence predictionmethods in solid backfill mining. Teng et al.
[12] studied the surface subsidence characteristics of grout
injection into overburden on the side of a stopping line (SSL)
of a long wall via in situ monitoring, whereas areas with
grouting were compared with those without it. Based on the
key strata theory and numerical simulation experiment, Liu
et al. [13] studied the space-time relationship between the
breaking of key strata and surface subsidence in high water
filling, analyzed the main factors affecting the surface sub-
sidence, and evaluated the control effect of surface subsi-
dence in high water filling. )e above research studies
promoted the green and efficient mining of coal resources.
However, because of the difference between the backfill
materials and filling costs, a rapid and economic backfill coal
mining method suitable for residual coal resources in small-
and medium-sized coal mines has not been proposed and
widely implemented yet.

Alternatively, the cemented paste backfilling (CPB)
technology, which offered both economic and environ-
mental benefits, has been used extensively in China’s un-
derground mines [14, 15]. Besides, CPB provides ground
and wall support, which also facilitates mine waste disposal.
)us, it limits the likelihood of caving and prevents sub-
sidence. Moreover, CPB technology significantly improves
underground mine operations’ safety and increases pro-
ductivity. )erefore, it is now considered a standard practice
in mining operations worldwide. In this study, the mining
geological conditions, type, construction, and buildings’
protection standards are analyzed. )en, two schemes of
RMCPB and strip mining methods are discussed in detail.
)e prediction model of the probability integration method
is proposed to study the surface subsidence and deformation
during the mining. )e surface subsidence predictions and
field measurements are compared, and conclusions on the
most lucrative mining scheme are drawn.

2. Description of the Area under Study

2.1. Mining Geological Conditions. )e coal mine studied in
this study belongs to the Xinwen Mining Group Co., Ltd.,
and is located in Shandong Province of China. )e con-
struction of the mine began in November 1971 and was put
into operation in July 1982. )e mine’s design capacity is 0.45
million tons per year, and the approved production capacity
was 0.9 million tons per year in 2006. )e mine design adopts
vertical and inclined shaft, multilevel, main crosscut, hori-
zontal main roadway, and mixed development of up and
downhills. )ere are three mining areas in the mine design:
the first mining area, the fourth mining area, and the sixth
mining area. )e mining method adopts the strike longwall
retreating mining method, both caving and filling methods to
manage the roof. Besides, the strip mining method is adopted
for special blocks, such as coal resources under buildings. No.
4 coal seam is the main mining coal seam, which has been
mined out except the coal resources under the industrial
square and buildings. )e coal resources of the safety coal

pillar at a depth of 300m below the industry square amount to
1.29 million tons, including the main and auxiliary shaft coal
pillars resourced of 0.65 million tons. Coal resources under
buildings in the Western area are about 0.50 million tons.

According to the geological report on the mine, No. 4
coal seam is the main mineable coal seam with black-col-
ored, brittle coal developed in endogenous fractures. )e
average thickness of the coal seam is 2.0m. )e fracture
surface has usually a ladder-and-shell pattern. )e coal
petrography is mainly composed of bright coal and vitrinite,
and the coal rock type belongs to the semibright type. Its
bulk density is 1.37, hardness is 2.5∼3.0, and medium ash is
low sulfur, while the ash melting point is quite high. )e
main roof is grayish-white medium sandstone with a
thickness of about 15m. )e composition is mainly quartz,
followed by feldspar. )e intermittent oblique bedding is
developed and hard. )e upper part is intercalated with a
thin layer of siltstone, interbedded with developed fractures,
and partially filled with calcite. )e immediate floor is light
gray siltstone with a thickness of about 8m. )e roof is rich
in plant fossils, and the middle part is intercalated with a thin
layer of carbonaceous shale or gray clay shale.)emain floor
is light gray, fine-grained sandstone with a thickness of 3m.
)e composition is mainly quartz, followed by feldspar and
calcareous (relatively hard) cementation. )e distribution of
surface buildings and generalized stratigraphic column in
the study area are shown in Figure 1.

2.2. Antideformation Capacity and Reinforcement Criteria.
)e investigated mining area is located south of the industry
square; the mining area is about 0.21 square kilometers. )e
investigation results of surface buildings showed that they
varied in dimensions, layout, and structure. )e buildings
mainly included a village, a hospital, a coal washery, and a
workshop with brick and timber structures of a certain
antideformation ability, as shown in Figure 2.)e protection
requirements of surface buildings in this area were not high,
so strip mining was adopted in the original design.
According to the four-level classification of damage to
surface brick-concrete structures of the Chinese State Bu-
reau of Coal Industry (2000) given in Table 1, the area’s
building damage was controlled within level I (negligible
damage, no repair required), and the maximum subsidence
was controlled within 300mm.

3. Mining Scheme and Surface
Subsidence Prediction

3.1. Mining Scheme Design. According to the distribution
characteristics of surface buildings and antideformation
capacity in the studied mining area, the strip mining and
backfilling mining methods were designed. In the first
scheme, the studied mining area was subdivided into four
strip mining faces: 1402, 1404, 1406, and 1408, in which the
caving mining method is adopted. )e width of mining
faces and safety coal pillars was about 40m. In the second
scheme, the studied mining area was subdivided into eight
backfill mining faces, 1401∼1408, in which the roadway
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mining with the cemented paste backfilling (RMCPB)
method was adopted. For the first mining method, it is
relatively mature with low investment cost, but less coal
production. )e second method needs to increase the
backfilling equipment, the investment cost is relatively

high, but the coal production is large, and the solid waste
products of the mine can be treated at the same time. )e
width of RMCPB faces was about 40m. )e roadway
layouts of the mining face for both methods are shown in
Figure 3.
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Figure 1: Distribution of surface buildings and generalized stratigraphic column in the study area.
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Figure 2: Photos of above-ground buildings: (a) hospital, (b) village, (c) coal washery, and (d) workshop.
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Based on the conventional coal mining method’s pro-
duction system, RMCPB is a backfill mining method with
circulation operation of “driving roadway for mining and
filling one by one” [17–19]. )e principle is to excavate the
crossheading between two roadways of a fully mechanized
road header’s working face. )e gangue and fly ash are used
as the main filling materials. Under the action of cemen-
titious materials, high-concentration slurry without dehy-
dration treatment is prepared according to a certain mix
proportion, and the filling material is transported under-
ground via a filling pump and a pipeline. )e related
equipment is mainly composed of coal mining, filling, and
transportation subsystems. )e first one includes a fully
mechanized road header and a local ventilator. Filling
equipment contains a filling pump, a crusher, a vibrating
screen, a mixer, a batchingmachine, and a filling pipeline.)e
transportation equipment mainly includes a scraper conveyor
and a belt conveyor. )e preparation process of RMCPB
material includes four steps: dry material preparation,
filling materials mixing, mix and stir with water, and
pumping of filling material. In this study, gangue accounts
for 80%, cement and fly ash 20%, and the compressive
strength of the material can reach 2.0MPa in 7 days and
5.0MPa in 28 days. Hbmg 110/14–500 backfilling indus-
trial pump was selected according to the backfilling dis-
tance.)e technical principle and filling process of RMCPB
are shown in Figure 4.

3.2. Surface Subsidence Prediction. )e probability integral
method was adopted in this study to predict surface
movement and deformation with the two coal mining
methods according to the principles of surface subsidence
control based on the equivalent mining height (EMH)

theory [20–23]. In this model, the surface movement and
deformation were calculated by the following equations:

W(x) �
Mq cos a(1 − φ)

2
erf

��
π

√

r
x􏼠 􏼡 + 1􏼢 􏼣,

U(x) � bMq cos a(1 − φ)e
− πx2/r2( ),

i(x) �
Mq cos a(1 − φ)

r
e

− πx2/r2( ),

ε(x) � −2πb
Mq cos a(1 − φ)

r
2 xe

− πx2/r2( ),

k(x) � −2π
Mq cos a(1 − φ)

r
3 xe

− πx2/r2( ),

(1)

where W (x) is the subsidence, U (x) is the horizontal
movement, i (x) is the inclination, ε (x) is the horizontal
deformation, k (x) is the curvature deformation, M is the
mining height, q is the surface subsidence coefficient, b is
the horizontal movement coefficient, a is the angle of
inclination of the coal seam, and φ is the backfill materials’
compression ratio. )e above formulas also feature r �H/
tanβ, where r is the radius of influence, H is the mining
depth, and tanβ is the tangent of the main angle of in-
fluence. In actual engineering, the surface subsidence
coefficient q is set as 0.85, b � 0.31, tanβ� 2.0, a � 0, and
φ� 90%.

)e Surfer of Golden Software and CAD commercial
packages were used to process the surface deformation data.
)e horizontal surface deformation, inclination, curvature,
horizontal movement, and subsidence along the north-south
and east-west lines in RMCPB are shown in Figures 5∼9.)e

Table 1: Classification of damage to surface brick-concrete structures [16].

Damage level
Surface deformations Curvatures

(mm/m2) Inclinations (mm/m) Classification Structural processingHorizontal deformation
(mm/m)

I ≤2.0 ≤0.2 ≤3.0 Negligible damage No repair
Very slight damage Light repair

II ≤4.0 ≤0.4 ≤6.0 Slight damage Minor repair
III ≤6.0 ≤0.6 ≤10.0 Medium damage Medium repair

IV >6.0 >0.6 >10.0 Severe damage Heavy repair
Very severe damage Demolition and construction
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Figure 3: Roadway layouts of mining face for two mining methods: (a) strip mining; (b) RMCPB.

4 Advances in Civil Engineering



surface movement and deformation extremum is given in
Table 2.

Similarly, the horizontal surface deformation, inclina-
tion, curvature, horizontal movement, and subsidence, along

the north-south and east-west lines in strip mining were
derived and are shown in Figures 10∼14. )e
surface movement and deformation extrema are listed in
Table 3.
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Figure 5: Contour map of horizontal surface deformation in RMCPB.
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Figure 6: Contour map of surface inclination in RMCPB.
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It can be seen from Figures 5–9 and Table 3 that the
maximum subsidence of the surface above the studied
mining area with RMCPB was 170mm; the maximum
horizontal movement of the ground surface along the south-
north line was 55mm and that along the east-west one was
50mm.)emaximum horizontal deformation of the surface

in the south-north line was 0.8mm/m and that in the east-
west one was 1.2mm/m. )e maximum inclination along
the south-north and east-west lines was 1.6 and 1.8mm/m,
respectively. )e maximum curvature along the south-north
and east-west lines was 0.03 and 0.04mm/m2, respectively.

Figures 10–14 and Table 4 show that the maximum
subsidence of the surface above the studied mining area with
strip mining was 230mm; the maximum horizontal
movement of the ground surface along the south-north line
was 100mm and that along the east-west one was 110mm.
)e maximum horizontal deformations of the surface along
the south-north and east-west lines were 0.38 and 0.40mm/
m, respectively. )e maximum inclinations along the south-
north and east-west lines were identical and equal to
0.35mm/m. )e maximum curvatures along the south-
north and east-west lines were 0.03 and 0.04mm/m2,
respectively.

From the above analysis, the extreme values of surface
deformation under both mining schemes fell within the level
I of damage to surface buildings. Still, the overall disturbance
degree and mining influence area of RMCPB was weak,
being mainly reflected in the subsidence and horizontal
movement. In strip mining, the subsidence and horizontal
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Figure 7: Contour map of surface curvature in RMCPB.
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Figure 8: Contour map of horizontal surface movement in RMCPB.
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Table 2: Surface movement and deformation extrema in RMCPB.

Subsidence (mm)
Horizontal movement

(mm)
Horizontal deformation

(mm/m)
Inclination deformation

(mm/m) Curvature (mm/m2)

South-north East-west South-north East-west South-north East-west South-north East-west
170 55 50 0.8 1.2 1.6 1.8 0.03 0.04
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Figure 10: Contour map of horizontal surface deformation in strip mining.
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Figure 11: Contour map of surface inclination in strip mining.
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Figure 12: Contour map of surface curvature in strip mining.
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movement extreme values were relatively high, and the
mining influence area was large. Still, the horizontal surface
and inclined deformations were relatively small due to the
protection of coal pillars. After coal mining in this area, the
buildings and structures within the influence range of
surface deformation were not affected. )e main workshop,
office building, clothing factory, and other buildings located
south to the industrial square and at the edge of the mining
area had different degrees of movement and deformation.
Still, the extreme values of inclined and horizontal defor-
mations were within the damage level I, which met the
requirements of building antideformation capacity and re-
inforcement criteria.

4. Discussion

)e field measurements under strip mining in the eastern
mining area show that for the longwall mining face width of

40m, and protective coal pillars’ width of 40m, the maxi-
mum subsidence was 440mm, the maximum surface hor-
izontal deformation was −1.85mm/m, and the maximum
inclination was −3.5mm/m. Meanwhile, the maximum
subsidence of the residential building was 75mm, the
maximum surface horizontal deformation was 0.85mm/m,
and the maximum inclination was −1.7mm/m. As for the
water pipe station, its maximum values of subsidence,
surface horizontal deformation, and inclination were
110mm, 1.1mm/m, and 2.0, respectively. )e major part of
the village was within level I of damage, the remaining part
reaching level II. Considering the protection level of surface
structures and the control requirements of reinforcement
standards, the strip mining method greatly affected the
safety of surface buildings and structures. To ensure the
stability of surface residential buildings, signal towers, and
high-voltage line towers, scheme I of RMCPB is recom-
mended to achieve safe mining under the buildings. In this
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Figure 13: Contour map of horizontal surface movement in strip mining.
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Figure 14: Contour map of surface subsidence in strip mining.

Table 3: Surface movement and deformation extremum in strip mining.

Subsidence (mm)
Horizontal movement

(mm)
Horizontal deformation

(mm/m)
Inclination deformation

(mm/m) Curvature (mm/m2)

South-north East-west South-north East-west South-north East-west South-north East-west
230 100 110 0.38 0.40 0.35 0.35 0.03 0.04
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scheme, coal resources under buildings can be maximally
utilized, and a large volume of abandoned waste gangue can
be backfilled into the goaf to control surface subsidence.)is
scheme allows one to achieve economical, ecological, and
environmental benefits listed in Table 4, in comparison to
strip mining.

It can be seen in Table 4 that, after the RMCPB of the
mining area under study, the output of coal resources was
0.46 million tons and exceeds that of strip mining by 0.22
million tons. After considering the backfilling system,
equipment, and personnel costs, the total profit in RMCPB
was 4.83mln USD, being only by 10.5% less than that in strip
mining (5.4 mln USD). )e main advantage of the former
method over the latter one was that it made possible the
underground treatment of 0.66 million tons of waste gangue.
)e integrated analysis of mined coal resources, mine service
life, and environmental protection, revealed that the
RMCPB application to the case study mining area com-
prehensively combined economic and environmental
benefits.

5. Conclusions

In this study, the mining geological conditions of the case
study coal mine, its type, construction, and buildings’
protection standards were analyzed. )e RMCPB and strip
mining methods were applied to extract residual coal re-
sources under buildings. )e prediction model of the
probability integration method was elaborated to study the
surface subsidence and deformation via both mining
methods. )e research results show that the maximum
subsidence of the surface above the mining area with
RMCPB was 170mm. )e maximum horizontal move-
ment of the ground surface was 55mm, and the maxi-
mum horizontal deformation was 1.2 mm/m. )e
maximum inclination and curvature was 1.8 mm/m and
0.04 mm/m2, respectively. In case of strip mining, the
maximum subsidence of the surface above the mining
area was 230mm. )e maximum values of horizontal
movement, horizontal deformation, inclination, and
curvature were 110mm, 0.40 mm/m, 0.35 mm/m, and
0.04 mm/m2. To ensure the stability of surface buildings,
RMCPB via scheme I is recommended to achieve safe
mining under the buildings. In this scheme, coal re-
sources under buildings can be maximally utilized, and a
large volume of abandoned waste gangue can be back-
filled into the goaf to control surface subsidence. )e
proposed method combines economic and environ-
mental benefits, which make it lucrative for wide
implementation in similar mining areas below industrial
sites with surface buildings.
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Based on wavelet transform, the blasting vibration signals are analyzed here. For millisecond blasting, the blasting effect is mostly
affected by the actual delay time. Local characteristics of the analyzed signals could be highlighted by the wavelet transform. +e
simultaneous initiation of large explosive quantity could be avoided by the use of multistage detonators, while the vibration
resistance effect could be better. For the same level of detonator segment, the larger the arranged time interval, the less the
possibility of initiation at the same time, which is not conducive to the vibration resistance. +erefore, it is suggested to use high-
level detonators with detonating cord or high-precision digital electronic detonators to minimize the initiation error. Fur-
thermore, by identifying the delay time using wavelet transform, the interval delay time of different detonator segments could be
obtained. Moreover, the nominal delay time, actual delay time, and interval delay time are further compared and analyzed. It is
suggested that the millisecond delay series of detonators should be selected in the whole section blasting, and the segment should
be jumped as much as possible, so as to increase the secondary breakage time. Detonators with longer interval delay time should be
avoided to the full.

1. Introduction

Millisecond blasting is a kind of blasting technology, which
is initiated in a certain sequence at millisecond intervals.
+is technology has been widely used in reducing seismic
effect, rationally utilizing explosive energy, reducing ex-
plosive unit consumption, and improving blasting frag-
mentation [1–3]. To determine the reasonable delay time is
the key to the successful implementation of millisecond
blasting. And the delay initiation of different charges is
mainly realized by ordinary delay detonators in engineering.
It is well known that a vital problem of accuracy initiation
has existed for the common detonators; that is, the delay of
each detonator has a positive or negative error. Even if the
high-precision detonator, it also has reached the error of
±10ms. +e intuitive phenomenon is that sometimes the
front section detonator will initiate later than the latter
section detonator; that is, the jumping of detonator section
has appeared [4–9].

Particularly, reliable electronic detonator has reached the
level of practicality, and the delay control error of electronic

detonator could be up to microsecond or even zero error.
However, the cost of electronic detonator is always 10 times
higher than that of ordinary detonator, which makes it still
have a long time to be applied in engineering [10, 11].
+erefore, even if the reasonable millisecond time of a
certain blasting can be calculated accurately, the actual
millisecond time cannot be controlled exactly because of the
error of detonator itself.

+erefore, it is very important to select an appropriate
detonator and identify the accurate delay time. Furthermore,
the appropriate detonator section and delay time should be
selected based on the cross section of the tunnel, the layout
of blasting boreholes and geological conditions, and so on
[12–20]. Most importantly, it plays a vital role in the im-
provement of blasting footage and the control of vibration.
+e principle and feasibility of the wavelet analysis method
in the identification of delay time have been demonstrated
here. Moreover, combining with the specific blasting vi-
bration signal, the initiation time and delay interval time of
each detonator are identified separately. +e following is a
description of the mentioned method.
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2. PrincipleofTimeandEnergyDensityAnalysis
Based on Wavelet Transform

2.1.Wavelet Transform. Let ψ(t) ∈ L2(R), in which L2(R) is
a signal space with limited energy, and its Fourier transform
could be expressed as ψ

∧
(w). When ψ

∧
(w) is satisfied, one has

the following condition [21, 22]:

Cψ � 􏽚

R

|ψ
∧

(w)|

|w|

2

dw<∞, (1)

where ψ(t) could be called the basic wavelet. +rough
scaling and shifting of the basic wavelet, the wavelet se-
quence is obtained here:

ψa,b(t) �

􏼌􏼌􏼌􏼌􏼌􏼌a

􏼌􏼌􏼌􏼌􏼌􏼌

−
1
2ψ

t − b

a
􏼠 􏼡, (2)

where a and b are scaling factor and shifting factor,
respectively.

For any function f(t) with limited energy, the definition
of continuous wavelet transform concerning ψ(t) is as
follows:

Wf(a, b) �〈f,ψa,b〉 �

􏼌􏼌􏼌􏼌􏼌􏼌a

􏼌􏼌􏼌􏼌􏼌􏼌

−
1
2 􏽚

R

f(t)ψ
t − b

a
􏼠 􏼡dt. (3)

2.2. Time and Energy Density Analysis. According to the
inner product theorem, that is, Moyal theory [23], the
following formula could be

1
Cψ

􏽚

R

da

a
2􏽚

R

Wf(a, b)
􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌
2
db � 􏽚

R

|f(t)|
2dt. (4)

Formula (4) shows that the integral of the square of the
wavelet amplitude is proportional to the signal energy to be
analyzed. It is well known that, in the study of nonstationary
random signal, due to the limitation of the Heisenberg
uncertainty principle, the instantaneous energy density of a
point in time-frequency space cannot be determined; that is,
the energy at a certain frequency at a certain time is con-
ceptually nonexistent. However, in equation (4),
1/a2Cψ|Wf(a, b)|2 can be regarded as the energy density
function on the (a, b) plane. +erefore, 1/a2Cψ|Wf

(a, b)|2ΔaΔb can be considered as the energy centered on
scale a and time b, with scale interval Δa as well as time
interval Δb. According to the concept of energy density,
formula (4) can be expressed as follows:

􏽚

R

|f(t)|
2dt � 􏽚

R

E(b)db. (5)

Here,

E(b) �
1
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R

1
a
2 Wf(a, b)
􏼌􏼌􏼌􏼌􏼌
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2
da. (6)

For the wavelet transform, the so-called scale a corre-
sponds to frequency w in a sense, so the energy distribution
of all frequency bands of signal with time b has been given in
formula (6), which could be termed time energy density
function. In practical application, the upper and lower
bounds of integration can be changed so that the integration
interval falls within a certain frequency range of the signal to
be analyzed. +erefore, the distribution characteristics of
energy density of the signal in the frequency band with time
could be obtained.

2.3. Actual Delay Time ofMillisecond Blasting Judged by Time
and Energy Density Method. If a certain blasting could be
considered as a system, the initiation of each detonator is the
process of input energy to the system. In the meantime, a
sudden change in the energy density of the system would be
inevitably caused by each initiation [24]. +erefore, the
energy density of blasting vibration in the main frequency
band can be calculated according to formula (6) by choosing
the appropriate upper and lower bounds of integration, and
the time and energy density map could be drawn. Based on
the peak position in the map, the actual initiation time of
each detonator could be obtained, and the actual millisecond
delay time in blasting would be further determined.

3. Wavelet Transform in Delay
Recognition of Blasting

3.1. Blasting Vibration Signal. Figure 1 shows the blasting
holes’ layout in this section. In Figure 1, six holes are evenly
distributed around the empty hole, that is, No. 1. +e full-
face blasting excavation method is adopted here. Meanwhile,
the millisecond detonators are used, that is, MS1, MS3, MS5,
MS7, MS8, MS9, MS10, MS11, MS13, MS15, and MS19,
respectively. +e emulsion explosive is used and the weight
of each roll is 300 g. +e charge quantity and other blasting
parameters are shown in Table 1. Meanwhile, the blasting
footage is 2m.

Blasting vibration waveform can be analyzed intuitively
by blasting vibration instrument system. +erefore, the vi-
bration amplitude, main frequency, and duration could be
obtained. +e intuitive analysis method of blasting vibration
signal is to directly analyze the measured waveform and
determine the characteristic quantity of blasting vibration
from the waveform diagram itself.

A typical blasting vibration signal is selected here to
analyze the representative characteristics, as shown in Fig-
ure 2. Furthermore, the initiation time and delay time of this
blasting are identified and recognized separately.

3.2. Wavelet Transform Using for Delay Time Identification.
From the definition of wavelet transform, the time-fre-
quency window of wavelet transform has its uniqueness. It
means that only the window position on the time axis of the
phase plane is affected by the shifting factor b, while not only
the window position on the frequency axis but also the
window shape is influenced by the scaling factor a. +ere-
fore, the sampling step of wavelet transform in time domain

2 Advances in Civil Engineering



is adjustable for different frequencies, that is, the time
resolution is poor at low frequencies, while the frequency
resolution is high, and the time resolution is high at high
frequencies, while the frequency resolution is low. Con-
sidering the filter point, the wavelet transform makes the
signal pass through a series of band-pass filters, respectively.
+e center frequency and bandwidth of the band-pass filter
are proportional to the scaling factor a. +at is to say, the
ability of wavelet transform to highlight the local charac-
teristics of the signal is different under different value.

Millisecond blasting is often applied in engineering
blasting, and the number of millisecond detonator sec-
tions depends on the specific blasting conditions and
purposes. If a certain blasting is considered as a system,
the initiation of each detonator is the process of input
energy to the system, and the initiation of each detonator
will inevitably cause a sudden change of energy in the
system. +erefore, the monitored blasting vibration
signal could be transformed using the wavelet transform
method, and the time of signal mutation can be

6059585756
55

54
53

52
298

51

50

49

48

442

439

73

47

61 62 63
64

65
66

67

68

69

70

71

72

807774615

33 22 13 11

34 23 14

35

485

36

37
38

26 27 28

29

30

31

32

39 40 41

42

43

44

45

46

529

435

442

517

24 15

16 17 18

19

20

21

485

2150

75 76 4300 78 79

25

8
9

104

7
6
5

2
13

12

454

1054

60
355

425 594 629 173

200

2000

88

Figure 1: Layout of blasting holes (mm).

Table 1: Blasting parameters.

Hole name Hole no. Number of holes
Charge quantity

Detonator order
Each hole Total weight (kg)

Empty hole 1 1 0 0.0
Cutting hole 2–7 6 5 9.0 1
Auxiliary hole 8–10 3 5 4.5 3
Auxiliary hole 11–12 2 5 3.0 5
Auxiliary hole 13–18 6 4.5 8.1 7
Auxiliary hole 19–21 3 4 3.6 8
Auxiliary hole 22–27 6 3 5.4 9
Auxiliary hole 28–32 5 3 4.5 10
Auxiliary hole 33–38 6 2.5 4.5 11
Auxiliary hole 39–46 8 2.5 6 13
Peripheral hole 47–54 8 2 4.8 15
Peripheral hole 55–72 18 1.5 8.1 19
Bottom hole 74–79 6 3 5.4 15
Bottom hole 73–80 2 3 1.8 19
Total — 80 — 68.7
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effectively identified by the modulus maxima of the
wavelet transform. +at is to say, the initiation time of
each detonator in millisecond blasting can be precisely
determined by the means mentioned above, and the
actual millisecond delay time in blasting could be further
confirmed.

For the signal processed by wavelet analysis, how to
select an optimal wavelet base is much more important,
because results could be various even for the same
problem by different wavelet bases. Furthermore, the
function with fast attenuation and good similarity be-
tween the waveform and the analyzed signal should be
chosen as the wavelet basis function. +erefore, the se-
lection of the wavelet basis is closely related to the
properties and characteristics of the analyzed signal. Four
common waveforms of wavelet basis functions are listed
in the following, as shown in Figure 3.

When choosing a wavelet basis, besides the requirement
of compact support, that is, the speed at which the function
converges from a finite value to zero, and regularity, which
has a great influence on the smoothing effect of signal re-
construction, the curve shape of the wavelet basis is also
required to be similar to that of the analyzed signal.

+e waveforms of the four main wavelet bases are
similar to those of the analyzed signals. However, there is
much more information contained in the sym7 and db8
waveforms and the waveforms of the analyzed signals
could be matched better with them. +at is, the infor-
mation of the analyzed waveforms reflected by the two
waveforms is more accurate.

Furthermore, the waveform of db8 is more consistent
with the analyzed signal than that of sym7, and the fluc-
tuation trend of db8 is more similar to that of the analyzed
signal. Among these common series of wavelet functions,
Daubechies wavelet series have good compactness,
smoothness, and approximate symmetry and have been
successfully applied to the analysis of nonstationary signal
problems, such as blasting.

+erefore, db8 is chosen as the basis function of wavelet
analysis for the blasting vibration signal. +e original signal
is modeled by continuous wavelet transform on scaling
factor a� 16. +e singularity of energy contained in blasting

vibration is identified by the modulus maximum point. +e
transformed modulus diagram is shown in Figure 4.

+rough continuous wavelet transform using db8
wavelet method (scaling factor a� 16), several local singu-
larities appear obviously in Figure 4. Time of local singu-
larities is 0.00075, 0.04462, 0.1276, 0.2021, 0.233, 0.3347,
0.4249, 0.4984, 0.7084, 0.9645, and 1.771, respectively. It is
clear that the millisecond blasting vibration signal shown in
Figure 4 is formed by the superposition of 11 blasting vi-
bration waveforms.

+e delay time interval of millisecond blasting can be
defined as the time interval between the initiation time of
two adjacent detonators. Here, for the identified conve-
nience, the time position of the first local singularity point is
determined as the initiation time of the lowest detonator
segment (MS1). +e actual initiation delay interval of each
detonator obtained by this method is 43.87ms, 82.98ms,
74.5ms, 30.9ms, 101.7ms, 90.2ms, 73.5ms, 210ms,
256.1ms, and 806.5ms, respectively, as shown in Table 2. It
should be noticed that the data in Table 2 is obtained from
the blasting test through wavelet analysis, while the blasting
parameters are from Table 1.

4. Discussion

Wavelet packet analysis can provide a more precise
method for signal analysis. Wavelet packet analysis di-
vides the time-frequency plane more carefully, and its
resolution to the high-frequency part of the signal is
higher than other wavelets. Moreover, it introduces the
concept of optimal basis selection on the basis of wavelet
analysis theory. According to the characteristics of the
signal to be analyzed, dividing the frequency band into
several levels, the best basis function is adaptively se-
lected to match the signal, to improve the signal analysis
ability.

Referring to the calibrated error intervals of different
detonators provided by detonator manufacturers, the above
analyzed time points correspond to the detonator segments
1, 3, 5, 7, 8, 9, 10, 11, 13, 15, and 19, respectively. +e al-
lowable errors of delay time of each detonator are ±10, ±15,
±20, ±25, ±30, ±35, ±40, ±50, ±60, and ±130, respectively. At
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Figure 2: Blasting vibration waveform.
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the same time, the higher the detonator segment is, the
worse the precision is.

+rough longitudinal comparison, simultaneous initia-
tion with a large amount of explosive can be avoided using

different detonators with multisegments, which reduced the
vibration effect better. However, as for a same one detonator
segment, the larger the allowable error range of the deto-
nator, the less possibility of simultaneous detonation would
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naturally occur. +at is to say, with the increase of detonator
segment, the detonators in the same segment but high
section are liable to produce interference and fail to achieve a
good vibration reduction effect.

+e detonator segment, delay time, and actual time
interval of detonators in this test are shown in Table 3.

+e relationship between nominal delay time and error
ratio of the nominal delay time of detonators is shown in
Figure 5. It can be seen that the error ratio of nominal delay
time decreases gradually with the increase of detonator
segments.

+e relationship between the actual initiation time and
the actual interval delay time of detonators is shown in
Figure 6. It can be seen that although the error ratio of
nominal delay time decreases gradually, the absolute error of
delay time of high-level detonators increases. Particularly,
the error of delay time of MS19 detonator reaches 130ms,
which is not conducive to blasting and shock absorption
effect.

+erefore, it is suggested to adopt a high-level detonator
with detonating cord or a high-precision digital electronic
detonator in peripheral holes to minimize the initiation
error, in other words, to ensure the same detonator initiation
at the same time, especially the high-level detonator
segments.

Time intervals of kinds of detonator segments are shown
in Figure 7, which illustrates the relationship between the

monitored time interval and the arranged time interval. It
can be seen that interval delay times of each detonator are
within the arranged interval delay times, which shows that
the detonators of this blasting have given full play to their
respective performances and the blasting is controlled
accurately.

Furthermore, it can be seen from Table 3 that the jumping
segment use of low-level detonators, for example, MS1∼MS5,
reduces the error of delay time to a certain extent, which is
beneficial for blasting vibration reduction. Contrarily, using
adjacent detonator segments will lead to the overlapping of
specified errors and increase the scale range of errors in time.
For example, MS8∼MS11 detonator segments have been
continuously used the lower limit of error range is 5ms, and
the upper limit is increased from 95ms to 155ms with an
equal interval of 20ms. Rock could not be broken sufficiently
as the interval time is too short. Moreover, the explosion pile
is not conducive to be discharged and transported. At the
same time, it will increase the accident probability of early
explosion and antiexplosion.

+e interval time between MS15 and MS19 detonators is
806.5ms, and the interval time is too long, which leads to a
long vibration duration. While the vibration energy accu-
mulation is easy to be produced, it should be avoided to
reduce the blasting negative effect.

+erefore, it is suggested that the millisecond delay series
of detonators should be selected in the whole section

Table 2: Initiation time and time interval of each detonator.

Detonator segment Initiation time (s) Detonator interval Delay time interval (ms)
MS1 0.00075 — —
MS3 0.04462 MS1∼MS3 43.87
MS5 0.1276 MS3∼MS5 82.98
MS7 0.2021 MS5∼MS7 74.5
MS8 0.233 MS7∼MS8 30.9
MS9 0.3347 MS8∼MS9 101.7
MS10 0.4249 MS9∼MS10 90.2
MS11 0.4984 MS10∼MS11 73.5
MS13 0.7084 MS11∼MS13 210
MS15 0.9645 MS13∼MS15 256.1
MS19 1.771 MS15∼MS19 806.5

Table 3: Detonator deferment stages, deferral times, and actual differential intervals.

Detonator
segment

Initial
time

Modulus
maximum

Notional delay
time (ms)

Error ratio of
notional delay

time

Arranged time
interval (ms)

Monitored time
interval (ms)

Whether early
explosion or

refusal
MS1 0.00075 0.2411 <13 — 0∼13 0 No
MS3 0.04462 0.285 50± 10 0.2 0∼50 43.87 No
MS5 0.1276 0.2324 110± 15 0.1364 35∼85 82.98 No
MS7 0.2021 0.349 200± 20 0.1 55∼125 74.5 No
MS8 0.233 0.335 250± 25 0.1 5∼95 30.9 No
MS9 0.3347 0.3057 310± 30 0.0968 5∼115 101.7 No
MS10 0.4249 0.3836 380± 35 0.0921 5∼135 90.2 No
MS11 0.4984 0.4587 460± 40 0.0869 5∼155 73.5 No
MS13 0.7084 0.4793 650± 50 0.0769 100∼280 210 No
MS15 0.9645 0.4467 880± 60 0.0682 120∼340 256.1 No
MS19 1.771 0.3984 1700± 130 0.0765 630∼1010 806.5 No
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blasting, and the segment should be jumped as much as
possible, so as to increase the secondary breakage time.
Detonators with longer interval delay time should be
avoided to the full.

5. Conclusions

Formillisecond blasting, the blasting effect is mostly affected by
the actual delay time. +e blasting vibration signals are ana-
lyzed using the wavelet transformmethod to identify the actual
delay time, and the following conclusions are obtained here:

(1) Using the ability of wavelet transform to highlight
the local characteristics of the analyzed signals, the
initiation time of detonators can be effectively

identified by wavelet transform, and then the actual
delay time could be determined.

(2) Furthermore, the allowable error of different detonator
segments is analyzed. It is considered that the simul-
taneous initiation of large explosive quantity can be
avoided by the use of multistage detonators, and the
vibration resistance effect could be better. However, for
the same level of detonator segment, the larger the
arranged time interval, the less the possibility of ini-
tiation at the same time, which is not conducive to the
vibration resistance. +erefore, it is suggested to use
high-level detonators with detonating cord or high-
precision digital electronic detonators to minimize the
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initiation error, that is, to ensure that the same deto-
nator segment initiates at the same time.

(3) By identifying the delay time, the interval delay time
of different detonator segments is obtained. +e
nominal delay time, actual delay time, and interval
delay time are further compared and analyzed. It is
suggested that the millisecond delay series of deto-
nators should be selected in the whole section
blasting, and the segment should be jumped as much
as possible, so as to increase the secondary breakage
time. And detonators with longer interval delay time
should be avoided fully.
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.e aim of this study is to obtain movement laws of overlying strata above a fully mechanized coal mining face backfilled with
gangue and solve the problem of surface subsidence during coal mining. .is study was carried out based on gangue backfilling
mining of Jiulishan Coal Mine (Jiaozuo City, Henan Province, China) from the perspectives of deformation of backfilled gangue
under compaction, surrounding rock of a stope, and activities of key strata. .e method combining with rock mechanics,
viscoelastic mechanics, control theory of rock mass under mining, and numerical simulation was used based on physical and
mechanical characteristics of backfilled gangue. On this basis, the research analyzed the temporal-spatial relationships of activities
of surrounding rock of the stope, compressive deformation of backfilling body, failure depth of the floor, deformation char-
acteristics of the main roof with laws of surface subsidence. .e movement characteristics of overlying strata above the fully
mechanized coal mining face backfilled with gangue and the traditional fully mechanized mining face were compared. It is found
that, under the same conditions of overlying strata, movement laws of overlying strata are mainly determined by themining height
of coal seams and the heights of a caving zone and a fracture zone are nearly linearly correlated with the mining height. .rough
analysis based on thin-plate theory and key stratum theory, the location of the main roof of the fully mechanized coal mining face
backfilled with gangue in coal seams first bending and sinking due to load of overlying strata was ascertained. .en, it was
determined that there are two key strata and the main roof belongs to the inferior key stratum. By using the establishedmechanical
model for the main roof of the fully mechanized coal mining face backfilled with gangue and the calculation formula for the
maximum deflection of the main roof, this research presented the conditions for breaking of the main roof. In addition, based on
the theoretical analysis, it is concluded that the main roof of the fully mechanized coal mining face backfilled with gangue does not
break, but bends. .e numerical simulation results demonstrate that, with the continuous increase of strength of backfilled
gangue, the stress concentration degree of surrounding rock reduces constantly, so does its decrease amplitude. Moreover, the
compressive deformation of backfilling, failure depth of the floor, and bending and subsidence of the main roof continuously
decrease and tend to be stable. .e mechanical properties of backfilling materials determine effects of gangue backfilling in
controlling surface subsidence. Gangue backfilling can effectively control movement of overlying strata and surface subsidence
tends to be stable with the increase of elastic modulus of gangue.
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1. Introduction

Coalbed methane development, groundwater exploitation,
and mineral exploitation are main factors leading to surface
subsidence; particularly, surface subsidence is more obvious
in the case of full-seam mining or mining with a large
mining height (Figure 1). .e main influences of coal seam
mining on the surface are characterized by surface subsi-
dence and large cracks on the surface. .is leads to surface
subsidence, landslide, and damage to farmland, houses, and
roads. In particular, surface subsidence caused by coal
mining usually occurs in the form of surface collapse.
Surface collapse refers to a phenomenon of sudden surface
subsidence to form small or large sinkholes or pits, which
poses a particularly great threat to landscape and human life,
because there is no premonitory phenomenon before it
occurs. It can cause many harms, such as surface change,
landslide of steep cliffs, and damage to farmland, houses, and
roads [1–14].

At present, a lot of research has been conducted on the
prediction, characteristics, mechanisms, and control
methods of surface subsidence, and a variety of methods
have been developed [15–20]. However, their performances
in backfilling and subsidence control are quite different
[21–26]. So far, a large number of attempts have been made
in the world to fully understand the surface subsidence
process. .ese attempts mainly focus on the characteristics,
prediction methods, mechanisms, and control measures of
surface subsidence [27–44] and most of the studies are based
on the continuity assumption. In the meanwhile, the
overlying strata in the western China are relatively thin and
buried between 221m and 375m underground. Without
stopping and backfilling, the surface subsidence and damage
will be more obvious. Based on the requirements of envi-
ronmental protection and sustainable development of
mines, the backfilling mining technology develops rapidly
[4]. According to incomplete statistics, the amount of coal
mining under buildings, railways, and water-bodies of
productionmines is up to 1.43×1010 t [1] and the cumulative
amount of gangue piled up over the years in China is about
4.5×109 t. Moreover, there are more than 1,600 gangue
dumps on the surface of coal mines in China, occupying a
land area of 1.5×104 hm2 [1, 4, 6], so gangue has become the
main hazard source of environmental pollution in mines
[2, 3, 7, 45]. .erefore, scholars in China put forward the
scientific mining concept of developing green mining
technologies [5], including the coal mining technology for
coal mining under buildings, railways, and water-bodies by
directly backfilling solid wastes (gangue, fly ash, loess, yellow
sand, etc.) in mining areas [4, 16]. Miao [4, 15, 16] sys-
tematically introduced the research progress of fully
mechanized solid backfilling mining technology and mainly
discussed the control theory of strata movement during
backfilling mining with dense backfilling body. .e theo-
retical breakthrough is the premise of developing new
technologies, mainly including the equivalent mining height
theory for controlling strata movement during backfilling

mining, the continuous medium mechanics model and the
calculation formula for strata movement during backfilling
mining, and analysis on mine pressure in a stope and
support stress during solid backfilling. .erefore, the
compactness of backfilling materials is the key factor con-
trolling strata movement in the backfilling mining face. By
experimentally studying different filling media, Liu and
Qingbiao [46] basically mastered the reasonable mixing ratio
of filling materials and mechanical properties, such as
compactness, rheology, and weathering characteristics of
various filling materials. Based on the analysis of the moving
characteristics of the roof during fully mechanized back-
filling mining, Zhang et al. [23] established the mechanical
model of key blocks in the main roof during fully mecha-
nized mining backfilling. According to the deformation law
under compaction of waste fillings and cracked immediate
roof, they deduced the relational expression of mechanics of
support strength in the backfilled fully mechanized coal
mining face. .e study proves the feasibility of gangue
backfilling mining and concludes the law of strata behaviors
in fully mechanized coal mining face backfilled with gangue
through field application. In the meanwhile, based on the
characteristics of strata movement of solid backfilling
mining technology, Guo et al. [47] proposed the surface
subsidence prediction method based on the equivalent
mining height theory and described the parameter selection
guideline of this method. While comparing the parameters
of caving mining with equivalent height, the subsidence
efficiency can be calculated according to the mining height
and bulk factors of sagging zone and fracture zone. By
conducting a field experiment in a Chinese coal mine located
under thick unconsolidated layers, Wang et al. [48] pro-
posed a backfilling strip miningmethod via determination of
the appropriate longwall face length and mining height, to
protect the bearing structure from being damaged, thus
avoiding surface collapse. .ey found that no surface col-
lapse occurred in the mining process. .e research results
indicate that the method can prevent surface collapse during
longwall mining under thick unconsolidated layers. Zhao
et al. built physical and numerical models for controlling
backfill in steeply dipping coal seams to determine an op-
timum backfilling approach to control surface collapse. .e
physical modeling results show that, for mining without
backfill, the thickness of the largest roof collapse is ap-
proximately twice that of the mined seams, the movement of
roof strata tends to be asymmetrical, and there is a relatively
large empty zone in the upper gob area. Numerical simu-
lation results demonstrate that floor strata mainly undergo
nearly horizontal displacement, while roof strata mainly
experience vertical subsidence, either with or without
backfilling. .e integrity of roof strata is improved as the
extent of backfilling increases and the range of displacement
increases. .e conclusions are proved by results from a field
experiment. .e similar simulation and field measurement
are performed on movement laws of overlying strata above
the working face backfilled with gangue, which provides a
reliable theoretical basis for backfilling mining [21, 22]. By
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using two test plans, the deformation and seepage test and
the seepage test, Li et al. [49] compared and studied the
permeable behaviors of gangue during the time related
deformation process and obtained the permeability of
gangue when the seepage is stable under each stress level.
During gangue backfilling, physical and mechanical prop-
erties of gangue have important influences on displacement
of overlying strata and surface subsidence and the effects of
different types of gangue are not clear. Moreover, selecting
appropriate gangue plays an important role in controlling
surface subsidence.

In the process of gangue backfilling mining, the
compaction and bearing of backfilling materials are par-
ticularly important, and the compressive deformation of
backfilling materials directly affects the movement and
deformation of the surface. However, little attention had
been paid to stress distribution of overlying strata under
gangue backfilling conditions, the influences of hierarchical
optimization of particle size and elastic moduli of backfilled
gangue. On this basis, this study firstly determined the
stress distribution characteristics in a stope of a gangue
backfilling face based on the thin-plate theory and then
carried out a theoretical analysis to determine stress dis-
tribution characteristics in overlying strata. Secondly, key
strata of the working face backfilled with gangue were
determined and the deformation characteristics of the roof
under mining were defined. Finally, this study analyzed
gangue with different elastic moduli, clarified influences of
mechanical parameters of gangue on surface subsidence,
and determined reasonable physical and mechanical pa-
rameters of gangue.

2. Overview of the Study Area

At present, many development roadways in Jiulishan Coal
Mine in Jiaozuo City, Henan Province, China, are being
expanded and repaired. When taking measures for regional
gas control, many rock roadways (at present, there are nearly
20 heading faces of rock roadways in the whole mine) need
to be excavated, and the daily discharge of gangue reaches
1,400 t, which leads to the busy auxiliary haulage systems in
the mine. Jiulishan Coal Mine has accumulated nearly
9.4×105m3 of gangue on the ground and at present, there is
a serious shortage of gangue disposal sites. Mining with
gangue backfilling technology not only makes lifting of
existing gangue to the ground unnecessary and reduces the
cost of gangue discharge, but also can consume the existing
gangue on the ground and reduce costs for discharge,
transportation and lifting of gangue and construction and
maintenance of gangue discharge sites. .is fundamentally
solves the problem of land occupation and management of
gangue dumps and greatly reduces environmental pollution
in the coal mine. Based on this, taking Jiulishan Coal Mine as
the research object, gangue excavated from the coal mine
was used in the test. .e physical and mechanical charac-
teristics of gangue are shown in Table 1.

In the mining test with gangue backfilling, the 12031
working face, located in the north wing of No. 12 mining
area of Jiulishan Coal Mine, was mined. No. 12 mining area
was mined with backfilling in Jiulishan Coal Mine, with a
mining area of 430,400m2, geological reserve of 3.443×106 t,
and the ground elevation of +93m. .e coal pillars were
retained for protecting villages and industrial squares in this

(a) (b) (c) (d)

(e)

Figure 1: Problems caused by surface subsidence and surface cracks. (a) Surface subsidence in Australia; (b) landslide in Australia; (c)
damage to farmland in India; (d) damage to roads in China.
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area. .e layout of roadways in the fully mechanized coal
mining face backfilled with gangue is displayed in Figure 2.

3. Movement Characteristics of Overlying
Strata above the Fully Mechanized
Mining Face

3.1. Movement Characteristics of Overlying Strata above the
Traditional Fully Mechanized Mining Face. After the coal
mining, the original stress equilibrium state around the goaf
is damaged, inducing stress redistribution. As a result, this
causes deformation, damage and movement of rock strata,
which develops upwards to the surface to induce surface
movement. Such a process and phenomenon is known as
strata movement [3]. A large number of observations [2, 3]
show that when the goaf is treated with the fully caving
method, the goaf can be divided into three zones, namely, a
caving zone, a fracture zone, and a bending zone, according
to the degree of movement and damage of overlying strata
therein. .e schematic diagram of movement of overlying
strata above the traditional fully mechanized mining face is
demonstrated in Figure 3.

3.2. Movement Characteristics of Overlying Strata above the
Fully Mechanized Coal Mining Face Backfilled with Gangue.
.e heights of the caving zone and fracture zone are related
to lithology and the mining height of coal seams [2]. .e
harder the overlying strata of coal seams are, the smaller the
heights of the caving zone and fracture zone are [46]. In
accordance with the concept of equivalent mining height
proposed by Professor Miao Xiexing, mining with gangue
backfilling is equivalent to reducing the mining height. In
other words, it is same as mining thin coal seams, which is
equivalent to reducing the heights of the caving zone and
fracture zone. For the fully mechanized working face mined
by the technology of backfilling goaf with gangue, with the
advance of the working face, the goaf is backfilled with
gangue when the immediate roof does not cave. Because of
bulking characteristics of gangue for backfilling and caved
from the immediate roof, the goaf backfilled with gangue
changes with time and the gangue backfilling body is
compressed and deformed under load of overlying strata.
.e deformation of the gangue backfilling body is mainly
elastic and plastic. .e deformation of the gangue backfilling
body leads to the caving of the main roof, which is in direct
contact with the broken immediate roof. .e soft strata
borne by the main roof are gradually separated from the key
strata after subsidence and the key strata bend and deform
due to load of overlying strata. However, confined by the
separation space, the key strata and their bearing body

directly act on the soft layers below. With the increase of
deformation, the supporting force provided by the lower soft
layers is strengthened, thus limiting the bending deformation
of the key strata [46]. .e strata movement characteristics
during fully mechanized mining with gangue backfilling are
illustrated in Figure 4.

.e heights of the caving zone and fracture zone have a
correlation with factors, such as the mining height, dip angle
of coal seams, and mining methods as well as lithology and
structure of overlying strata. Due to different mining heights
from the traditional fully mechanized mining face, move-
ment laws of overlying strata above the fully mechanized
coal mining face backfilled with gangue are mainly deter-
mined by the mining height of coal seams under the same
conditions of overlying strata..e heights of the caving zone
and fracture zone are nearly linearly related to the mining
height [7]. Gangue backfilling greatly reduces the heights of
the caving zone and fracture zone, which well controls
movement of overlying strata and effectively prevents water
inrush accidents in the working face, thus providing fa-
vorable conditions for safe mining of the working face.

4. Stress Analysis on the Main Roof during
Mining with Gangue Backfilling

4.1. Analysis of the Main Roof of the Fully Mechanized Coal
Mining Face Backfilled with Gangue Based on=in-Plate
=eory

4.1.1. Establishment of the Mechanical Model. .e 12031
working face of Jiulishan Coal Mine is mined by gangue
backfilling. .e upper part of the working face has been a
goaf, while the lower part contains unmined coal mass. .e
initial support conditions of the main roof of the stope are
set as follows: it is fixed on three sides and simply supported
on one side. .erefore, by using the mechanical model with
the fixed support on three sides and simple support on one
side (Figure 5(a)), the stress distribution and breaking laws
of the roof of the working face backfilled with gangue were
analyzed [2].

4.1.2. Stress Distribution Laws in the Roof of the Stope of the
Working Face Backfilled with Gangue. Based on the me-
chanical model of the main roof of the stope of the 12031
working face in Jiulishan Coal Mine, stress analysis was
conducted on the roof of the stope (Figure 5(b)). In ac-
cordance with the boundary conditions of the mechanical
model of the roof with the fixed support on three sides and
simple support on one side, the calculation formula for stress
distribution in the main roof during gangue backfilling
mining is shown as follows:

Table 1: Mechanical parameters of rock samples.

Strata Compressive
strength (MPa)

Elastic modulus
(GPa)

Poisson’s
ratio

Cohesion
(MPa)

Angle of
internal

friction (°)

Protodyakonov
coefficient

Deformation
modulus (GPa)

Sandstone 5.90 69.80 0.16 39.48 35.30 9.30 9.20
Mudstone 3.25 38.90 0.21 47.09 29.20 5.58 7.40
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where σx, E, A, and b represent the normal stress (MPa)
acting vertically on the x-axis plane, elastic modulus (MPa)
of roof rock, coefficient of the deflection surface, and length
(m) of the working face, respectively; μ, a, and σy indicate

A B C

I

II

III

Figure 3: Schematic diagram of movement of overlying strata
above the traditional fully mechanizedmining face. A: zone affected
by support of coal wall; B: bed-separation zone; C: recompacted
zone; α represents the angle affected by support; I, II, and III
indicate the bending and subsidence zone, the fracture zone, and
the caving zone, respectively.
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Figure 2: Diagram of layout of roadways in the fully mechanized coal mining face backfilled with gangue.
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Poisson’s ratio of roof rock, span (m) of the stope roof, and
normal stress (MPa) acting vertically on y-axis plane, re-
spectively; τxy denotes the shear stress (MPa) acting on the
xy plane, which is positive consistent with the negative
direction of the y-axis; x, y, and z are the distances (m) on the
coordinate axis. By analyzing the mechanical model, it is
obtained that the stress distributions at the midpoints of
O′L′ and N′M′ edges and midpoint of O′N′ edge in
Figure 5(b) are expressed in formulas (2) and (3).
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(3)

By comparing formulas (2) and (3), the stress at the
midpoints of O′L′ and N′M′ edges is larger than that at the

midpoint of O′N′ edge. Due to use of gangue backfilling
technology, backfilling while mining of the goaf allows the
roof rock of the stope to not completely cave. Instead, with
the constant advance of the working face, due to com-
pressive deformation of the backfilling body under gravity of
overlying strata, the roof is suspended and the immediate
roof caves. Moreover, the main roof bends and deforms with
the compressive deformation of the backfilling body. When
the overhanging roof reaches its limit, it bends near the
midpoints of OL and NM edges first.

4.2. Determination of the Key Strata of the Fully Mechanized
CoalMiningFaceBackfilledwithGangue. Academician Qian
Minggao proposed the key stratum theory in the previous
study [50]. When there are multilayer strata in overlying
strata of the stope, the strata that control all or part of
activities of rock mass are called the key strata [50]. .e key
strata are mainly determined based on deformation and
breaking characteristics. When the key strata are broken, the
subsidence and deformation of all or local strata above the
key strata are coordinated and consistent with each other.
.e former is known as main key strata, while the latter is
called inferior key strata; that is, the fracture of the key strata
will lead to the overall movement of all or considerable part
of overlying strata. In general, the key strata are the main
bearing layers, which bear part of the weight of overlying
strata in the form of slabs or simplified beam structures
before breaking and form structures of voussoir beams after
breaking. Its structural morphology reflects the strata
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Figure 5: Mechanical model with fixed support on three sides and simple support on one side.

Figure 4: Schematic diagram of movement of overlying strata above the fully mechanized coal mining face backfilled with gangue.
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movement form. According to definition and deformation
characteristics of the key strata, if n layers are deformed
synchronously and coordinately, the lowest strata are the key
strata. .e physical and mechanical parameters of overlying
strata of the 12031 working face in Jiulishan Coal Mine are
listed in Table 2.

According to formula (4), the loading action of the nth
stratum on the mth stratum is calculated from the lower
stratum (n>m).

qm∣n �
Emh

3
m 􏽐

n
i�1 cihi

􏽐
n
i�1 Eih

3
i

. (4)

If meeting qm|n+1 < qm|n, then the n+ 1 stratum is
regarded as a hard stratum; otherwise, load of the n+ 2th
stratum on the nth stratum is continuously calculated. By
substituting data in Table 2 into formula (4), load of
overlying strata in each layer on A7 and A11 strata is ob-
tained. Based on the calculation results and determination
criteria, it is comprehensively considered that there are two
hard strata, namely, A7 and A11, in the overlying strata
above the 12031 working face of Jiulishan Coal Mine. .e
criteria for determining the key strata should satisfy not only
the stiffness condition, but also the strength condition,
which is generally expressed by the interval of roofing
breaking Lk of strata as follows:

Lk � hk

����
2σtk

qk

,

􏽳

(5)

where hk, σtk, and qk indicate the thickness (m), tensile
strength (MPa), and load (kN) borne by the kth hard
stratum, respectively.

It is assumed that the nth and mth strata are hard
(n>m). If Ln >Lm>L, the nth stratum is the main key
stratum, while the mth and first strata are the inferior key
strata. If Ln >Lm>L, then load on the nth hard stratum should
be added onto the mth stratum to recalculate the interval of
roofing breaking of the mth stratum. After that, by com-
paring with the first stratum, the stratum with the longest
interval of roofing breaking is the main key stratum, fol-
lowed by the inferior key stratum, while the nth stratum is
not key stratum. According to the criteria for determining
the key strata and the physical and mechanical parameters of
overlying strata above the 12031 working face of Jiulishan
Coal Mine, the key stratum in the coal seam is determined as
A7, while the inferior key stratum is A11.

4.3. Analysis on Bending Deformation of the Main Roof of the
Fully Mechanized Coal Mining Face Backfilled with Gangue.
.e analysis on the position of deformation of the main roof
of the fully mechanized coal mining face backfilled with
gangue based on thin-plate theory shows that the main roof
firstly bends at the middle position. In accordance with the
assumption of Winkler foundation [15], the main roof is
assumed as an elastic beam on the foundation..erefore, the
mechanical model was established only based on the part
from the main roof to the coal seam. Owing to the main key
strata of the fully mechanized coal mining face backfilled

with gangue bend, rather than break [46], the uniformly
distributed load q0 of overlying strata above the main roof is
only calculated from the lower part of the main key strata to
the inferior key strata. Because the mechanical model is
symmetrical, a half of the model was taken for mechanical
analysis, and the unit length was taken in z direction. .e
starting point on the left end of the beam is the coal wall of
the working face, and the length l of the beam is a half of the
length of the backfilling zone. .e bearing body in the lower
part of the main roof is backfilling body and the elastic
modulus is constantly changing in the process of continuous
compression of the backfilling body, so the supporting force
of the bearing body to the key strata is set as p (x). .e
mechanical model and stress model of the main roof of the
fully mechanized coal mining face backfilled with gangue are
shown in Figure 6.

By using the mechanical model of the main roof of the
fully mechanized coal mining face backfilled with gangue in
Figure 6, the main roof and the backfilling body below as the
bearing body were analyzed and studied based on a beam
model onWinkler elastic foundation. In accordance with the
assumption of Winkler foundation [4, 31, 32], the substance
at any point on the surface of the foundation is directly
proportional to the pressure p on the unit area of the point,
expressed as follows:

p � kω, (6)

where ω and k separately represent the subsidence of the
foundation and foundation coefficient. .e bearing body in
the mechanical model of the main roof belongs to the
backfilling body that is the elastic foundation. Under the
load q0 of overlying strata, the displacement between the
beam (main roof) and the foundation (backfilling body) is
defined as x, while the pressure between them is defined as p
(x). By analyzing the beam, the relationship among q0, p (x),
and deflection ω of the beam is expressed as follows:

qo − p(x) � EI
d4ω(x)

dx
4 , (7)

where EI denotes the stiffness of the beam section. β is taken
as the characteristic coefficient, expressed as follows:

β �

���
k

4EI
4

􏽲

. (8)

Formula (7) can be rewritten as follows:

qo

EI
�
d4ω(x)

dx
4 + 4βω. (9)

By solving formula (9), the general solution to formulas
is attained as follows:

ω(x) � e
βx

(A cos βx + B sin βx) + e
−βx

· (C cos βx + D sin βx) +
qo

k
.

(10)

Because the established mechanical model of the main
roof is a finite-length beam, the formula for the deflection of
the beam without load is obtained by solving formula (10)
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with the initial parameter method in the existing studies
[36, 51].

ω(x) � ωo · φ1 + θo

φ2
β

− Mo

φ3

EIβ2
− QO

φ4

EIβ3
, (11)

where Mo, θo, Qo, and ωo represent the bending moment,
rotation angle, shear force, and deflection at the breaking
point (x� 0) of the finite-length beam, respectively; Φ1, Φ2,
Φ3, and Φ4 are all Krylov functions of βx.

φ1(βx) � chβx cos βx,

φ2(βx) �
1
2

(chβx sin βx + shβx cos βx),

φ3(βx) �
1
2
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4
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For the uniformly distributed load q0 borne by the beam
on the foundation, formula (13) is used as the correction
term of the deflection.

ω(x)qo
� 􏽚

x

0
qoθ4[β(x − ξ)]dξ � qo

1 − φ1

k
. (13)

After using the correction term of formula (13), when the
finite-length elastic beam on the foundation bears local load,
the deflection is expressed as follows:

ω(x) � ωo · φ1 + θo

φ2
β

− Mo

φ3

EIβ2
+ QO

φ4

EIβ3
+ qo

1 − φ1
k

.

(14)

By substituting boundary conditions of the beam into
formula (14), the deflection ω (x), rotation angle θ (x),
bending momentM (x), and shear force Q (x) are expressed
as follows:
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+ qo
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k
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Figure 6: Mechanical model and stress model of the main roof. (a) Mechanical model of the main roof. (b) Stress analysis of the main roof.

Table 2: Physical and mechanical parameters of overlying strata.

No. Lithology .ickness
(m)

Elastic modulus
(GPa)

Compressive strength
(MPa)

Tensile strength
(MPa)

Volume force
(kN·m−3)

1 Loess layer 23.56 0 — — 18
2 Laterite layer 36.80 0 — — 18

3 Laterite
conglomerate 30.62 1.56 10.21 — 21

4 Siltstone 14.00 1.65 15.96 1.65 25
5 Sandstone 5.37 1.94 21.23 1.82 26
6 Siltstone 8.90 11.23 40.5 3.72 27
7 Sandstone 20.60 18.14 80.5 7.1 27
8 Mudstone 1.60 14.22 56.8 4.3 27
9 Sandstone 13.46 13.2 50.3 3.91 27
10 Siltstone 6.05 12.2 43.21 3.92 27
11 Sandstone 15.48 16.2 69.8 5.97 27
12 Mudstone 1.10 9.58 38.9 3.25 27
13 No. II1 coal seam 5.5 1.93 13.9 0.73 15
14 Siltstone 11.71 9.26 37.5 3.16 27
15 Limestone 0.55 6.72 28.91 2.36 26
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Q(x) � −EI
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dx
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.

(18)
By substituting boundary conditions of the beam into

formulas (16) and (18), binary linear equations ofM0 and Q0
are obtained.

−Mo

φ2
EIβ

− QO

φ3

EIβ2
+ 4qo

φ4β
k

� 0,

−4Moβφ4 − QOφ1 + 4EIβ3qo

φ2

k
� 0.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(19)

ParametersM0 and Q0 are obtained by solving the above
binary linear equations.

Mo �
2EIβ2q0

k
·
sh(2lβ) − sin(2lβ)

sh(2lβ) + sin(2lβ)
,

QO �
4EIβ3qo

k
·
ch(2lβ) − cos(2lβ)

sh(2lβ) + sin(2lβ)
.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(20)

By substituting formula (20) into the formula for
boundary conditions of the beam, the formula for deflection
of the finite-length elastic beam on the foundation when
bearing the uniformly distributed load is obtained.

ω(x) �
2q0φ3

k
·
sh(2lβ) − sin(2lβ)

sh(2lβ) + sin(2lβ)3

+
q0φ4

k
·
ch(2lβ) − cos(2lβ)

sh(2lβ) + sin(2lβ)
+ qo

1 − φ1

k
,

(21)

M(x) �
2EIβ2q0φ1

k

sh(2lβ) − sin(2lβ)

sh(2lβ) + sin(2lβ)

+
4EIβ2q0φ2

k

ch(2lβ) − cos(2lβ)

sh(2lβ) + sin(2lβ)
+ 4qo

EIβ2φ3

k
.

(22)

According to determination based on thin-plate theory
and deformation characteristics of the beam under stress, the
points of the maximum deflection and bending moment of
the beam appear at x� l, thus obtaining the maximum
deflection of the beam.

ω(l) �
2q0φ3(lβ)

k
·
sh(2lβ) − sin(2lβ)

sh(2lβ) + sin(2lβ)3
+

q0φ4(lβ)

k

·
ch(2lβ) − cos(2lβ)

sh(2lβ) + sin(2lβ)
+ qo

1 − φ1(lβ)

k
,

(23)

M(l) �
2EIβ2q0φ1(lβ)

k

sh(2lβ) − sin(2lβ)

sh(2lβ) + sin(2lβ)
+
4EIβ2q0φ2(lβ)

k

·
ch(2lβ) − cos(2lβ)

sh(2lβ) + sin(2lβ)
+ 4qo

EIβ2φ3(lβ)

k
.

(24)

In accordance with strength theory of the beam, σmax,
Mmax, andW are separately shown in the following formulas:

σmax �
Mmax

W
�

1
10
σC, (25)

Mmax � M(l), (26)

W �
1
6
h
2
, (27)

where Mmax, W, σc, and h denote the maximum bending
moment, bending modulus of section, bending modulus of
section, and height of the beam, respectively.

By substituting formulas (24), (25), and (26) into for-
mula (27), the relationship between the compressive
strength and the maximum bending moment is shown as
follows:

2EIβ2q0φ1(lβ)

k

sh(2lβ) − sin(2lβ)

sh(2lβ) + sin(2lβ)
+
4EIβ2q0φ2(lβ)

k

·
ch(2lβ) − cos(2lβ)

sh(2lβ) + sin(2lβ)

+ 4qo

EIβ2φ3(lβ)

k
�
σch

2

60
.

(28)

According to the existing study [43], the maximum
deflection of the main roof is shown in the following
formula:

ω(x)max �
ch1 + q0( 􏼁 · L

4
1

384E1I
. (29)

.erefore, when meeting the conditions of formula (29),
the main roof is broken.

ω(l)≥ω(x)max. (30)

In the calculation results based on Winkler theory, the
bending deformation of the main roof is calculated through
the numerical calculation. Based on the actual conditions of
Jiulishan Coal Mine, the results of bending deformation of
the main roof are obtained through calculation according to
parameters of strata above the working face and the test for
determining parameters of bulking characteristics of back-
filled gangue. Before the calculation, it is necessary to in-
troduce the elastic foundation coefficient of strata [46].
According to the existing study [46], the bearing body below
the main roof includes crushed rock blocks of the immediate
roof and backfilling body, which belong to the elastic
foundation. .e C1 and C2 strata between the goaf and the
immediate roof are taken as the cushion, as shown in
Figure 7. .e calculation results of the elastic foundation
coefficient of strata in the existing research [46] are dem-
onstrated as follows:

k �
1

􏽐
2
i�1 hi/Ei

. (31)
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As qo � cH� 22m× 27 kN/m3 � 0.594MPa, E� 16.2GPa,
E1 � 9.58GPa, E2 �10GPa, h� 15.48m, h1 � 1.1m, h2 � 3.0m,
and σc � 69.8MPa, the cross-sectional moments of inertia I, k,
and β of the main roof are displayed as follows:

I �
1
12

h
3

� 309.12m3
,

k �
1

􏽐
2
i�1 hi/Ei

� 2, 410, 669KN/m3
,

β �

���
k

4EI
4

􏽲

� 0.105m−1
.

(32)

Given h� 15.48m and σc � 69.8MPa, then l� 22.66m
can be obtained by solving formula (28).
When l� 22.66m, the maximum deflection
w(l) � 1.38mm of the main roof can be obtained by
solving formula (23).
It is known that c � 27KN/m3. By substituting the
measured data of the mine, namely, L1 � 58m into
formula (29), the following result is obtained:

ω(x)max �
ch + q0( 􏼁 · L

4

384EI
� 5.56mm. (33)

.erefore, ω(l)<ω(x)max, according to which it can be
determined that the main roof does not break, but it bends
and sinks with the constant compaction of the backfilling
body during stopping of the working face in the test of
mining Jiulishan Coal Mine with gangue backfilling.

5. Movement Laws of Overlying Strata during
Gangue Backfilling Mining

5.1. Calculation Model and Parameters

5.1.1. Boundary Conditions of the Model. Based on the
numerical simulation, strata movement laws were studied.
Due to the limitation of the number of run units of the
simulation software, the simplifiedmethod is usually adopted;
that is, the strata not simulated are regarded as the uniformly
distributed load that is applied on the upper boundary of the
model. According to different research purposes, the
boundaries of the model are correspondingly adjusted.
.rough the numerical simulation, this study mainly inves-
tigated changes of the main roof and key strata and surface
deformation laws, and the vertical range of the model was
from the floor of the coal seam to the surface [52, 53].

A strain-hardening model was used for calculation.With
strike× tendency× height� 400m× 150m× 225m, a plane
strain model was utilized. .e displacement boundary
conditions of the model are shown as follows: the left and
right boundaries and the lower boundary of the model are
used as displacement boundaries. .e displacements of the
left and right boundaries in x direction and the displacement
of the lower boundary in y direction are limited. .e model
is demonstrated in Figure 8.

5.1.2. Division of Elements of the Numerical Model and
Determination of Calculation Parameters. .e left, right,
front, and back sides of the model are single-constraint
boundaries and the horizontal constraint is applied; that is,
the horizontal displacement of the boundary is zero while
boundary nodes are only allowed to move along the vertical
direction. .e bottom of the model is a fully constrained
boundary; that is, the horizontal and vertical displacements
of the boundary nodes in the bottom are both zero.
According to the buried depth of the model and Heim’s
hypothesis, the gravity stress of the original rock acts on the
upper boundary. .e calculation model based on FLAC3D

software is displayed in Figure 9.
.e physical and mechanical parameters of coal seams

and overlying strata above the mining face backfilled with
gangue and mechanical parameters of the coal-rock contact
surface are listed in Table 2. .e gangue backfilling materials
mostly are siltstone from the floor and mudstone from the
roof, and some are sandstone from the roof. .e mechanical
parameters of backfilled gangue are shown in Table 3.

5.1.3. Simulation Schemes. .e elastic modulus of gangue
backfilling materials is one of key factors for gangue
backfilling mining. For the nonlinear elastic rock, the stress-
strain relationship can be expressed by a single valued
function σ � f (ε). Because σ–ε shows a curvilinear rela-
tionship, the elastic modulus, as a variable, at any point P on
the curve depends on the position of the point [4]. Because
the gangue backfilling body is constantly compacted under
gravity of overlying strata, the elastic modulus thereof
changes continuously. When the backfilling body is com-
pletely compacted, it can be considered that the elastic
modulus thereof reaches the maximum. To study movement
laws of the main roof and key strata before and after
complete compaction of the gangue backfilling body, the
backfilling body is compacted by changing the elastic
modulus of the backfilling body at different stages in the
numerical simulation. It is supposed that the initial elastic
modulus of the backfilling body is 1GPa. When the elastic
modulus of the backfilling body at different stages increases
to 5, 10, 15, and 20GPa with the constant compaction of the
backfilling body, the movement characteristics of strata
before and after complete compaction were studied by
changing the elastic modulus. In addition, five numerical
simulation schemes under the elastic modulus of the
backfilling body of 1, 5, 10, 15, and 20GPa were imple-
mented. Based on the above five schemes, the bending and
subsidence of themain roof of the working face, compressive

qo

Inferior key strata (main roof)

Immediate roof

Gangue backfilling body

Figure 7: Schematic diagram of strata structure.
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deformation of the backfilling body, surface deformation
laws and floor failure were analyzed.

5.2.MovementLawsofOverlyingStrataunderDifferentElastic
Moduli of Backfilled Gangue. .rough the simulation on the
compressive deformation of the backfilling body, the

compressive deformation laws of the backfilling body were
analyzed under the elastic modulus of 1, 5, 10, 15, and
20GPa. .e simulated 12031 backfilling mining face in
Jiulishan Coal Mine advances for 100m along the strike
direction in total. In this case, the deformation of the
backfilling body and distributions of displacement vector of
the backfilling body and vertical stress were obtained.
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Y X
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Main roof
Immediate roof

Coal seam
Floor

Figure 9: Grid model of numerical calculation based on FLAC3D software.

Table 3: Physical and mechanical parameters of backfilled gangue.

Backfilling material Elastic modulus (GPa) Compressive strength (MPa) Tensile strength (MPa) Volume force (kN·m−3)
Sandstone 16.2 69.8 5.97 27
Mudstone 9.58 38.9 3.25 27
Siltstone 9.26 37.5 3.16 27

Loess layer

Laterite layer

Siltstone

Siltstone

Siltstone

Siltstone
No. III coal seam

Main roof

Sandstone

Sandstone
Mudstone

Sandstone

Laterite
conglomerate

Figure 8: Original model.

Advances in Civil Engineering 11



(1) Using gangue with the elastic modulus of 1GPa as
backfilling materials for simulation: when gangue
with the elastic modulus of 1GPa is used for
backfilling, movement of overlying strata and dis-
tributions of displacement vector of surrounding
rock and vertical stress when the working face ad-
vances for 100m are obtained in Figure 10.
As displayed in Figure 10, overlying strata during
gangue backfilling mining move more gently com-
pared with those during the fully caving mining. By
using this method, strata movement is well con-
trolled and the main roof does not break, but it
bends. Because the roof is effectively controlled, the
abutment stress of the coal wall and roof subsidence
are small. Due to influence of the advanced stress, the
coal wall slightly deforms. Because of the small elastic
modulus and low strength of backfilled gangue, the
backfilling body exhibits great compressive defor-
mation, but the failure depth of the floor is small..e
above distribution of vertical stress suggests that the
maximum abutment stress in front of the coal wall is
25MPa.

(2) Taking gangue with the elastic modulus of 5GPa as
backfilling materials for simulation: when gangue
with the elastic modulus of 5GPa is utilized for
backfilling, the movement of overlying strata and
distributions of displacement vector of surrounding
rock and vertical stress when the working face ad-
vances for 100m are demonstrated in Figure 11.
As illustrated in Figure 11, overlying strata during
gangue backfilling mining move more gently com-
pared with those during the fully caving mining.
Strata movement is well controlled and themain roof
bends instead of breaking. Because the roof is ef-
fectively controlled, the abutment stress of the coal
wall and roof subsidence are small. Because of in-
fluence of the advanced stress, the coal wall deforms
slightly. Since the elastic modulus of backfilled
gangue relatively rises and the strength increases
accordingly, the compressive deformation of the
backfilling body relatively reduces and the failure
depth of the floor is still small..e above distribution
of vertical stress demonstrates that the maximum
abutment stress in front of the coal wall is 21MPa.

(3) Utilizing gangue with the elastic modulus of 10GPa
as backfilling materials for simulation, when taking
gangue with the elastic modulus of 10GPa for
backfilling, the movement of overlying strata and
distributions of displacement vector of surrounding
rock and vertical stress with the working face ad-
vancing for 100m are illustrated in Figure 12.
As shown in Figure 12, compared with the move-
ment of overlying strata during mining with the fully
caving method, the strata movement during gangue
backfilling mining is gentler. In this way, strata
movement is well controlled and the main roof does

not break but bends. Due to effective control on the
roof, the abutment stress of the coal wall and roof
subsidence are small. Affected by the advanced
stress, the coal wall slightly deforms. Due to the
constant increase of the elastic modulus and cor-
responding rise of strength of backfilled gangue, the
compressive deformation of the backfilling body
decreases correspondingly and the failure depth of
the floor is still small. As shown in the above dis-
tribution of vertical stress, the maximum abutment
stress in front of the coal wall is 20MPa.

(4) Using gangue with the elastic modulus of 15GPa as
backfilling materials for simulation: when gangue
with the elastic modulus of 15GPa is utilized as
backfilling materials, the movement of overlying
strata and distributions of displacement vector of
surrounding rock and vertical stress are obtained as
the working face advances for 20, 40, 60, 80, and
100m, as displayed in Figure 13.
As shown in Figure 13, overlying strata during
gangue backfilling mining move more gently in
comparison with that in mining with the fully caving
method. Strata movement is well controlled and the
main roof does not break, but it bends. Attributed to
the effective control on the roof, the abutment stress
of the coal wall and roof subsidence are small.
Influenced by the advanced stress, the coal wall
slightly deforms. When the elastic modulus of
backfilled gangue rises to 15GPa, the compressive
deformation of the backfilling body is small, which
changes little compared with the case under the
elastic modulus of backfilled gangue of10GPa, and
the floor is still found to have a small failure depth.
.e above distribution of vertical stress illustrates
that the maximum abutment stress in front of the
coal wall is 19MPa.

(5) Utilizing gangue with the elastic modulus of 20GPa
as backfilling materials for simulation. When gangue
with the elastic modulus of 20GPa is used as the
backfilling materials, the movement of overlying
strata and distributions of displacement vector of
surrounding rock and vertical stress are obtained in
Figure 14 as the working face advances for 100m.

As displayed in Figure 14, the movement of overlying
strata during gangue backfilling mining is gentler in com-
parison with that in mining with the fully caving method.
.e strata movement is well controlled and the main roof
bends rather than breaks. Under the effective control of the
roof, the abutment stress of the coal wall and roof subsidence
are small. When the elastic modulus of backfilled gangue
increases to 20GPa, the compressive deformation of the
backfilling body is small, which shows a small change
compared with that when the elastic modulus is 15GPa, and
the failure depth of the floor is still small. .e above dis-
tribution of vertical stress shows that the maximum abut-
ment stress in front of the coal wall is 19MPa. Compared
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with that under the elastic modulus of 15GPa, the maximum
abutment stress changes slightly when the elastic modulus of
gangue is 20GPa.

Based on the above analysis, overlying strata during
gangue backfilling mining move more gently compared with
those in mining with the fully caving method. Strata
movement is well controlled and the main roof does not

break, but it bends. Because the roof is effectively controlled,
the abutment stress of the coal wall and roof subsidence are
small. With the gradual increase of the elastic modulus of
backfilled gangue, the vertical stress concentration degree
constantly decreases. Under the elastic modulus of backfilled
gangue of 1GPa, the gangue is of low strength, the com-
pressive deformation of the backfilling body is large, and the

Open-off cut

Backfilling body
End position

(a)

Open-off cut Backfilling body End position

(b)

Figure 10: Movement of overlying strata when the working face advances for 100m under the elastic modulus of gangue of 1GPa. (a)
Displacement vector of surrounding rock. (b) Distribution of vertical stress.

Open-off cut
Backfilling body

End position

(a)

Open-off cut
Backfilling body

End position

(b)

Figure 11: Movement of overlying strata when the working face advances for 100m under the elastic modulus of gangue of 5GPa. (a)
Displacement vector of surrounding rock. (b) Distribution of vertical stress.
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maximum abutment stress in front of the coal wall reaches
25MPa. When the elastic modulus of backfilled gangue rises
to 5GPa, the distribution of vertical stress and movement
laws of overlying strata are basically same as those under the
elastic modulus of 1GPa. However, in this case, the com-
pressive deformation of the backfilling body is obviously

small and the vertical stress concentration degree reduces.
Furthermore, the maximum abutment stress decreases ob-
viously to 21MPa. As the elastic modulus rises to 10, 15, and
20GPa, movement laws of overlying strata are basically
consistent and the vertical stress concentration degree
constantly reduces, but its decrease amplitude is not obvious.

Open-off cut Backfilling body End positionOpen-off cut Backfilling body End position

(a)

Open-off cut Backfilling body End positionOpen-off cut Backfilling body End position

(b)

Figure 13: Movement of overlying strata when the working face advances for 100m under the elastic modulus of gangue of 15GPa. (a)
Displacement vector of surrounding rock. (b) Distribution of vertical stress.

Open-off cut Backfilling body End positionOpen-off cut Backfilling body End position

(a)

Open-off cut Backfilling body End positionOpen-off cut Backfilling body End position

(b)

Figure 12: Movement of overlying strata when the working face advances for 100m under the elastic modulus of gangue of 10GPa. (a)
Displacement vector of surrounding rock. (b) Distribution of vertical stress.
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5.3. Compressive Deformation of the Backfilling Body under
Different Elastic Moduli of Backfilled Gangue. When the
elastic moduli of backfilled gangue are 1, 5, 10, 15, and
20GPa, the backfilling body is compressed and deformed
under load of overlying strata with the constant advance of
the working face, as shown in Figure 15.

As demonstrated in Figure 15, when the elastic moduli of
backfilled gangue are 1, 5, 10, 15, and 20GPa, the maximum
compressive deformations of the backfilling body are 215,
123, 66, 59, and 31mm, respectively. It can be seen from the
experiment that, with the gradual increase of the elastic
modulus of backfilled gangue, the compressive deformation
of the backfilling body continuously decreases, so does its
decrease amplitude.

5.4. FailureDepthof theFloorunderDifferentElasticModuli of
Backfilled Gangue. As the elastic moduli of backfilled
gangue are 1, 5, 10, 15, and 20GPa, the failure degrees of the
floor under load of overlying strata with the constant ad-
vance of the working face are illustrated in Figure 16.

As displayed in Figure 16, under the elastic moduli of
backfilled gangue of 1, 5, 10, 15, and 20GPa, the failure depths
of the floor are 44, 15, 6, 5, and 5mm, respectively. .e
experiment shows that the failure depth of the floor and its
decrease amplitude constantly reduce as the elastic modulus
of backfilled gangue gradually rises.When the elastic modulus
of backfilled gangue is 10GPa, the failure depth of the floor is
very small and does not change any longer.

5.5. Bending and Subsidence of the Main Roof under Different
Elastic Moduli of Backfilled Gangue. By determining the key
strata, the main roof of the working face is the key stratum.

Furthermore, through analysis of the mechanical model, it is
found that the main roof during gangue backfilling under
this condition does not break, but it bends and sinks. When
the elastic moduli of backfilled gangue are 1, 5, 10, 15, and
20GPa, the bending and subsidence of the main roof under
the load of overlying strata are obtained with the continuous
advance of the working face, as displayed in Figure 17.

Figure 18 demonstrates that as the elastic moduli of
backfilled gangue are 1, 5, 10, 15, and 20GPa, the values of
bending and subsidence of the main roof are 158, 45, 23, 23,
and 11mm, respectively. It can be observed from the ex-
periment that, with gradual increase of the elastic modulus
of backfilled gangue, bending and subsidence of the main
roof constantly reduce, so does its decrease amplitude.When
the elastic modulus of backfilled gangue is 15GPa, the
bending and subsidence of the main roof tend to stabilize,
indicating that the strength of backfilled gangue determines
the bending and subsidence degree of the key strata.

5.6. Surface Deformation under Different Elastic Moduli of
Backfilled Gangue. Under the elastic moduli of backfilled
gangue of 1, 5, 10, 15, and 20GPa, Figure 18 shows surface
subsidence, inclination deformation, curvature deformation,
and horizontal deformation with the constant advance of the
working face.

As illustrated in Figure 18(a), when the elastic moduli of
backfilled gangue are 1, 5, 10, 15, and 20GPa, the maximum
surface subsidence is 73, 27, 11, 11, and 5mm, respectively.
.e experiment demonstrates that, with the gradual rise of
the elastic modulus of backfilled gangue, surface subsidence
decreases and its decrease amplitude reduces constantly.
Even if the elastic modulus of backfilled gangue is 1GPa, the
maximum surface subsidence is only 73mm, which is very

Open-off cut Backfilling body End positionOpen-off cut Backfilling body End positionnn

(a)

Open-off cut Backfilling body End positionOpen-off cut Backfilling body End position

(b)

Figure 14: Movement of overlying strata when the working face advances for 100m under the elastic modulus of gangue of 20GPa. (a)
Displacement vector of surrounding rock. (b) Distribution of vertical stress.
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Figure 16: Failure depth of the floor.
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Figure 17: Bending and subsidence of the main roof.
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Figure 15: Compressive deformation of the backfilling body.
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Figure 18: Continued.
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small compared with that in the traditional mining, so it has
a little effect on surface buildings. Under the elastic modulus
of backfilled gangue of 10GPa, surface subsidence basically
tends to be stable. .e horizontal, inclination, and curvature
laws are basically consistent with surface subsidence laws.

6. Conclusions

Firstly, this study determined the stress distribution char-
acteristics in the stope of the gangue backfilling face based on
thin-plate theory and then conducted a theoretical analysis
to determine stress distribution characteristics in overlying
strata. Secondly, the key strata above the working face
backfilled with gangue were determined and the deforma-
tion characteristics of the roof disturbed by mining were
ascertained. Finally, this research analyzed gangue with
different elastic moduli, clarified effects of mechanical pa-
rameters of gangue on surface subsidence, and determined
reasonable physical and mechanical parameters of gangue.
.e main conclusions are made as follows:

(1) Stress distribution laws in the main roof of the fully
mechanized coal mining face backfilled with gangue
in a coal seam in Jiulishan Coal Mine were analyzed
based on thin-plate theory. Based on this, the po-
sition of the main roof first bending and sinking
under load of overlying strata was obtained. By using
the determination method based on the key stratum
theory, it was concluded that there were two key
strata and the main roof belonged to the inferior key
stratum.

(2) .is study established the mechanical model of the
main roof of the fully mechanized coal mining face
backfilled with gangue and the calculation formula
for the maximum deflection of the main roof and
presented the conditions for breaking of the main
roof. Based on the theoretical analysis, it was con-
cluded that the main roof of the fully mechanized

coal mining face backfilled with gangue did not break
but bent.

(3) Based on strain-hardening characteristics of the
FLAC3D software for numerical simulation, the
strata movement under mining by backfilling with
different strengths of gangue was numerically sim-
ulated. .e research showed that, in the process of
the elastic modulus of backfilled gangue increasing
from 1 to 20GPa, the maximum compressive de-
formation of the backfilling body reduced from 215
to 31mm and the failure depth of the floor decreased
from 44 to 5mm. Moreover, the bending and sub-
sidence of the main roof dropped from 158 to
11mm. It was also concluded that, with the constant
increase of strength of backfilled gangue, the stress
concentration degree of surrounding rock continu-
ously reduced, so did the decrease amplitude. Fur-
thermore, the compressive deformation of the
backfilling body, failure depth of the floor, and
bending and subsidence of the main roof constantly
reduced and tended to be stable. .is revealed dy-
namic change laws of strata movement above the
fully mechanized coal mining face backfilled with
gangue.

(4) Horizontal, inclination, and curvature deformation
laws were basically consistent with surface subsi-
dence laws. When the elastic moduli of backfilled
gangue were 1 and 20GPa, the maximum surface
subsidence was 73 and 5mm, respectively. With the
gradual increase of the elastic modulus of backfilled
gangue, surface subsidence decreased and its de-
crease amplitude constantly reduced. Even if the
elastic modulus of backfilled gangue was 1GPa, the
maximum surface subsidence was only 73mm,
which was very small compared with that in the
traditional mining, so it had very little impact on
surface buildings. As the elastic modulus of
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backfilled gangue was 10GPa, the surface subsidence
basically was inclined to be stable. It was concluded
that backfilling materials determined the effects of
gangue backfilling technology in controlling surface
subsidence and that gangue backfilling effectively
controlled strata movement.
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Coal is the primary source of energy in China’s energy structure system. With the large-scale mining of mineral resources, a large
amount of mine water will be produced in the process of development, construction, and production, which will pollute and
damage the ecological environment of mine water. At present, China vigorously advocates coal revolution, implements low-
carbon economy, and carries out clean production of energy development and utilization. Green mining, precision mining, and
other strategic ideas have been applied to mine development to guide production practice. +is paper does an in-depth analysis of
the physical, chemical, biological, and environmental characteristics of mine water, puts forward the basic classification of mine
water, and points out the characteristics of environmental hazards of mine water. Aiming at different types of mine water, such as
mine wastewater, drainage water, goaf water, mine water with suspended solids, high salinity mine water, acid mine water, and
mine water with special pollution, the paper puts forward the mine water treatment and resource utilization technology with
different characteristics and strong pertinence. On this basis, the comprehensive treatment and development direction of mine
water in the future are prospected.

1. Introduction

China is the world’s largest producer of coal and a major
consumer of coal. China’s coal recoverable reserves are
the third largest in the world. +e coal industry has be-
come an important foundation for the rapid development
of the national economy. China’s coal situation: in China’s
natural resources, the basic characteristics are rich coal,
poor oil and gas, which determine the important position
of coal in primary energy. Compared with oil and natural
gas, China’s coal reserves are relatively abundant, ac-
counting for 11.60% of the world’s reserves. China’s total
coal resources are 5.6 trillion tons, of which proven re-
serves are 1 trillion ton, accounting for 11% of the world’s
total reserves. As China’s basic energy and industrial raw
material, coal has provided a strong guarantee for

economic and social development, national energy se-
curity, and stable supply for a long time [1–3].

In the process of coal mining, groundwater is exposed to
coal seams, rock formations, and human activities, resulting
in significant water quality characteristics of the coal in-
dustry. Usually containing a large amount of suspended
solids, and poor sensory properties, some are highly min-
eralized or acidic, and even contain radioactive elements and
oxides. If they are directly discharged, the formed acidic
water will flow into the river or infiltrate into the under-
ground, which will pollute the water source, causing the
death of large-scale vegetation. +e polluted water will
spread to the farmland and easily lead to soil infertility.
Declining, silting up the river, and forming serious eco-
logical and social problems, the ecological environment is
seriously deteriorated.
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At present, the annual mine water discharge in China is
4.5 billion cubic meters, and the utilization rate is 43.8%,
which is far lower than the standard of 80% in developed
countries. Industrial production and mining will lead to a
sharp decline in the groundwater level, and there will be
leakage areas in the mining area and adjacent cities, which
may lead to ground collapse and seawater intrusion [4].

+erefore, in order to ensure the sustainable develop-
ment of coal resources, it is necessary to take relative
measures for the prevention and treatment of polluted water
in coal mining. In the process of coal mining, resources
cannot be exploited at the expense of massive destruction
and waste of water resources. After a series of treatment, the
mine water can be reused for production water, urban
greening, agricultural irrigation, and drinking water in the
mining area, so as to further realize the resource utilization
of mine water, optimize the coal production and environ-
ment, and rationalize water resources. Development has a
virtuous circle.

2. Characteristics and Classification of Mine
Water Pollution

2.1. Mine Water Characteristics. Mine water is the same as
the general groundwater before it is polluted. +e lithology
and water conservancy conditions of the aquifer determine
its water quality characteristics. +e pH of the mine water is
mostly neutral to weakly alkaline. If the mineralization is
low, the toxic content is generally below the detection limit.
In the process of coal mining, when the mine water flows
through the coal mining face and the roadway, it is artifi-
cially affected. +e rock powder, coal powder, and other
organic matter are mixed into the water. If the water is
polluted, then it is grayish black in color, and contains a large
amount of suspended impurities and a certain amount of
microorganisms [5].

Mine water in mine production is brought together in
various ways, and mining and ore dressing water account for
the largest proportion.+emain sources of mine wastewater
are as follows:

① Open-pit mine wastewater: wastewater formed by
mining production process; acidic water discharged
from waste rock pile after dissolution of waste rock pile
after rainfall.
②Mine wastewater: mainly production-contaminated
groundwater in the process.
③ Mineral processing waste water: waste water pro-
duced in the process of washing, crushing and mineral
processing. A large amount of waste water usually
contains ore, metal particles, or various mineral pro-
cessing agents, which are seriously polluted. Waste-
water accumulated in the dam.
④ Other mine wastewater: wastewater from washing
vehicles, hospital wastewater, and domestic waste-
water, containing solid suspended matter, oil, organic
matter, and other pollutants.

2.2. Mine Water Classification. +e general principles of
mine sewage treatment and reuse are: clean and diversion,
sewage and diversion, classification and treatment, and
quality and reuse [6]. Mine drainage is divided into three
main categories: dewatering water, water in the goaf, and
underground sewage in the mine.

Draining water: draining water in coal mines refers to
the wastewater that is generated underground due to the
formation structure in the coal mining.

Water in the goaf: after long-term mining, the coal mine
will easily form a goaf. +e goaf needs timely measures. No
water will accumulate in these goafs. If no measures are
taken, the generated water will be mined.+e process creates
water hazards and safety issues [7].

Mine underground sewage: in coal mining operations,
coal-based aquifers will be naturally drained, and these
waters will merge into the bottom of the well to form mine
water. Due to the different types of coal, the main pollution
characteristics of mine water are also different, mainly di-
vided into: clean mine water, suspended mine water, acidic
mine water with acid pollution, high salinity mine water, and
special contaminated mine water.

(1) Clean mine water: the quality of clean mine water is
good, the pH is generally neutral, with low turbidity
and hardening degree, and toxic and harmful ions
are basically not included. +is mine water can be
intercepted at the water source, discharged to the
bottom of the well through the pipeline, and
transported to the surface by the pump. +is type of
water can be used as drinking water after simple
disinfection, and water containing beneficial ele-
ments can be directly used as mineral water.

(2) Mine water containing suspended solids: in the
mining area, mine water containing suspended solids
is most common. +e pH is generally neutral, the
hardness and salinity are not high, the coal powder is
of very small particle size, and rock dust, rock
powder, etc., are present. +e main component of
suspended mineral water is generally black, and the
content per liter is about tens to hundreds of
milligrams.

(3) High salinity mine water: high salinity mine water
generally refers to mine water with a salt content
greater than 1000mg/L. It is also called salt mine
water. Groundwater is in contact with carbonate
rock and sulfate layer, resulting in Ca2+ in water and
an increase in Mg2+, Na+, K+, SO42−, HCO3−, and
Cl− plasma, so the hardness tends to be high. Such
water will be discharged if it is not treated, which will
cause the salt content of the river to rise, the soil to
grow salinized, and the crops to reduce production.

(4) Acid mine water: acid mine water mainly refers to
groundwater with a pH lower than 6. It is formed
when the groundwater flows through the coal bot-
tom layer of the coal mine, and the pyrite is oxidized
to produce sulfurous acid and sulfuric acid under the
action of sufficient oxygen and bacteria, resulting in
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the mine water being acidic with a large amount of
SO42−, Fe2+, Fe3+, and Mn2+ plasma. When the acid
mine water is discharged directly without treatment,
the water quality will be deteriorated. Fe2+ will
consume oxygen in the water, causing the death of a
large number of fish, algae, and other organisms.
Fe3+ and OH− combine to form Fe (OH) 3 reddish
brown precipitation, which leads to the red edge of
the water. Acid mine water is highly corrosive, and
long-term exposure of mine workers to such water
can affect their health.

(5) Containing special polluted mine water: mine water
containing special pollutants refers to mine water of
toxic substances such as fluoride, heavy metals, and
radioactive elements. +e pollution of such mine
water is serious and difficult to handle. Random
discharge will damage the ecological environment
and affect the utilization of mine water resources.

2.3. Environmental Hazards of Mine Water. Mine water
classified according to the main pollution characteristics,
except for the four types of mine water other than clean
mine water, has different levels of pollutants. It corrodes
the surface through which the flow passes, and the larger
the flow area, the larger the corrosion surface. In addition,
the water temperature of groundwater will also be affected
by mine water. For example, some large mining areas are
affected by mine water, and the hydrological underlying
surface of the basin is destroyed, resulting in water-level
decline, dry ground cracks, soil erosion, etc. It will further
lead to ground collapse, seawater intrusion, and other
disasters. Mine water containing pollutants flows into the
river. On the one hand, it is difficult to recycle, and it will
destroy the ecological balance, pollute the water body,
reduce the potential of the farmland near the river to be
cultivated, and destroy the vegetation. On the other hand,
the base flow is reduced, and the rivers are transformed
into seasonal rivers, eventually forming a situation in
which the time and space of the basin are unevenly
distributed.

Different types of mine water have different environ-
mental hazards.

+e suspended solids particles contained in the sus-
pended mineral water are prone to be hydrated with water
molecules, which not only forms a hydrated film in the
water but also hinders the aggregation of particles, and also
keeps the particles in a dispersed state. +e interface be-
tween the suspended particles is also affected by Brownian
motion, which makes the nature of mine water more and
more complex.

High-salinity mine water contains high concentrations
of inorganic salts. If it is discharged into water bodies
without treatment, it will easily lead to an increase in the
salinity of surface water and groundwater, affecting the life
of river creatures and surrounding residents, causing serious
soil salinization, and reducing crop production. At the same
time, for nearby factories and living areas, high-salinity mine
water purification costs are high. To maintain normal

industrial production and domestic water, it is necessary to
develop deeper groundwater, resulting in resource abuse and
economic development.

Acidic mine water is dissolved in water due to heavy
metals such as Cu, Zn, Mn, As, Pb, and Cd in coal mines
and surrounding rocks. It is more toxic and more harmful
than monomers. Acid mine water can dissolve and erode
the surrounding rock, and corrode mine working equip-
ment and drainage pipes. If discharged directly without
treatment, it will lead to an increase in the acidity of surface
water. If it flows into a highly biological river, it will cause
serious damage to the ecosystem, the acid-base balance will
be broken, many aquatic organisms will die, nearby soil will
be compacted, and production cuts in farmland crops will
affect the biodiversity. It causes serious damage to the
drinking water system in the living area, which worsens the
disparity between supply and demand of water resources
and affects human health.

Heavy metal components in heavy metal mine water are
complex, because most of the nonferrous metal ore contains
associated elements; so, there are cadmium, Mercury, ar-
senic, lead, fluorine, zinc, and other elements in the general
mine wastewater. +e heavy metal mine water penetrates
into the groundwater through surface seepage, changing the
pH of the water body, affecting the self-purification ability of
the water body, and causing serious pollution damage to the
surrounding rivers and farmland. In addition, heavy metals
are difficult to degrade, and the toxicity is very strong. Plant
growth has an impact and affects human health through the
food chain. In China, the mine water discharged from most
metal mines contains more lead and cadmium.+e pollution
by acidic mine water and excessive heavymetal mine water is
shown in Figure 1.

Lead is one of the most common pollutants and has
strong toxicity. Generally, the content of lead in water bodies
will not exceed 0.01mg/L. When the concentration exceeds
0.1mg/L, it will affect the self-purification of water bodies,
which will lead to algae. +e death of various plants will also
endanger human health through the food chain. If lead
enters the human body, it will destroy the activity of protein
and enzymes in the body, causing nausea and diarrhea, and
lead to excessive lead ions in the blood.

Cadmium is one of the heavy metal elements that are
symbiotic with zinc ore in the earth’s crust and is most
harmful to the human body. When cadmium ions enter the
human body, cadmium can replace zinc, calcium, and other
elements, which can soften the bones and affect the enzyme
system in the body. In addition, the toxicity of cadmium will
cause “bone pain” in Japan (long-term consumption and
consumption of cadmium-containing foods). Water causes
cadmium accumulation in human body and then causes
kidney damage and osteoporosis.

3. Analysis on Research Progress of MineWater
Treatment Technology

3.1.MineWastewaterRecycling. +e resource utilization of
mine wastewater is put forward on the basis of solving
the two serious problems that plague the coal mine
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industry, namely, severe water shortage in the coal
mine area and environmental pollution by mine
wastewater [8].

According to different mine water properties, the uti-
lization direction of various mine waters is determined.
Ensure that the mine water discharge obtained after the final
treatment will not pollute the environment; reduce the
discharge of COD, suspended solids, and other pollutants in
the water; and reduce the impact on the nearby waters.

At present, domestic and foreign mine wastewater has
the following uses: coal preparation, hydraulic trans-
portation, water mining, and hydraulic filling; boiler,
cooling, dust removal; the water extracted from the drainage
borehole can be used for drinking purposes; mine waste-
water can be used as a heat pump to regulate the indoor
temperature of the building.

In China, the overall utilization rate of mine water is
still low, with an average of only 22%. China’s conscious
comprehensive utilization of mine water is late, and the
comprehensive utilization rate is only about 15%. How-
ever, with the increasing shortage of mineral water re-
sources, many areas of the mining area have carried out
various degrees of comprehensive utilization work, of
which the most important is the use of industrial water,
domestic water, for agricultural irrigation [9]. In addition,
new utilization methods have been developed: On the one
hand, use mine water and power plant waste heat to
achieve office building cooling and air conditioning.
Water source heat pump technology is an emerging en-
ergy-saving air-conditioning technology, which can save
investment and operating costs, save energy, save water,
and reduce the effect of environmental impact. On the
other hand, the underground space should be treated and
utilized. Mine water resources can be brought into the
urban water resources management planning, and unified
management can be implemented.

3.2.MineWater Treatment Technology. For coal mine water,
the most common treatment processes in China are coag-
ulation, precipitation, filtration, adsorption, reverse osmosis,
and so on. For different kinds of mine water, the treatment
technology is different, and it must be treated in a targeted

manner. Combined with the pollution characteristics of
mine water, the treatment technology of mine water is
shown in Table 1.

3.3. Dredging Water. In some large coal mines, the spatial
distribution of the drain water is uneven, and in areas where
the drain water is abundant, in addition to being used by
itself, it will cause waste of water resources; but in an area
with water shortage, no water can be used. Coal mine
drainage water will lead to deterioration of water quality
after the runoff mining area, which makes the water quality
of mine drainage water more complicated and changeable,
with high hardness and high content of iron, aluminum, and
manganese. Drained water must be discharged in accor-
dance with the requirements of the effluent water quality.
After treatment, it should meet the discharge (reuse) water
quality standards, that is, the concentration of suspended
matter in the raw water needs to be reduced to below 50mg/
L [10].

+e main technological processes for the treatment of
dry water are coagulation, precipitation, air floatation,
filtration, and disinfection. +e process uses lime milk
plus soda ash to efficiently remove iron, aluminum, cal-
cium, manganese, and other metal elements in the water,
and uses the high sulfate in the raw water to remove the
calcium element while removing sulfate and reducing the
amount of soda ash. +e drained water can be discharged
into the pavement pool directly through the pipeline
pump, which can be directly recycled for production and
mining.

3.4. Water in the Goaf. In the process of roadway devel-
opment, excavation, and construction, the water in the goaf
passes through the water flowing fracture zone and carries
on the roadway under the action of hydrostatic pressure,
resulting in mine water disaster accidents.

For the study of water accumulation in the goaf, engi-
neering technology is required to discharge the water ac-
cumulation in the goaf, mainly through the following
methods: field survey; working face; water hole layout;

(a) (b)

Figure 1: Schematic diagram of mine water pollution. (a) Acid mine wastewater. (b) Excessive heavy metal mine water.
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analysis calculation; numerical simulation; and comparative
analysis method.

Technical route adopted:

① Collect geological and hydrological characteristics,
mining conditions, and other relevant data in the study
area.
② Perform statistical analysis on the collected data,
mainly including the water layer, groundwater hy-
draulic connection, and stratum.
③ Analyze the influencing factors of water accumu-
lation in the mined-out area, and calculate the devel-
opment height of the cracked zone in the mined-out
area.
④ Based on actual data, establish a hydrogeological
model of the study area, and identify and verify the
reliability of the model.
⑤ Use the big well method and numerical simulation
method to predict the water accumulation speed of the
goaf.
⑥ Prediction of the water accumulation space, water
accumulation amount and water accumulation time of
the goaf in different working faces.

3.5. Suspended Mine Water. Mine water with suspended
solids contains more coal powder, rock powder, and clay in
the water, which makes the mine water appear black, but the
hardness and salinity are not high. Suspended matter mine
water needs to choose different purification treatment
methods according to the characteristics of the suspended
matter.

+e most basic treatment processes for this type of mine
water are coagulation, precipitation, filtration, disinfection,
and sterilization [11].

Coagulation is the most critical process for removing
suspended solids from mine water. In the water treatment
process, whether it is for the entire clarification process,
pretreatment before biochemical treatment, or in-depth
treatment after biochemical treatment, coagulation tech-
nology is a necessary procedure. Coagulation includes two
processes: coagulation and flocculation. Coagulation refers
to the action of colloidal particles and flocculants in water
to neutralize and compress the electric double layer, to
destabilize coagulation, and then aggregate into primary
micro-flocculants. Large and dense settlement flocs are
formed [12].

+e removal effect of suspended matter is affected by
factors such as the choice of coagulant, the dosage of co-
agulant, and the conditions of coagulation reaction. +e
effects of the three coagulants, PAC, FeCL3, and Al2(SO4)3 ,
on mine water turbidity and SS removal rate were investi-
gated, respectively. Turbidity and SS removal rate changes
are shown in Figure 2. For the purification of suspended
mine water, the most commonly used is aluminum salt or
iron salt coagulant. At present, the most widely used and
effective coagulant for removing suspended solids in mine
water is PAC (Polyaluminum Chloride), and some will
choose polyaluminum iron. +e flocculant is polyacryl-
amide. PAC is an inorganic polymer type. It has strong
adaptability to changes in pH and water temperature, and its
turbidity removal rate is also very efficient. However, it is
expensive and has certain toxicity. It is rarely used for
treating mine water to convert to drinking water.

Q. Wu has studied the mine water containing suspended
solids by coagulation-microfiltration membrane separation
technology, and investigated the influence of the change of
microfiltration membrane operating characteristics on the
membrane filtration performance and the treatment effect of
this process on mine water containing suspended solids, and
carried out technical and economic analysis [13].

L. Zhao has determined the optimal physical and
chemical treatment process by combining the site conditions
and water requirements of the Gequanmine water treatment
project, that is, the “high-efficiency clarification plus gravity
valveless filter” combined process, wherein traditional hy-
draulic cycle clarification tanks and gravity valveless filter
tanks have been improved to make the operation more
suitable for the purification treatment of the mine
wastewater.

+e problems of traditional clarifiers are pointed out: the
water production capacity is small, the adaptation water
quantity and the water quality change are poor, the external
discharge of the sludge is difficult to control, and the surface
load of the water outlet is uneven, resulting in unstable water
output.

Improvement of high-efficiency clarifier: ① In order to
reduce the energy consumption of the pump, the nozzle
diameter can be increased, thereby reducing the nozzle head
loss. ② +e grid-reinforced reactor was added to the first
reactive type of the hydraulic circulation clarifier, which
strengthened the turbulent disturbance of the water flow,
shortened the reaction time, and strengthened the degree of
reaction.③ Improve the radiant water collecting trough into
an unequal-distance orifice water collecting trough to

Table 1: Mine water treatment technology.

Mine water type Processing technology
Suspended mine water Coagulation-precipitation-filtration-disinfection

Acid mine water Neutralization method, anoxic limestone ditch, permeable reaction wall, constructed wetland,
sulfate-reducing bacteria reactor, continuous alkali production system

High-salinity mine water Chemical desalination, distillation, membrane separation
Heavy metal mine water Precipitation method, adsorption method, membrane separation method
Fluoride-containing mine water Electrodialysis, ion exchange, chemical precipitation
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improve the uniformity of the surface load. ④ In order to
solve the problem that sludge cannot be discharged in time,
which will affect the quality of the effluent, the sludge
discharge system of the clarifier was renovated, and the
sludge discharge time was timely, accurate, and good.

+e improved clarifier is more adaptable to changes in
water quantity and water quality, and the operating cost of
treatment facilities is reduced to keep the effluent stable.

Problems with the traditional gravity valveless filter: the
requirements for civil construction are increased; the
“turning plate” in the filter plate of the water distribution
system will affect the normal filtration; and the backwashing
is frequent or does not automatically backwash for a long-
time problem.

+e improvement of the traditional gravity valveless
filter:①+e transformation of the water inlet pipe can solve
the problems caused by the abnormal rise of the water level,
the uniformity of the water distribution in the filter chamber
is improved, and the local surface filter material collapse
caused by the impact of water flow is reduced.②+e steam-
water separation device is installed on the U-shaped pipe,
which can solve the problems of frequent backwashing. ③
Reform the setting method of the siphon auxiliary pipe to
form a siphon backwash to reduce the loss of raw water.

+e standard gravity valveless filter can basically meet all
the requirements, but for different raw water quality and
different purification processes, it is feasible to make some
modifications to it.

3.6. High Salinity Mine Water. +e pollutants of mine water
with high salinity mainly include coal-based suspended solids,
soluble total solids, sulfate, and chloride. +e overall hardness
is relatively high, and the content of pollutants exceeds the
standard. +e water quality of this mine water is very poor.

High-salinity mine water has three characteristics: +e
particle size of suspended particles is large in span, small in
density, and unsuitable for settlement; the content of sus-
pended matter is relatively unstable. +e carbon molecules
in the coal powder in mine water have organic reducibility,
which causes the mine water to be contained. It will be
removed along with the removal of suspended matter, so
generally no biochemical treatment is required.

+e direct discharge of mine water with high salinity will
cause waste of water resources, soil salinization, and vegetation
wilting, so desalination treatment is more necessary [14]. +e
purification treatment technology for the purpose of removing
suspended solids and the advanced treatment technology for
the purpose of desalination are used to realize the reuse of
high-salinity mine water. +e treatment process usually in-
cludes pretreatment and advanced desalination treatment.

Due to the high content of suspended matter, pulverized
coal, and colloidal particles in mine water, it will gradually
block the permeable membrane, reducing the permeation
efficiency, and the service life of the membrane using co-
agulation precipitation technology.

For the desalination of mine water, the current com-
monly used methods for desalination include chemical
methods, membrane separation methods, and distillation
methods.

3.6.1. Chemical Methods. +e ion exchange method is the
main method of chemical desalination. Anion and cation
exchangers are used to remove ions in water to reduce the
salt content of water. +is method is more economical for
water with salt content of less than 500mg/L and can be used
as a further desalination step after high-salinity mine water is
treated by membrane separation. +e demonstration of ion
exchange principle is shown in Figure 3.

30

40

50

60

70

80

90

100

Tu
rb

id
ity

 re
m

ov
al

 ra
te

 (%
)

50 100 150 200 2500
Coagulant dosage (mg/L)

PAC
FeCl3
Al2 (SO4)3

(a)

0 50 100 150 200 250
Coagulant dosage (mg/L)

30

40

50

60

70

80

90

100

SS
 re

m
ov

al
 ra

te
 (%

)

PAC
FeCl3
Al2 (SO4)3

(b)

Figure 2: Influence of coagulant dosage on turbidity, SS removal rate. (a) Influence of coagulant dosage on turbidity removal. (b) Influence
of coagulant dosage on SS.
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3.6.2. Membrane Separation Method. Membrane separation
method uses selective permeable membrane as the separa-
tion medium. When there is a certain driving force (such as
pressure difference, concentration difference, potential dif-
ference) on both sides of the membrane, the solvent will be
separated from the solute or particles. +e most common
techniques of membrane separation are reverse osmosis and
electrodialysis.

+e membrane separation method has the advantages of
high efficiency, low energy consumption, simple device,
wide application, and easy operation. Membrane water
treatment has the characteristics of strong adaptability, small
footprint, high efficiency, and simple and economical op-
eration. However, the biggest disadvantage of membrane
separation is membrane fouling. In order to prevent
membrane fouling, the inlet water quality of these two
technologies must meet strict requirements, so the inlet
water must be pretreated. +e general pretreatment process
is coagulation, precipitation, filtration, adsorption, and
disinfection.

① Reverse osmosis
Reverse osmosis RO technology was applied in foreign
aerospace technology research in the 1950s and 1960s,
and it was actually applied in China in the early 1980s.
Reverse osmosis technology is a membrane separation
technology powered by pressure difference. It can
remove various impurities including ions, molecules,
organic matter, colloids, bacteria, viruses, and other
water. +is new technology is suitable for water
treatment with salt content more than 4000mg/L.
+e basic process flow of reverse osmosis treatment is
shown in Figure 4.

C. R. Wang has studied mine water in the Xuzhuang
Coal Mine after pretreatment of de-suspension, and
then through multimedia filtration and activated car-
bon filtration pretreatment process and reverse osmosis
desalination treatment process to achieve high-salinity
mine water reuse [15].
C. Tang has used magnetic separation and D-type filter
technology to remove suspended solids, ultrafiltration
equipment was used to further remove colloids and
suspended solids, and reverse osmosis and nano-
filtration equipment were used for desalination to
achieve the mine water treatment effect [16].
② Electrodialysis
+e process flow diagram of electrodialysis device is
shown in Figure 5.+e electrodialysis method ED refers
to a method for separating water and impurities using
electrical energy. +ere are two basic conditions for salt
removal by electrodialysis: one is the chargeability of
ions; the other is that the ion exchange membrane has
selective permeability.
+e electrodialysis desalination method does not re-
quire the addition of any chemical agents, the equip-
ment is simple, and the assembly and operation are
convenient. However, this technology also has some
disadvantages in certain aspects, such as: high-water
quality requirements; high power consumption,
membrane surface is prone to fouling, and membrane
life is short; the electrodialysis module is made of plastic
material, which is easy to be aged, resulting in the
increase of maintenance cost; the water quality and
quantity of water in the electrodialysis process can
affect the current and voltage during the operation.+e
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Figure 3: Schematic diagram of ion exchange.
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desalination process is unstable and is prone to per-
formance degradation.

Cui et al. jointly treated mine water through the co-
agulation-electrodialysis method, so that the treated
mine water met the drinking water quality require-
ments. +e best coagulant, the best voltage, and time of
ion removal are determined, and the energy con-
sumption is minimized [17].

③ Distillation
Distillation is an effective method of using thermal
treatment of brine to achieve desalination [18].+e heat
energy consumed by this method is very large, which is
suitable for the treatment of mine water with a salt
content exceeding 3000mg/L.
Due to the high energy consumption of the distillation
method, the popularization and application of this
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Figure 4: Reverse osmosis process.
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Figure 5: Process flow diagram of electrodialysis device.
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method has also been hindered. But, it has its own
unique advantages: it does not require any chemicals or
ion separation membranes; the range of salt content in
the treatment of mine water is very wide; the water
quality of the incoming water is not high; this method
produces distilled water and the rate of desalination is
relatively high.

3.7. Acid Mine Water

3.7.1. Formation of Acid Mine Water. To analyze and
process the acid mine water, we first need to understand the
formation of coal mine acid water: in coal operations; the
mining process will destroy the original reduction envi-
ronment of the coal seam, and the pyrite in the coal seam and
its surrounding rocks is oxidized to reduce under the action
of oxygen. In the form of sulfides, groundwater is in contact
with the top and bottom of the coal seam, which oxidizes the
sulfides into sulfuric acid, which makes the water acidic.
However, the formation of acid mine water is a complicated
process, which is related to many factors, such as chemistry,
physics and biology. +e main reactions are as follows:

(1) First, pyrite ore reacts with mine water to generate
sulfuric acid and ferrous sulfate.

2FeS2 + 7O2 + 2H2O � 2FeSO4 + 2H2SO4. (1)

(2) +e ferrous sulfate continues to react to form ferric
sulfate and other metal sulfates.

4FeS2 + 15O2 + 2H2O � 2Fe2 SO4( 􏼁3 + 2H2SO4,

4FeSO4 + 2H2SO4 + O2 � 2Fe2 SO4( 􏼁3 + 2H2O.

(2)

+e produced high-iron sulfate has the function of
dissolving various sulfide minerals.

2Fe2 SO2( 􏼁3 + 2MS + 2H2O + 3O2

� 2MSO4 + 4FeSO4 + 2H2SO4.
(3)

(3) Hydrolysis reaction. +e high-speed sulfate pro-
duced in the second step will undergo a hydrolysis
reaction when the pH value of the aqueous solution
is greater than 3.5.

Fe2 SO4( 􏼁3 + 6H2O � 2Fe(OH)3 + 3H2SO4. (4)

(4) +e role of microorganisms in the formation of acidic
water in sulfide ores: Some research data indicate that
microorganisms play a very important role in the
oxidation process of sulfide ore deposits. +iobacillus
ferro oxidants can transform iron, zinc, copper, ar-
senic, and nickel Such sulfide minerals are oxidized to
produce sulfuric acid and sulfate. For the typical
mineral FeS2 that produces acidic water, microor-
ganisms play an extreme role in its oxidation process,
making its natural oxidation rate slower [19].

3.7.2. Source and End Treatment of Acid Mine Water.
For acid mine water, the treatment is mainly meant to
control the water source, but in practical applications, the
treatment effect is more affected by the outside world.

In the application of the mine environment, there are
many difficulties in the control of the source, so the end
treatment of acid mine water has been studied more ex-
tensively [20]. AMD source and end-processing technology
is shown in Figures 6 and 7.

①Neutralization method: the neutralization method is
the most widely used treatment technology for acid
mine water. Neutralizing agents are added to acidic
wastewater to increase the pH of the wastewater. Under
alkaline conditions, metal ions generate hydroxide
precipitates and are removed from the wastewater.
Commonly used neutralizing agents are lime, lime-
stone, sodium carbonate, sodium hydroxide, etc.
Ding and Ding have used the limestone-lime milk, two-
stage neutralization method to treat mine acid waste-
water. In Suichang Gold Mine, the amount of sediment
produced by this method is only one third of that
produced by lime milk neutralization method, which
reduces the overall processing cost [21].
② Anoxic limestone ditch: anoxic limestone ditch is a
process in which acid mine water flows through the
limestone gully to dissolve limestone continuously,
thereby generating alkalinity. +erefore, the method is
particularly economical and has been widely used
abroad [22]. ALDs are very effective for the neutrali-
zation of acidic water; when using this method, com-
bined with other passive methods, it can greatly
improve the efficiency of wastewater treatment and
reduce the area of the treatment facility.
Genty et al. have used batch reaction and reaction
column methods to study ALDs. +e results show that
the smaller the particle size, the higher the alkali
production capacity, but ALDs are not suitable for the
treatment of high-concentration acid mine wastewater
[23].
③ Permeable reaction wall: the principle of permeable
reaction wall combined with microbial remediation is
used for acid mine water treatment [24].+e permeable
reaction wall is obtained by digging a ditch in the
direction of mine water flow and filling the ditch with
active materials (such as organic solid mixture, lime-
stone, or gravel). In the reaction wall, reducing mi-
croorganisms produce alkalinity after growing, and at
the same time, the alkalinity generated by the disso-
lution acts on the wastewater together, removing metal
ions as hydroxides, sulfates.
④ Constructed wetland: the wetland system is very
distinctive and unique. It contains the soil and substrate
of the wetland, unique hydrological conditions, and
wetland organisms [25]. Among them, the soil-plants
first intercept the suspended matter in the acid mine
water by adsorption and filtration. +e metal ions
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deposited in the wetland system are removed from the
water by ion exchange, oxidation, hydrolysis, and
microbial action.
Constructed wetland is a new type of ecological sewage
treatment technology, which has the characteristics of
low investment, low energy consumption, simple op-
eration and maintenance, and high treatment efficiency
[26].
⑤ Sulfate-reducing bacteria reactor (SRB): SRB is an
emerging acid mine water biological treatment
technology. In this technology, in a sufficient envi-
ronment, organic matter acts as an electron donor for
SRB, and as an electron acceptor, oxidizes the organic
matter, and obtains the energy required for life
through the alienation of the organic matter, while
reducing it.

Sanchez has used domestic sewage as an SRB carbon
source to mix with acid mine water for treatment [27].
Liu has made a pilot-scale UASB sulfate-reducing
bacteria bioreactor at the Zijinshan Copper Mine to
treat mine wastewater. +e project includes a two-stage
sedimentation tank and a UASB reactor. +e carbon
source comes from activated sludge after sewage
treatment [28].

⑥ Continuous alkali production system: the contin-
uous alkali production system can continuously pro-
duce alkalinity during the flow of acid mine water.
Because the process is in an anaerobic environment, it
will not produce hydroxide precipitation on the
limestone surface and affect the alkali production
process. It combines the characteristics of anaerobic
constructed wetland method, sulfate-reducing bacteria
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method, and anoxic limestone ditch method, and also
solves the defects of these methods when used alone.
Chen and others have used calcined carbonate rock in
the continuous alkali production system, which failed
to demonstrate the superiority of the shake flask
experiment. +e acid mine water treatment capacity
was only slightly higher than that of the original rock.
+e complete set of treatment technology based on the
continuous alkali production system can remove the
sulfate and metal ions in acid mine water, step by step.
It has a stable and lasting treatment effect. It is suitable
for changing water quality conditions and can be
constructed in the field.

3.8. Specially Contaminated Mine Water. Mine water with
special pollutants refers to mine water with fluoride and
heavy metal toxic substances. Such mine water is more
polluted and difficult to handle. Arbitrary discharge will
destroy the ecological environment and affect the utilization
of mine water resources.

3.8.1. Fluoride-Containing Mine Water. China’s Hebei,
Henan, Shaanxi, Gansu, Qinghai, Xinjiang, and other places
are high-fluorine areas. If the fluorine-containing water in
the mining area is discharged without treatment, human and
livestock drinking this high-fluorine water for a long time
will cause chronic poisoning. Osteoporosis in mild cases,
convulsions and cramps in severe cases, and even death from
respiratory paralysis can also cause various skin diseases.

When groundwater flows through a mine rich in fluo-
rine, after years of physical and chemical action, the solid
state of the fluorine mountain migrates into the mine water,
resulting in high fluoride in the coal mine water [29].

Because fluoride is a toxicological index, the water
quality of the effluent is relatively strict. Commonly used
defluorination processes include electrodialysis, ion ex-
change, chemical precipitation, etc.

(1) Electrodialysis method: this method relies on F- in
aqueous solution under the action of an external
electric field, through an ion-exchange membrane
with selective permeability, so that F- that migrates
together with mineral ions in aqueous solution to
concentrated water was removed.+emain advantage
of this method is its simple operation. +e disad-
vantages are as follows: ① while removing F-, the
minerals that are beneficial to the human body in the
water are removed,making the treated water often not
suitable for direct drinking; ② when the fluorine
content is higher than 3mg/L, it is difficult to remove
F- at one time to meet drinking water standards; ③
equipment investment is large, not suitable for large-
scale water treatment projects; ④ water yield is low,
generally only 50%, and water resources are wasted;
⑤ equipment management is complicated and cost is
high. In view of the above reasons, the F- method of
electrodialysis is rarely used in actual water treatment
projects.

(2) Ion exchange method: this method relies on the ion-
exchanger and F-adsorption exchange function in
water to facilitate the removal of insoluble fluorides.
+is method, especially represented by activated
alumina, is currently widely used in small domestic
F-removal devices. +e main advantage of this
method is that the treated water meets the standard
once, without changing the mineral composition of
the water. +e problems are as follows:① large one-
time investment and high water treatment cost; ②
inorganic ion exchanger declines rapidly, and the
exchange capacity is significantly reduced; ③ inor-
ganic ion exchanger needs to be regenerated re-
peatedly, and the operation is troublesome.

(3) Chemical precipitation method: It is to add a certain
amount of cation and F- into the aqueous solution to
form an insoluble electrolyte, which produces a
precipitate and is separated from water to remove F-.
+is method is mainly used in the treatment of some
industrial wastewater with high content of F-
(20–4000mg/l). Because the solubility of CaF2 is
16mg/L, even if an excessive amount of Ca2+ is added,
the residual amount of F- in its aqueous solution is
difficult to be lower than 8mg/L, so this method is not
suitable for drinking water treatment with low F-.

3.8.2. Heavy Metal Pollution Mine Water. At present, the
development and mining activities of mineral resources
containing heavy metals have increased sharply, which has
led to the production of large amounts of heavy metal
wastewater in nonferrous metal mine mining and benefi-
ciation operations, causing serious environmental pollution
problems. Most nonferrous metal mines contain sulfur or
symbiotic sulfides, such as pyrite, chalcopyrite, and other
minerals. +e sulfide in nature undergoes the comprehen-
sive reaction of oxidation, weathering, decomposition, and
water-gas-acid-mineral reaction, and can form acidic
wastewater unique to mines. Most metal sulfide beds contain
iron sulfide ore. +e process of formation of acidic waste-
water in mines is the oxidation of iron sulfide.+e formation
of acidic wastewater containingmultiple metal ions is caused
by the further reaction of sulfuric acid, ferric sulfate, etc.,
formed by the oxidation of iron sulfide with ores containing
various metal ions.

Under the action of water and air, sulfide minerals react
to form sulfuric acid, which eventually generates mine acidic
heavymetal wastewater containing iron and other metal ions
[30]. Because most nonferrous metals and ores contain
associated elements, and the heavy metal components
contained in the wastewater of nonferrous metal mines are
relatively complex, elements such as mercury, arsenic, lead,
cadmium, copper, zinc, and chromium are often present in
general wastewater. Heavy metal ions are difficult to be
degraded by microorganisms and are persistent toxic pol-
lutants. Under the action of microorganisms, some heavy
metals can even be converted into more toxic substances,
such asmetal-organic compounds, which not only affects the
growth and production of animals and plants but also enters
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the human body through bioaccumulation and bio-
magnification of the food chain in the living body and may
eventually damage human health.

Current status of heavy metal wastewater treatment: at
present, there are a variety of treatment technologies for
heavy metal wastewater, but there are three main types of
methods for the treatment of heavy metal ion-containing
wastewater. Heavy metal ions are precipitated and removed,
mainly including neutralization precipitation method, sul-
fide precipitation method, ferrite precipitation method, etc.;
the second type is the physical chemical method, that is,
without changing the chemical conditions of heavy metal
ions, by using physical separation to remove heavy metal
ions in wastewater, there are mainly ion exchange method,
adsorption method, and membrane separation method; the
third type is to use the biological method to remove heavy
metal ions in wastewater, the biological method is to use
microorganisms and certain aquatic plants to absorb heavy
metal ions in water. +e heavy metal ions are adsorbed and
fixed, and gradually accumulated to increase the amount of
adsorption to remove heavy metals from wastewater. +e
main methods include the biological adsorptionmethod and
constructed wetland method.

+e above method has a good treatment effect for heavy
metal ion wastewater with conventional content, but it does
not mean that all are suitable for treating low-concentration
heavy metal ion wastewater. Regarding the water quality
characteristics of nonferrous metal mining well water with
low BOD, low pH, and the coexistence of lead, cadmium,
and arsenic, the content of heavy metals required for ad-
vanced treatment in heavymetal wastewater is relatively low.
+erefore, it is very important to study effective methods for
treating low-concentration heavy metal wastewater.

H. Zhao and F.Q. Li have used the chitosan complex-
ultrafiltration coupling process to treat heavy-metal-sim-
ulated wastewater in nonferrous metal mines. +e main
removal materials were lead ions and cadmium ions. +e
pH value, mass ratio, ionic strength, and other factors were
investigated for the retention of heavy metal ions +e effect
of the rate and membrane flux verified the effect of re-
covering chitosan after acidification-decomplexation [30].

Z. Huang and J.P. Xu have domesticated the tolerance of
SRB heavy metals, and optimized the process conditions of
SRB system, Fe-C system, and SRB/Fe-C system for pro-
cessing heavy metal ions, combined with permeable reaction
bed (PRB) Structural design; the effect and influencing
factors of in-situ treatment of heavy metal ions in acid mine
water were studied [31].

J.X. Chen has introduced the separation mechanism and
simple process technology of ion exchange resin and its
research and application in the treatment of heavy metal
wastewater, and introduced the research and development
and research results of the use of ion exchange resin to treat
heavy metal wastewater in recent years [32].

3.9. New Technology

3.9.1. 5e Medium Membrane Ultrafiltration Membrane
Product Was Successfully Applied to the National Energy
Group’s Large-Scale Mine Dewatering and Reuse Project.
In this project, in the face of the water treated by the co-
agulation plus heavymedium speed sink and V filter process,
Beijing Zhonghuan Membrane Material Technology Co.,
Ltd. (referred to as: Central Ring Film) of the Botian En-
vironmental Group uses thermal ultrafiltration membrane
products, using the ultrafiltration plus reverse osmosis
process to build a mine water reuse project with a scale of
30,000 tons per day in two phases, while achieving envi-
ronmental protection standards, reducing the water con-
sumption rate of industrial output value of enterprises, and
creating an economy for enterprises benefit. +e application
system of mid-ring membrane thermal ultrafiltration
membrane is shown in Figure 8.

According to reports, Botian Environment and user
units have fully demonstrated in the early stage of the
project, and have made careful considerations and project
management from design, process, and parameter selection,
equipment matching, installation implementation, and
commissioning operation, and finally realized the ultrafil-
tration membrane. +e operation of the device and the
whole system is stable, ensuring that the overall water reuse
rate index and the outflow index of the system meet the
requirements, realizing the dewatering and reuse of the
mine.

+e project is expected to reduce nearly 8.5 million tons
of annual emissions, and the treated water can be effectively
used in industrial production and other purposes in general.
+e project will reduce the environmental cost of customers
and promote the sustainable use of water resources.

Membrane products have been successfully applied in
hundreds of cases in more than 20 industries around the
world. With innovative technology and adherence to the
quality of the ingenuity, the Central Membrane is bound to
turn the project into another benchmark project in the field
of deep reuse of mine water.

3.9.2. Harbin 0.5–50m3/h Production Wastewater Treatment
Project. Biochemical Oxygen Demand (BOD) is the amount
of dissolved oxygen consumed by the biochemical processes
performed by microorganisms in decomposing certain
oxidizable substances in water, especially organic sub-
stances, under specified conditions. +e larger the BOD
value, the more pollutants in the water, and the more serious
the pollution. BOD is an environmental monitoringmethod,
suitable for monitoring water pollution.

+e adjustment tank of Harbin 0.5–50m3/h sewage
treatment adopts the aeration method to balance water
quality and water volume, avoiding the precipitation caused
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by aeration and stirring. An anaerobic tank is installed after
the adjustment tank, and the aerobic treatment adopts a two-
stage biological contact oxidation process. Sewage treatment
process is an urban sewage treatment process developed on
the basis of traditional technology.

+e structure includes a tank, filler, water distribution
device, and aeration device.+e working principle is that the
filler is installed in the aeration tank and used as the carrier
of the biofilm. After aeration, the wastewater to be treated
flows through the filler at a certain flow rate. After the
completion of the packing, contact with the biofilm and
work together. Anaerobic biological treatment is a method
of using facultative anaerobes and specific anaerobes to
degrade macromolecular inorganic substances into low-
molecular compounds, and then convert them into methane
and carbon dioxide, to treat inorganic wastewater. It can be
divided into acid digestion. Two stages and alkaline diges-
tion: In the acid digestion stage, exogenous enzymes secreted
by acid-producing bacteria convert macromolecular inor-
ganic substances into complex inorganic acids and alcohols,
aldehydes, ammonia, carbon dioxide, etc. In the alkaline
digestion stage, the metabolites of acid digestion are further
broken down into methane, carbon dioxide, and other bi-
ological gases.

+e advantages of this method are as follows: ① It can
reduce the floor space, the parking lot can be built above the
equipment, and there is no need to build facilities.②+ere
is no impact on the surrounding environment, the amount
of sludge generated is small, and the noise is less than the
standard of the second category.③ It is easy to operate, new
technology, good effect, and long service life.④ Equipment
can be arranged according to the standard, or it can be
specially arranged according to the terrain.

3.9.3. Water Retention Coal Mining. Water retaining coal
mining is a kind of coal mining technology which can keep
aquifer structure stable or water level change in a reasonable
range by controlling rock movement in arid or semi-arid
areas. It is a new coal mining technology to seek the optimal
solution between coal mining capacity and water resources
carrying capacity.

+e premise of coal mining and water conservation is
that there is water and coal, and they needs to be protected. If
there is coal, it is possible to collect it. Water conservation

under coal mining conditions is to protect the environment
and protect the ecology.

In the northern part of Shanxi, there are two ways to
achieve coal mining and water conservation. One is to ra-
tionally select the mining area (mainly in the planning stage
of the mining area) and the second is to adopt reasonable
coal-mining methods and engineering measures (such as
filling mining).

4. Conclusion and Outlook

China is a large mineral resource country. +e exploitation
and utilization of mineral resources is very important, and
the treatment of mine water is vital to the overall envi-
ronment. In general, the most widespread mineral water
pollution is acid mine water, and the most serious pollution
is heavy metal mine water. For different mine waters, it is
necessary to adopt a relatively appropriate method. Each
treatment technology has its advantages, characteristics, and
deficiencies. It is necessary to select the correct process
according to the specific conditions to ensure reasonable
technology and economical energy conservation.

+ere are new technologies, such as “high-efficiency
clarification plus gravity-type valveless filter,” for mine water
containing suspended solids. For high-salinity mine water,
reverse osmosis has been applied more highly. For acid mine
water, the most widely used method is the limestone trench
method, and there are also many emerging treatment
technologies, such as sulfate reduction bacteria reactor. +e
treatment method of fluoride-containing mine water widely
used in China is the ion exchange method, and for heavy
metal mine water, the precipitation method is widely used
due to its mature technology. +e treated mine water can
reduce the malignant impact of the direct discharge of mine
water on the whole environment, and can also reuse the
wastewater to improve the water shortage in the mining area
after production.

+e impact of mine water on the environment has be-
come a hot issue globally. +e formation, prediction, and
control of mine water pollution types and the development
of new technologies are not only the challenges faced by
environmental disciplines in various countries but also the
important problems that must be solved for the sustainable
development of national economy and society.
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Slope failure triggered by soil erosion under rainfall remains one of the most difficult problems in geotechnical engineering. Slope
protection with planting vegetation can be used to reinforce the soil and stabilize the slope, but the early collapse of the planting
soil before the complete growth of plants becomes a major issue for this method. +is paper has proposed a composite soil
treatment and slope protection method using the geocell structures and the wheat straw reinforcement. +e geocell structures
improve the stability of the planting soil and provide a stable and fixed environment for the vegetation, while the wheat straw
reinforces the soil and also increases the fertility. +e authors have performed a total of 9 experiments in this work that are
classified into three groups, i.e., the unsupported slopes, the geocell reinforced, and the geocell and wheat straw composite
reinforced with a consideration of three different rainfall intensities. +e progressive slope failure development during the rainfall
was assessed, as well as the soil erosion, the slope displacement, and the water content. +e results show that the slope failure
increases as the rainfall continues, and the soil degradation increases with the intensity of rainfall. +e soil treatment using geocell
improves the slope stability, but the geocell and wheat straw composite reinforcement has the best erosion control and
slope protection.

1. Introduction

Shallow slope failure refers to a superficial removal of
vegetation cover and topsoil, which is a common problem
typically observed in areas of hilly or mountainous terrain,
engineered road, and embankments. +e shallow slope
failure can be addressed as the shallow landslide and shallow
soil erosion. Shallow landslide occurs when the forces acting
on the downslope exceed the mechanical resistance of the
slope, while erosion may occur under rainfall when the rain
water dislodges soil particles and carries them off a lope,
forming rills and gullies that may eventually trigger land-
slides. Shallow slope failure is a worldwide serious geologic
hazard and causes severe adverse impacts on both natural
environment and human properties. Slope protection with
planting vegetation is commonly used for improving the

slope stability from hydrological and mechanical aspects,
such as removing water from the soil, increasing the co-
hesion of the soil, and anchoring the weak soil to the stable
soil and the surface-mat effect. +e geocell structure com-
bining with the planting vegetation for soil reinforcement
and erosion control is a new type of slope protection and
ecological restoration. +e cellular shade geocell structures
can fix the planting soil (local soil deployed to the bare soil of
the original slope for seeding) onto the slope, which offers a
stable and suitable fostering environment for the plant
growth. +is erosion control method provides a protective
layer for the slope, so that the negative impact of the rainfall
does not reach the slope surface directly, while the roots of
the fully grown plants on the protective layer reach down
beyond the protective layer and further stabilize the slope.
Other advantages such as a short construction period and
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low maintenance charges can also be identified for this
environmentally-friendly and ecologically-friendly method
of slope protection [1–4]. +e disadvantage, on the other
hand, is that the soil for planting vegetation on the surface of
the slope may collapse before the plants start to stabilize the
slope at fully grown. +e collapse of the planting soil occurs
especially at the early stage of construction under a heavy
rainfall. +e failure of the soil reinforcement re-exposes the
original slope to the rainfall, which increases the risk of
landslide. Hence, the early stability of the geocell-reinforced
soil with planting vegetation is the major concern for the
engineers.

+is paper has proposed a composite soil treatment
method for slope protection using the geocell structures and
the wheat straw. +e geocells are buried into the planting
soil, and the wheat straw is mixed with the soil for rein-
forcement at the shallow depth. +e advantages for the
composite treatment are listed as follows: (1) the straw-
reinforced soil presents larger cohesion and internal angles
than the original untreated soil; the shear strength is
therefore enhanced with better performance against the
rainfall erosion; (2) since the shallow soil at the top layer of
the slope is reinforced with the wheat straw, the permeability
of the soil is reduced with less pores existed, which slows
down the penetration of rain water and improves the slope
stability; (3) by mixing the straw with the soil, the weight of
straw gradually decreases as microorganisms grow and
break down the straw.+e decomposition of the wheat straw
increases the fertility by providing nitrogen or other nu-
trients in soil and fosters the growth of vegetation planting
on the slope. +e root system of the plants in return rein-
forces the geocell-reinforced soil, which further improves
the slope stability.

2. Pertinent Literature Review

A number of studies on the geocell-reinforced slopes have
been performed to study the design, construction, and
mechanism of geocell reinforcement. Yang and Wang
proposed a construction technique for reinforcement of
slopes with small inclination using geocells, which was
applied to the loess slope in northwest China [5]. Yan et al.
performed experiments on the reinforcement of different
geocells to the loess slopes and compared the reinforcement
mechanism and erosion control of the geocell structures [6].
Rosen recognized the positive impacts of the geocells on
stabilizing the slopes [7]. Sato and Kojma utilized the
geocells and soil nailing in the embankment reinforcement
to protect the slopes from the frequent heavy rainfall and
earthquake [8]. Arvin et al. investigated the 3D slope stability
reinforced by the geocells using strength reduction method,
with a consideration of the interaction of geocells to the
filling soils [9]. Wesseloo et al. performed the uniaxial
compressive experiment to the geocells with different sizes
and revealed the positive relationship between the strength
of geocell-soil structure and the geocell size [10]. Latha et al.
compared the influence of geocell tensile stiffness, size, and
filling materials to the road embankment reinforcement in
the laboratory and concluded that the reinforced geocells

improve the loading bearing capacity of the embankment
with reduced deformation [11].

+e reinforcement of soil using the wheat straw has long
been recognized in China. +e application of wheat straw
reinforced soil is widely found in construction of soil walls,
soil houses, and embankment [12].+is is because the tensile
strength of the straw and its coupling with the soil improves
the shear strength. +erefore, some researchers have per-
formed studies on the properties of the wheat straw rein-
forced soil. Löbmann et al. believed that the herbaceous
vegetation is faster than the lignose in changing and im-
proving the soil environment [13]. Bouhicha et al. verified
from laboratory tests that the wheat straw reinforcement
reduces the shrinkage of the soil and that the stabilization of
the soil is quicker with better strength [14]. Ashour et al.
found that the straw treatment improves the strength and
ductility of the reinforced soil [15]. Zhang et al. proposed a
rice straw reinforcement method for erosion control and
slope protection [16]. Su et al. discussed the influence of the
interaction of roots with the soil and its impact to the root-
soil mechanical properties [17]. Dias et al. considered the
root penetrated soil as a composite material. An equivalent
cohesion was proposed to the Mohr-Column equation [18].
Hao et al. performed the triaxial shear experiment on the soil
at different reinforcement lengths and ratios [19]. +e mi-
crostructures of the reinforced soil and the original soil
under loading were scanned by CT.+e results show that the
wheat straw reinforcement improves the shear strength and
the resistance to deformation.

Researchers have been mostly focused on the geocell-
reinforced slope or the slope protection with planting
vegetation independently. However, the erosion control
using the composite geocell and vegetation reinforcement
has not been seen in previous works.+e early stability of the
planting vegetation is also widely ignored. +is paper at-
tempts to study stability of the geocell and wheat straw
reinforced slope under different rainfall conditions. +e
paper has four main goals: (1) develop a number of physical
models with no reinforcement, geocell reinforcement, and
the geocell and wheat straw composite reinforcement; (2)
simulate the artificial rainfall at different rainfall intensities
to the physical slopes; (3) obtain progressive development of
slope failures at different reinforcement and rainfall inten-
sities; and (4) assess the impacts of the reinforcement and
rainfall intensity by analysing the soil erosion, slope dis-
placement, and water content.

3. Model Development

3.1. Experimental Design. In this work, the authors have
developed 9 modelling tests in 3 groups with a consideration
of the geocell reinforcement to the slope soil, the wheat straw
reinforcement, and the rainfall intensity. +e slope ratio
(rise/run) is determined as 1 :1.5 for all the models, which is
commonly seen in the studied site, Yinchuan, Ningxia
province. In Group A, the slopes are unsupported and
constructed using the common planting soil from Yinchuan
city. +e slopes in Group B are reinforced with the geocell
structure with a dimension of 370× 370×150mm
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(length×width× height). In Group C, however, the slope
soil is reinforced with the geocell and wheat straw. Table 1
lists the total of 9 models developed in this paper.

+e rainfall intensity is calculated from equation (1) that
has been developed for the Yinchuan city [20, 21]:

q �
242 · (1 + 0.83lgP)

t
0.477 , (1)

where q is the rainstorm intensity in L/(s·ha), (L for litre, s
for second, and ha for hectare); P is the time of duration for
the occurrence of a rainstorm in a; and t is the duration of
the rainfall in min. Based on the rainfall statistics on the
studied site, the time of duration for the occurrence of a
rainstorm is selected as 10 a, and the time of duration of a
rainfall is 5minutes. From equation (1), the rainfall intensity
on the studied site in Yinchuan is calculated as 75mm/h.

+e rainfall intensity in the experiment is based on the
calculated average value from the studied site. For com-
parison, another two rainfall intensities of 50mm/h and
100mm/h are selected to study the influence of rainfall on
the stability of slopes (Table 1). Since the soil erosion of
slopes in the field is a result of rainfalls for years, the duration
of rainfall in the experiment is determined as 30 minutes.

3.2. Model Preparation

3.2.1. Materials and Modelling Rig. +e physical material in
this study for constructing the slopes is the planting soil
extracted from the studied site (Figure 1(a)). +e water
content and the maximum dry density is 12% and 1.7 g/cm3,
respectively. +e geocells are selected to reinforce and sta-
bilize the slope soil in Groups B and C.+e geocell is 370mm
in length and width and 150mm in height, with a thickness
of 1.2mm (Figure 1(b)). +e top 10 cm layer of the con-
structed slopes in Group C is also reinforced with the wheat
straw. +e wheat straw is selected from the current year and
shows good resilience. +e straw is 4–5mm in diameter and
cut to a length of 3–5 cm (Figure 1(c)). +e wet planting soil
and the wheat straw is fully mixed before construction of the
model (Figure 1(d)), and the reinforcement ratio of the slope
soil after the straw treatment is 0.5% in terms of weight.

+e physical models are simulated by filling soil to a
modelling rig with adjustable angles [22, 23]. Figure 2
shows the modelling rig used in this study for simulat-
ing the slope soil treatment using the geocells and wheat
straw. +e modelling rig is 3000mm in length, 1200 in
width, and 500mm in height (Figure 2(a)). A plate is placed
in the centre of the rig, so that two slope models can be
developed in the rig at the same time for direct comparison,
each with a width of 30mm. Two runoff ports are forged at
the front side of the modelling box to collect the rain water
running down from the slope surface. Four smaller ports
are also found at lower section of the front rig for collecting
the penetration of water from the surface. +e angle of the
modelling rig can be easily adjusted by lifting the rear side
of the rig, so that different slope ratios can be modelled.+e
slope ratio for this study is 1 : 1.5. +e forged rig is shown in
Figure 2(b).

3.2.2. Model Construction Procedure. +e model construc-
tion procedures consist of the setup of the drainage system,
the construction of physical slopes, and the adjustment of
slope angle to the designed ratio.

(1) Drainage system at the bottom: before pouring the
slope soil into the modelling rig, the drain board is
placed at the bottom of the box, followed by a thin
layer of geotextile that is permeable. +e drain board
and geotextile are so placed that the penetration of
water can be restored.

(2) Construction of slope: the slope is constructed on the
base soil, which refers to the bare soil of the original
slope before the planting of the vegetation. +ere-
fore, the base soil is first placed evenly on the
drainage system. +e base soil is fully compacted so
that its thickness is less than 10 cm (Figure 3(a)). +e
total thickness of the above slope soil is 40 cm after
compaction. For the unsupported slope in Group A,
the base soil and the slope soil are placed in the
modelling rig layer by layer and compacted to the
designed height. Extra soil is swept from the top to
make sure that the slope surface is flat and has the
same height with the runoff port. For the geocell-
supported slope in Group B, the geocell is placed on
the base soil and is fully extended and fixed using the
U-shaped nails (Figure 3(b)). +e geocell rooms are
then filled with the slope soil (Figure 3(c)) and
compacted to the same height to models in Group
A. To ensure this, same amount of soil is used for all
the models in three groups.+e composite supported
slopes in Group C, however, are extra reinforced
with the wheat straw at the top 10 cm layer using the
mixed soil (Figure 1(d)). +e construction of the
slopes at both sides of the rig is conducted at the
same time.

(3) Slope ratio adjustment: the finished model is given in
Figure 3(d). After the placement of all the measuring
devices, the rear side of the modelling rig is lifted to
the designed slope ratio of 1 :1.5, which is shown in
Figure 3(e).

3.2.3. Rainfall Simulation System. After the construction of
the slopes, the artificial rainfall simulation system is installed
above the models. +e system is designed based on the
previous studies [24, 25] and is shown in Figure 4. +e
system consists of the rotermeter, sprayers, and water flow
switch, which are connected by a number of PPR pipes, two
connectors, and three connectors. +e total 5 sprayers are
uniformly distributed above the centre line of the modelling
rig, so that the entire area of the two slopes can be evenly
covered (Figure 4). +e artificial rainfall system enables a
simulation of rainfall intensity from 10mm/h to 150mm/h.

3.2.4. Measuring System. +is paper considers the devel-
opment of slope failures during the rainfall, the amount of
soil erosion, the slope displacement, and the variation of
water content for the slopes. +e slope failures are captured
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by a camera, and the rest three parameters are recorded by
the measuring system.

3.3. Soil Erosion Measurement. +e finished model after
construction was cured for at least 24 h before the artificial
rainfall to make sure that the water content of the soil keeps
the same at different depth. After the rainfall starts, the rain
water was collected at the ports on the front end of the rig
every 5minutes, so that the mass (mrunoffi) and volume
(Vrunoffi) of the runoff (including rain water and soil) are

obtained. +e mass of the soil erosion is calculated from the
following Equations:

msoili � ρsoilVsoili � ρsoil
mrunoff i

− ρwaterVrunoff i

ρsoil − ρwater
, (2)

msoilaccum � 􏽘
i

1
msoili, (3)

where mrunoffi is the mass of the collected runoff from the
port (including rain water and soil) at each collection, g;

Table 1: Soil reinforcement and rainfall intensity for different models.

Model Slope Soil reinforcement Rainfall intensity (mm/h)
A1

Unsupported slope Planting soil
50

A2 75
A3 100
B1

Geocell-reinforced slope Planting soil, geocell reinforcement
50

B2 75
B3 100
C1

Composite reinforced slope Geocell and wheat straw reinforcement
50

C2 75
C3 100

(a) (b) (c) (d)

Figure 1: Modelling material preparation: (a) planting soil in the field; (b) geocell structures; (c) wheat straw cutting; (d) mixture of straw
with the planting soil.

50
0

3000

600 600

Runoff port
Penetration water

collection port

(a) (b)

Figure 2: Modelling rig for simulating slope soil erosion treatment: (a) schematic; (b) forged rig.
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Vrunoffi is the volume of the collected runoff from the port
(including rain water and soil) at each collection, cm [3];
msoili is the mass of the soil from the ith collected runoff in g;
Vsoili is the volume of the soil from the ith collected runoff in
cm [3]; ρsoil is the density of the slope soil before rainfall
selected as 2.7 g/cm3; ρwater is the density of water, 1 g/cm3;
msoilaccum is the accumulated mass of the soil from total 6
collected runoffs, g; and i is the number of runoff collected
from the port, i� 1, 2, . . .. . ., 6.

3.4. Slope Displacement Measurement. +e displacement of
the slope is measured using the measuring ruler fixed on the
modelling rig. Since the rods move with the displacement of
the slope, a fixed position should be selected for reference to
calibrate the measurement. +erefore, a number of posi-
tioning marking rods were buried into the soil. Figure 5(a)
gives a schematic of the positions of the rods. +e rods on
spots t1-t4 are placed at 1000mm to the rear plate of the rig,
while b1-b4 at 1000mm to the front plate. A marking string
parallel to the rig length direction is used to facilitate the
displacement measurement (Figure 5(b)). +e movement of
the rods measured by the fixed ruler during rainfall rep-
resents the slope displacement at the top and bottom po-
sitions. For instance, the slope displacement at the top

section of the slope is selected as the average value measured
at spots t1 and t2 (Figure 5(c)). +e slope displacement
obtained from the poles was read at every 10 minutes during
the rainfall and at every 15 minutes after the rainfall for 30
minutes.

3.5.Water ContentMeasurement. +e soil moisture content
of the slope was tested using the water content testing device
(type SDI-12) buried into the slope soil during the con-
struction. Two of the devices were used for each slope model.
Both were embedded at the central position of the slope,
with one buried at 10 cm below the surface (N1 and S1 in
Figure 5(a)) and the other at 20 cm depth (N2 and S2). +e
water content data were collected every one minute, from
the beginning of the rainfall to 30–35 minutes after the
experiment ceases. +erefore, the variation of the water
content of the slope at the shallow and deep depth of the soil
was obtained during and after the rainfall.

4. Results and Analysis

4.1. Slope Failure Development. +e progressive develop-
ment of the slope failure is shown in Figure 6. Note that the
unsupported slope was constructed in the right side of the

(a) (b) (c)

(d) (e)

Figure 3: Model construction: (a) compaction of base soil; (b) placement of geocells; (c) fill of slope soil; (d) finished model; (e) finished
model at a slope ratio of 1 :1.5.
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modelling rig, and the left side contains the geocell-rein-
forced one. +e flow of rain water downward the slope
surface is observed after 2 minutes of rainfall for both slopes.
+e runoff starts to scour away the surface soil, and the
failure at the toe of unsupported slope is shown after 5
minutes of rainfall (Figure 6(a)). +e soil degradation
particularly at the lower side of the unsupported slope
continues with the rainfall, but the reinforced slope shows
good integrity (Figure 6(b)). +e area of soil erosion in-
creases on the unsupported slope as the rainfall continues for
another 5–8 minutes, and the soil deterioration at toe is also
observed on the reinforced slope (Figures 6(c) and 6(d)).+e
reappeared geocell indicates the shrink of the inner soil,
which is held in position by the geocell rather than flowing
with the running rain water.+e rainfall further engraves the
surface soil for both slopes and takes away a great amount of
eroded soil (Figures 6(e) and 6(f )). A horizontal crack with a
width of 0.8 cm is shown on the top of the unsupported slope

after 20 minutes of rainfall (Figure 6(e)), and grows to about
3 cm when the rainfall continues for 26 minutes
(Figure 6(f)). +is is mainly due to the differential dis-
placement of the upper layer of soil between the top and
bottom of the unsupported slope, while the cracks are not
seen on the reinforced model.

After 30 minutes of rainfall at the intensity of 100mm/h,
the final characteristics of the three slopes are shown in
Figure 7, including the unsupported slope in Figure 7(a), the
geocell-reinforced slope in Figure 7(b), and the geocell and
wheat straw composite reinforced slope in Figure 7(c).
Apparently, the unsupported slope shows the most damage
to the surface soil. +e previous observed horizontal frac-
tures with a width of 1 cm were scoured by the rainfall and
are now filled with the running mud from the top. +e slope
with geocell reinforcement is relatively better off, but the
upper part of the buried geocell is reappeared under the
rainfall, especially for those installed at the top side of the

100

10
00

10
00

10
00

N1 (N2) S1 (S2)

t1 t2 t3 t4

b1 b2 b3 b4

100

100 100

400

400

15
00

(a) (b) (c)

Figure 5: Placement of measurements: (a) schematic to show positions of marking rods and water content testing devices; (b) marking
string to facilitate the slope displacement measurement; (c) positioning rods.

Figure 4: Rainfall simulation sprayers installed above the model.
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slope. +e deep gullies indicate the loss of soil. By contrast,
the composite reinforced slope shows the least damaged
surface after the rainfall. +is is because the wheat straw
increases the internal friction angle and cohesion of the
planting soil, which limits the soil erosion from the rain-
drops and surface runoff. +e geocell also prevents the
development of horizontal fractures, which slows down the
erosion of the runoff.

4.2.Amount of Soil Erosion. Figure 8 gives the amount of soil
erosion from the three slopes under different rainfall in-
tensities. +e lost soil was collected and recorded by a gauge
every 5minutes during the rainfall. +e soil erosion in-
creases with the rainfall and reaches the largest amount after
30minutes at the cease of rainfall. Under the three rainfall
intensities, the unsupported slope shows the largest amount
of soil erosion, followed by the geocell-supported and the
composited slopes in the descending order. For instance, at
the rainfall intensity of 50mm/h, the largest amount of soil
erosion at the cease of rainfall is 543.1 g for the unsupported
slope, which is significantly reduced to 298.5 g for the
geocell-reinforced slope (a 45% reduction) and only 38.1 g
for the composite reinforced one (a 93% reduction). It is

therefore not unreasonable to conclude that the loss of
eroded soil under rainfall is largely controlled by the erosion
control treatment, especially by the geocell and straw
composite reinforcement.

A dramatic rise in the soil erosion is observed as the
rainfall intensity increases. At the rainfall intensity of
75mm/h, the lost soil from the unsupported slope in-
creases to 9096.9 g. A 72% of reduction is found in the
amount of soil erosion for the geocell treatment slope
(2509.0 g), and an 84% of reduction for the composite
reinforcement (1430.8 g), implying that both the erosion
control treatments work well under a moderate rainfall. At
the rainfall intensity of 100mm/h, however, the amount of
soil erosion for the unsupported and geocell-reinforced
slopes is both raised to an extremely high level at 22452.7 g
and 20928.3 g, respectively. +e composite reinforced slope
sees an 82% of reduction as compared to the unsupported
model, indicating that the geocell and wheat straw com-
posite treatment is more effective in protecting the slope
and preventing the soil erosion especially under a heavy
rainfall.

It is clear that the composite reinforced slope shows the
best stability in terms of soil erosion after the rainfall. +is is
because the reappeared geocell after the washout of the

(a) (b) (c)

(d) (e) (f )

Figure 6: Development of slope erosion during rainfall. Left: geocell-supported slope; right: unsupported slope. (a) 5 min. (b) 7min.
(c) 12 min. (d) 15min. (e) 20min. (f ) 26min.
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(a) (b) (c)

Figure 7: Comparison of slope erosion after rainfall: (a) unsupported slope; (b) geocell-reinforced slope; (c) geocell- and wheat straw-
reinforced slope.

5 10 15 20 25 300
Time (min)

0

100

200

300

400

500

600

A
m

ou
nt

 o
f s

oi
l e

ro
sio

n 
(g

)

Unsupported slope
Geocell-reinforced slope
Composite-reinforced slope

(a)

0

2000

4000

6000

8000

10000

A
m

ou
nt

 o
f s

oi
l e

ro
sio

n 
(g

)

5 10 15 20 25 300
Time (min)

Unsupported slope
Geocell-reinforced slope
Composite-reinforced slope

(b)

Figure 8: Continued.
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surface soil hinders the flow of the rainwater and reduces the
negative impact of the rainfall. +e geocell also protects the
inner soil and prevents the forming of a large-sized gully.
+e wheat straw in the top layer may improve the integrity of
the slope by increasing the shear strength. +e penetration is
also reduced due to the smaller porosity for the straw-
reinforced soil. On the other hand, the scouring of the rain
water down the unsupported slope results in a number of
horizontal fractures and gullies with filled water. +e pen-
etration of rain water into soil also increases the pore
pressure and reduces the shear strength of the soil. +ere-
fore, the unsupported slope is more deteriorated with far
more soil erosion.

4.3. Slope Displacement. +e slope movement for different
models at different rainfall intensities is given in Figure 9.
+e unsupported slope shows the largest displacement,
followed by the geocell-reinforced slope and the geocell and
straw composite reinforced. +e slope displacement in-
creases dramatically during the 30minutes of rainfall. +is
increase slows down after the cease of rainfall. +e slope
stabilizes and shows unnoticeable slippage at 15 minutes
after the rainfall stops. It seems that the bottom of the slope
is more likely to slide, since the lower part of the slope
generally displaces more as compared to the upper part.+is
might be due to the high water content at the bottom section
of the slope: the soil is saturated first at the bottom; the range
of saturated soil then develops upward with the rainfall, with
reduced shear strength.

On the other hand, the slope displacement increases with
the increase of rainfall intensity from 50mm/h to 100mm/h.

Under the rainfall intensity of 100mm/h, the slope dis-
placements stay at a relative high level at more than 12mm
and 7.3mm for the unsupported and geocell-reinforced
slopes, respectively, while the difference in displacement
between the top and bottom is unnoticeable. +e composite
reinforced slopes show a larger difference between the top
and bottom sides, indicating that the reinforcement has a
better control to the top side.

+e bottom slope is more saturated and presents larger
displacement, but the difference in displacement between
the top and bottom of the slope may eventually trigger the
landslide.+is is why horizontal cracks were observed on top
position of the slope. However, the erosion of the slope may
occur from the bottom to top if no reinforcement is pro-
vided. +e reinforcement works well to prevent the slope
movement and increase the stability. +e reinforcement
from the geocell and the straw protects the slope soil from
erosion; the slope surface is therefore more intact with less
displacement.

4.4.Water Content Analysis. +e change of water content in
the slope soil during rainfall is given in Figure 10 for dif-
ferent models. At the beginning of rainfall, the water content
is about 15% for different slopes, and it stays at this level for a
few minutes of rainfall before starting to increase. +e water
content then climbs rapidly until it maximizes at around
40%. Note that the sequence of the sudden increase of water
content on the curve indicates the sequential order of water
reaching the buried sensors in the soil. Generally, during the
increasing stage, the sensors at 10 cm below the slope surface
(see the solid dots) perceive the rainfall before those setting
at 20 cm deep, i.e., the shallow soil shows larger water
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Figure 8: Amount of erosion soil during rainfall: (a) rainfall intensity: 50mm/h; (b) rainfall intensity: 75mm/h; (c) rainfall intensity:
100mm/h.
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content than the deep soil. For the unsupported and geocell-
reinforced slopes, the increases of water moisture start al-
most at the same time, and the rates of water penetration
represented by the slopes of curves are also similar. By
comparison, the water content for the geocell- and straw-
reinforced slope starts to increase only after 13 and 25

minutes at the 10 cm at 20 cm depth, respectively, and
reaches the maximum level 10–20 minutes later than the
other two slopes. +e rate of the increase of water content is
also smaller than the other two slopes, indicating the geocell
and straw reinforcement is more effective in slowing down
the penetration of the rainfall.
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Figure 9: Slope displacement during rainfall: (a) rainfall intensity: 50mm/h; (b) rainfall intensity: 75mm/h; (c) rainfall intensity: 100mm/h.
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5. Summary and Conclusions

Erosion control using planting vegetation for slope pro-
tection requires an adequate early stability of the planting
soil. Otherwise, the collapse of the planting soil leads to the
failure of the protective layer. +is paper has proposed a
composite soil treatmentmethod using the geocell structures
and the wheat straw reinforcement. +e geocell above the
slope provides a relatively stable environment for the growth
of vegetation, and the wheat straw enhances the mechanical
properties of the reinforced soil. +e interaction of the
composite reinforcement mitigates the soil erosion and
improves the slope stability. A total of nine experiments were
performed in the work to assess the failure process of the
slope, soil erosion, slope displacement, and water content
under different support strategies and different rainfall in-
tensities. Important findings of this study are listed as
follows:

(1) +e erosion of the slope soil starts from the bottom of
the soil and increases with the rainfall. Rills and
gullies are formed as the rain water dislodges and
carries soil particles off the lope. After the rainfall, a
few horizontal cracks are observed on top of the
slopes. +is might be a result of the movement of the
bottom soil pulling down the top soil. +e unsup-
ported slope shows the most damage of the soil,
while the geocell and straw composite supported
slope shows the best integrity.

(2) +e soil erosion increases with the intensity of
rainfall, but the slope reinforcement with geocell and

wheat straw significantly reduces the rate and
amount of the eroded soil. +e unsupported slope
shows that greatest amount of soil erosion under
different rainfall intensities, but the geocell-rein-
forced slopes reduce the soil erosion to about
45–70%, and the composite reinforced reduce
80–90%.

(3) +e slope displacement first increases with the
rainfall and then slows down and stabilizes after the
rainfall ceases. +e composite reinforced slope has
the least displacement, which sees a 30% and 60%
reduction on average as compared to the geocell-
reinforced slope and the unsupported one. +e
displacement of the soil at bottom of the slope is
more than that for the top soil. +is discrepancy
leads to the massive horizontal cracks observed at the
top of the slope.

(4) +e water content for different slopes increases from
15% at the beginning of rainfall and maximizes at
40% after the rainfall. +e shallow depth soil has
larger water content than the deep soil. +e com-
posite reinforcement slope shows the least rate of
increase in water content, indicating that the geocell
and wheat straw improve the slope stability by
slowing down the penetration of water into soil.
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Adopting an effective top coal caving method is the key to enhancing coal recovery and reducing gangue content for the fully
mechanized top coal caving working face with extra-thick coal seams. In this study, the movement of coal particles generated
during top coal caving is considered to follow a normal distribution. )en, the caving body and coal-rock settlement along the
working face during the caving process are studied based on both the random media theory and probability theory. Accordingly,
the optimal caving interval and caving sequences are determined, and a novel interval symmetrical coal caving method is
proposed. )e proposed method is systematically verified with results from physical similarity tests, and different caving methods
are assessed by field tests. )e results show the following: (1))e coal-rock settlement and the caving body demonstrate clear axial
symmetrical features along the working face; the size of the caving body increases as the caving height grows and its shape turns
progressively from semicircular to semielliptical with a lower foot of the coal-rock settlement. (2) )e caving interval is derived
using the sum of the radii of the coal-rock settlement curves formed by the two largest caving bodies. (3) )e symmetrical caving
approach provides a symmetrical space for the subsequent movement of the broken top coal, which enables a uniform de-
velopment of the caving body. (4) Compared with the traditional sequential coal caving method with the same number of
supports, the interval symmetrical caving method results in a 21.7% of coal production increase, 17% caving rate promotion, and a
shortened caving time by 23.4%. (5) )e interval symmetrical caving method is found to improve the controllability of the caving
process at the fully mechanized top coal caving working face. In general, this work presents a theoretical approach to select the
optimal caving methods for the fully mechanized caving working face in extra-thick coal seams for an improved production
efficiency of the work face. )e results of this study can also provide theoretical significance and referencing value for quantitative
analyses of the coal caving methods for work faces with similar geological conditions.

1. Introduction

After 40 years of field application and practice, the fully
mechanized top coal caving mining method has become the
mainstream for mining thick and extra-thick coal seams in
China. However, the loss of top coal during the mining process
poses a major challenge for the further development of the
method [1–6]. Larger mining height can lead to higher coal
losses, and the key to reducing coal losses and improving
recovery lies in the selection of a more effective caving method.

To find a caving approach that enables higher coal recovery and
lower gangue content, many studies have analyzed the coal
breaking and moving behavior and the evolution of the caving
body and coal-rock boundary during the caving process. Wu
and Zhang [5] proposed the coal caving ellipsoid theory based
on field measurement and similar simulation experiments. In
their study, the effects of the coal caving angle, coal caving
height, and the distance between the caving and the top coal
breaking line on the development of the strike coal caving
ellipsoid and axial deflection were studied. Using the ellipsoid
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theory, Tian et al. [7] analyzed the relationship between the
theoretical coal caving ellipsoid, the actual caving ellipsoid, and
the loose ellipsoid. A proper caving interval that can adapt to
different top coal thickness was proposed by assuming that the
initial coal-rock boundary is parabolic. Liu et al. [8] numerically
analyzed the relationship between the caving interval and the
coal recovery in a 17m thick coal seam of the Zhungeer Coal
Mine. It was found that a lower mining to caving ratio at twice
the coal cutting can provide sufficient space for loosening the
top coal, which is beneficial for top coal recovery. Wang and
Zhang [9–12] proposed the “BBR” caving theory containing
factors including top coal, recovery rate, and gangue rate, based
on the granular media flow theory. A sectioned caving method
with large intervals was developed, which can expand the coal
caving area, reduce top coal losses between supports, and
increase the overall coal recovery. Huang et al. [13–15] studied
the flow field of coal gangue based on physical similarity tests of
granular media in the strike direction and argued that the coal
caving process is essentially the evolution process of the coal-
rock boundary and the initial top coal boundary. )ey pro-
posed the concept of the caving turning point by performing
excessive top coal caving to improve the overall coal recovery.
Yan et al. [16] studied the relationship between the flowing
behavior of the broken coal and the quadrilateral/triangular
piling patterns formed by the broken gangue and the top coal
behind the support. )ey believed that the coal loss is inversely
proportional to the piling angle of the gangue and is pro-
portional to the distance between the rear scraper conveyor and
the gangue pile.)e coal loss was then quantified and the cause
of residual coal in the goaf during top coal caving was analyzed.
Zhu and Yu [17, 18] conducted physical similarity simulation
tests and found that the tail beam and caving opening of the
support in the inclined direction of the working face can cause
the axial deflection angle of the caving body to decrease with
the increase of the caving height, and the coal gangue boundary
was found to appear at the coal caving opening. )e top coal
recovery rate in the direction of the coal seam was quantita-
tively analyzed using the relationship between the gangue
settlement curve and the area of the caving body. Based on
laboratory and field tests on the flowing behavior of the top coal
using top coal caving method, numerous scholars proposed
theoretical models for the caving process according to the coal
caving, ellipsoid theory, and the granular dynamics. Moreover,
it was found by controlling the caving body and coal-rock
boundary that the top coal recovery can be increased with
reduced coal losses. Liu et al. [19, 20] determined the sequence
of coal caving and the interval time difference based on the
coal-rock boundary line and the theory of inclined straight
lines. In addition, the multiple top coal caving windows syn-
ergetic method with the principle of opening windows at the
same time and closing the window in reverse was proposed.
)e proposed top coal caving method can optimize the coal
gangue boundary to achieve increased top coal recovery by
controlling the caving time of part of the coal caving supports.

In general, existing studies mostly focus on assessing the
top coal recovery along the strike direction of the work face,
whereas studies on top coal recovery along the dip direction
of the work face are still lacking, especially in terms of
selecting the coal caving method in the fully mechanized top

coal caving working face. )e top coal caving method is a
systematic combination of caving sequence and caving
amount, and it possesses a major effect on the top coal
recovery in the working face. )e current selection process
of top coal caving methods is mainly based on physical
similarity simulation and empirical control from field tests.
)erefore, this study aims to propose an effective approach
to select the optimal caving method by quantitative analyses
of the effect of different caving methods on the top coal
recovery along the dip direction of the working face, based
on the granular dynamic theory and stochastic theory.

2. Engineering Background

)e 8222 work face of the Tashan Coal Mine has a buried
depth of 467m, an average thickness of 15m, and a dip angle
between 2 and 5°. )e immediate roof mainly consists of
mudstone and sandy mudstone, and the floor is generally of
mudstone and sandy mudstone. )e method of one cutting
and one caving is adopted in the work face, with a mining
height of 4m, a caving height of 11m, and a mining caving
ratio of 1 : 2.75. )e cutting cycle of the shearer and the
caving interval of the hydraulic support are both 0.8m. )e
ZF15000/27.5/42 four-column low-level coal caving support
is adopted at the working face, with a center distance of
1.75m. )e overall support is divided into 3 sections (5#-
50#, 51#-95#, and 96#-130#) along the direction of the
working face, where single-port, sequential, and multiwheel
caving is adopted in the section with three workers.
According to the field measurements, the top coal recovery
rate of the work face is 78.5%. To control the gangue content
for improved productionmanagement, the top coal caving is
stopped when the gangue appears during caving.

3. Theoretical Analysis of Top Coal Caving Law

During the top coal caving process, the broken top coal
moves to the caving opening under the effect of gravity. )e
movement of a single broken coal is mostly random and
discontinuous. However, by ignoring the effect of mo-
mentary loosening during the movement of the broken top
coal, the bulk movement of the top coal can be considered
continuous, and the entire moving process can be simplified
to the flowing in a continuous medium [21, 22]. As the
movement of the top coal is entirely continuous and locally
discontinuous in the caving process, it is reasonable to study
the flowing of the broken top coal using the randommedium
flow theory [18]. )erefore, the three following basic as-
sumptions are made: (1) )e top coal above the support and
the immediate roof are considered fully broken before
caving. (2) )e broken top coal and the direct roof are
flowing continuously during the caving process. (3) )e
friction coefficient remains unchanged during the caving
process of the broken top coal.

3.1. Analysis Based on the RandomMedia(eory. Both sides
of the broken top coal are subjected to almost the same
external effects along the direction of the working face.
When the coal caving port is opened, the top coal particles
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move under the action of gravity to form a symmetrical
settlement centered at the coal caving port. )e space left
when the top coal particles are released is supplemented by
the upper coal particles. Considering the broken top coals
that have not caved yet as shown in Figure 1, the volumes of
blocks a, b, c, and d are all ΔV, and the friction coefficient
between the coal blocks is the same. When the d block is
released, it is randomly supplemented by the upper a, b, and
c blocks. )e probability of block movement is inversely
proportional to the distance of movement. )erefore, the
filling probabilities of blocks a, b, and c to the vacancies of
block d are 1/4, 1/2, and 1/4, respectively. Similarly, as the
layer increases, the number of participating blocks in the
movement increases, and the effect of each single influencing
factor is trivial on the overall movement of the block, which
approximately obeys a normal distribution [21–23].
According to the central limit theorem, when the number of
block layers involved in the particle movement j is large
enough, the motion probability density function of the
blocks can be given by

p(i, j) �
1
��
πj

􏽰 exp −
i
2

j
􏼠 􏼡, (1)

where (i, j) are the centroid coordinates of the block.
A previous study [18] obtained a more practical prob-

ability density function of the movement of bulk particles by
introducing the granular particle flow parameters based on a
series of physical similarity tests, using the Cartesian co-
ordinate system, and it takes the following form:

p(x, y) �
1

�����

πβy
α

􏽱 exp −
x
2

βy
α􏼠 􏼡, (2)

where α, β are parameters related to the flow properties of
granular particles.

Taking the center of the coal caving opening as the origin
O, a two-dimensional plane coordinate system is established
with the working surface direction in x and the vertical
direction in y, as shown in Figure 2.

Considering the area with a width of Δl and A (x, y) as
the center point as the target section, when opening the coal
caving port, the probability of the caving particles to travel
through the neighborhood section within a unit of time is

P(x, y) � 􏽚 p(x, y)dΔ l. (3)

It can be observed that when Δl⟶0,
P(x, y) � p(x, y)Δl.

When the quantity of discharged coal per unit time is q,
the number of particles passing the neighborhood section is

Q1 � qP(x, y) � qp(x, y)Δl. (4)

Supposing that the falling speed of particles in the
neighboring section is vy, the number of particles passing
through the neighborhood section in unit time is Q2 � Δlvy.
According to the mass conservation with Q1 � Q2, the
following expression can be obtained:

vy � qp(x, y) � −
q

�����

πβy
α

􏽱 exp −
x
2

βy
α􏼠 􏼡. (5)

In the continuous flow field, the inflow and outflow of
the neighborhood section are the same; that is, the flow field
of the incompressible continuous granular particles must
meet

div v
→

�
zvx

zx
+

zvy

zy
� 0. (6)

Combining equations (5) and (6), the particle moving
speed can be obtained through integral calculation as

vy � −
q

�����

πβy
α

􏽱 exp −
x
2

βy
α􏼠 􏼡,

x �
αβqy

α− 1

2
��
π

√ ����

βy
α3

􏽱 exp −
x
2

βy
α􏼠 􏼡.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(7)

For any particle B (x0, y0) of the top coal at the y0 layer,
the tangent of its moving path is along the velocity direction
with dx/dy � vx/vy. From equation (7), one can obtain

dy

dx
�
2y

αx
. (8)

Integrating both sides of equation (8), the moving path
of granular particles obeys

x
2

y
α �

x
2
0

y
α
0
. (9)

During the downward movement of the particle, the
velocity field determines the change of the displacement
field. )e tangential direction of the movement path of the
particle at any point is collinear with the velocity direction;
that is, ]y � (dy/dx). Combining equations (7) and (9), we
obtain

dy

dx
� −

q
�����

πβy
α

􏽱 exp −
x
2
0

βy
α
0

􏼠 􏼡. (10)

By integrating equation (10), it can be found that when
the particle B (x0, y0) moves to the pointN (x, y), the amount
of top coal discharged from the caving port is

Q �
2

���
πβ

􏽰

α + 2
y
α+2/2
0 − y

α+2/2
􏼐 􏼑exp

x
2
0

βy
α
0

􏼠 􏼡. (11)

Combining equations (9) and (11), the sedimentation
motion trajectory equation of the top coal particles at the y0
layer can be expressed by the following equation:

x
2

� βy
α ln

(α + 2)Q

2
���
πβ

􏽰
y
α+2/2
0 − y

α+2/2
􏼐 􏼑

⎡⎢⎢⎣ ⎤⎥⎥⎦. (12)

Since the settlement path of the top coal is symmetrical,
the lowest point of the settlement curve of the upper broken
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particles must be on the y-axis when the coal caving port is
opened. Supposing that the lowest point is P (0, ymin) and
substituting it into equation (12), the lowest point of the
sedimentation curve of broken particles in the y0 layer is
obtained as

ymin � y
α+2/2
0 −

(α + 2)

2
���
πβ

􏽰 Q􏼢 􏼣

α+2/2

. (13)

Supposing that the thickness of the coal seam is H, the
top coal is released when the top coal particles of layer H
reach the coal caving opening for the first time, that is, when
the particle (0, H) reaches the coal caving opening. As the
coal caving continues, mixed gangue will appear. According
to the principle of closing the door, when the gangue occurs
during the top coal caving process and when the particle (0,
H) reaches the lowest coal caving opening, the caving
opening is closed, and the coal caving process is terminated.
)e amounts of pure coal released are

QH �
2

���
πβ

􏽰

(α + 2)
H

α+2/2
. (14)

From equations (11) and (14), the coal-rock settlement
curve at a height of H is

x
2

� βy
α ln

H
α+2/2

H
α+2/2

− y
α+2/2. (15)

)e amounts of coal and rock particles released from the
caving port are equal to the number of particles contained in
the released body during the release process. When the
caving heightH is obtained from equations (10) and (14), the
caving particle body equation can be expressed by

x
2

�
α + 2
2

βy
α ln

H

y
. (16)

3.2. Selection of the Coal Caving Method at theWorking Face.
An effective coal caving method is beneficial to increasing
the coal recovery rate, reducing the gangue rate, and im-
proving the production efficiency of the working face. )e
key to selecting the optimal coal caving method is to de-
termine a reasonable coal caving interval and caving
sequence.

3.2.1. Patterns of the Caving Body and Evolution of the Coal-
Rock Boundary. To determine the coal-rock settlement
curve and the theoretical patterns of the top coal caving body
during the caving process, the parameters α, β related to the
flow properties of the granular caving body should be first
calculated. Taking the 8222 working face of the Tashan Coal
Mine as the engineering background, from the results of the
physical similarity simulation and the curve fitting of the
discharged body, the coal seammining ratio is found to be 1 :
2.75, with a � 1.3 and β � 0.3. From the working conditions
of the 8222 working face and according to the above the-
oretical formulas (15) and (16), the coal-rock settlement
curves and the evolution of the caving body with the increase

of the caving volume adopting the single-port caving are
plotted using Matlab, as shown in Figure 3.

It can be seen from Figure 3 that the top coal particles
move towards the caving opening under the action of
gravity. With the increase of the discharged top coal, the
slope of the settlement curve increases and rapidly ap-
proaches the centerline of the coal caving opening, with the
foot of the curve decreasing along the axis. Moreover, as the
coal caving height increases, the eccentricity e gradually
decreases and the shape of the discharged body gradually
changes from circular to elliptical, which differs from the
traditional ellipsoid theory. )e change of the geometry of
the discharged body during the caving process is shown in
Table 1.

When the coal caving height reaches 14.5m, the end-
point of the top coal settlement curve reaches the coal caving
opening, whereas the gangue reaches the critical mixing
surface. As the coal caving continues, the end of the coal
caving funnel damage and mixed gangue will occur. When
the coal caving height is 15m, the settlement curve of the
fractured top coal develops outwards from the center of the
caving opening, and the caving body exceeds the horizontal
coal-rock boundary, resulting in an increased amount of
mixed gangue.

3.2.2. Determination of the Coal Caving Interval. As dis-
cussed, the shape of the caving body changes from circular to
elliptical with the increase of the amount of discharged coal,
although it is always symmetrical with respect to the axis.
)e geometry of the discharged body is mainly controlled by
the coal-rock settlement curve on both sides. A more de-
veloped caving body leads to a greater amount of top coal
released, and the symmetrical coal-rock settlement curve can
contribute to the full development of the top coal discharge.
)erefore, by setting a reasonable coal caving interval and
caving sequence, the coal-rock settlement curve can be
controlled to ensure the integrity of the caving body and to
maximize the amount of caved coal during the interval. )e
end of the coal caving interval is effectively the boundary of
the coal and rock settlement curve after the previous caving.
)erefore, the maximum amount of caved coal is observed at
the two ends of the interval, and the maximum coal caving
interval is determined by the distance between the settle-
ment curves of two completely caved bodies. For the rea-
sonable coal caving interval L, it contains n (n≥ 2) supports,
and the following expression can be obtained:

n �
L

lf
�

2X

lf
􏼢 􏼣, (17)

where lf is the width of the coal caving opening, and we use
lf � 1.75m in this study.

Combining equations (15) and (17), the number of
supports in the interval is

n �
2

�����������������������

βy
α lnH

α+2/2/Hα+2/2
− y

α+2/2
􏽱

lf
. (18)
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3.2.3. Coal Caving Sequences within Each Interval. To ensure
a symmetric space for coal caving, the first step is to open the
coal caving openings 1# and n# at both ends of the caving
interval until the gangue appears. )e same coal-rock set-
tlement curves are formed above the two coal caving
openings, which are symmetrical atm# and tangential to the
horizontal coal-rock boundary. As shown in Figure 4(a), an
inverted bowl-shaped coal body (shaded area with red
boundaries) occurs between the two coal caving openings,
surrounded by the coal-rock boundary and the floor. )en,
the next step is to turn on the coal caving opening m# until
the gangue appears, which forms a pure coal body similar to
that at the end, as shown in the area with magenta
boundaries in Figure 4(a). Within the interval, a symmetric
solid coal area (surrounded by the coal-rock subsidence
curve) is formed again, as shown in the shaded area in
Figure 4(b). Due to the symmetry of the entire coal caving
space, a symmetrical coal caving space will be formed again
when the caving openings m−t and m+ t are opened in the
interval, as shown in the area with blue boundaries in
Figure 4(b). A similar procedure is applied until the entire
caving process is completed in the interval. )e coal caving
sequence in the interval follows 1 (n)-m+ t (m−t)-..., until all
coal caving openings are opened and the coal caving in the
interval is completed.

Based on the above analysis, under the engineering
background of the 8222 working face, the optimal caving
interval n� 7 is obtained by substituting the relevant pa-
rameters into equation (18), and the caving sequence is
found to be 1–7#, 4#, 2–6#, and 3–5#.

4. Verification Using the Physical
Similarity Simulation

4.1. Model Development. In this study, two-dimensional
physical similarity simulation experiments were conducted
based on the mining and geological conditions of the studied
working face. )e dimension of the test bench was
150×17× 50 cm with the geometric similarity ratio at 1 : 87.
Caving openings of the support were formed using 2× 4 cm
square steel to represent the 1.74m caving opening in the
mine, and a total of 29 supports were placed in the model
(with an actual distance of 50.46m). Coal caving was
simulated by withdrawing the square steel to open the coal
caving port of the support, and 7 square steels were placed on
both sides to ensure a stable boundary condition. )e
supports in the experimental area are numbered 1#∼15#
from left to right in Figure 5. In the experiment, black stones

(5 cm in layer thickness) with a particle size between 6 and
12mm were used to simulate the broken top coal with a
height of 12 cm, which contained two layers of white stones
(1 cm in layer thickness) with the same particle size as the
marking layer, and the total weight was 29.58 kg. Black
stones with a particle size between 15 and 25mm were used
to simulate the immediate roof with a height of 25 cm, and
white stones with the same particle size were used as the
marking layer, with a total weight of 61.63 kg.)e initial state
of the physical similarity model is shown in Figure 5.

4.2. Experiment Setup. To verify the rationality of the
symmetrical sequential caving method, the tests conducted
in this study compared both the top coal recovery rate and
the gangue rate of the two different sequential caving ap-
proaches. )e details of the coal caving sequence of the
studied caving method are summarized in Table 2.

4.3. Results and Analysis. Development of the coal settle-
ment curve reflects the changes in the top coal caving
condition. )e effectiveness of the selected caving method is
evaluated by comparing the shape of the coal-rock settle-
ment curve and the evolution of the remaining space of the
two different interval coal caving methods. )e coal-rock
settlement curves of the two caving methods are shown in
Figure 6.

It can be seen from Figure 6 that, following the principle
of closing the door when gangue appears, the coal caving
outlets 1#, 7#, and 15# were all opened at the same time. )e
coal-rock settlement curves of the coal caving openings 1#
and 7# of Scheme 1 intersected with each other, forming a
relatively symmetric area of pure coal. In Scheme 2, the coal-
rock settlement curves of the coal caving openings 7# and
15# also intersected, but the coal area was inclined to the coal
caving port 7#. According to the analysis in Section 4, the
symmetrical coal area can contribute to the full development
of the discharged body. )en, opening caving ports 4# and
11# and following the principle of closing the door when
gangue appears, after closing the coal caving port, the coal-
rock settlement curve of the interval is shown in Figure 7.

)e coal-rock settlement curve generally descends after
opening coal caving port 4. )e coal-rock settlement curves
between coal caving ports 1#–4# and 4#–7# form two
identical coal areas depicted by the white-dotted line in
Figure 7. However, the coal-rock settlement curves between
coal caving ports 7#–11# and 11#–15# form two relatively
symmetrical coal areas with different sizes, as shown by the
red-dashed lines in Figure 7.

As the coal caving port continues to be opened, the coal-
rock settlement curves continued to descend for the two
schemes of sequential interval coal caving method. In
Scheme 1, the coal-rock settlement curve always maintains
symmetry above the support, which is beneficial to maxi-
mizing the top coal recovery and improving the manage-
ment of subsequent workers. However, the size of the coal-
rock settlement curve above the support becomes incon-
sistent in the subsequent caving process, due to the asym-
metric coal-rock settlement curve formed after the first coal

a b
c

d

a b c

d

Figure 1: Movement of the broken block.
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Figure 2: Two-dimensional coordinate system along the working face.
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Figure 3: Coal-rock settlement curves and the evolution of the caving body. )e solid line indicates the evolution of the settlement path of
the top coal particles, and the dotted line represents the evolution of the caving body during the coal caving process.

Table 1: Geometric parameters of the caving body.
Height H 5 10 13 14 15
Width l 3.8 6 6.8 7.4 7.8
Eccentricity e 0.760 0.600 0.523 0.529 0.520

Coal-rock
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curve Drawbody
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Figure 4: Illustration of the sectional interval symmetrical coal caving method.
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caving in Scheme 2. )e coal-rock settlement curve between
the two coal caving openings turns symmetric as the coal
caving interval decreases. Since the two coal areas are in-
consistent in size above the support, the amount of caved
coal is uneven during each caving, resulting in coal waste in
the coal caving process and becomes difficult to control in
practice.

5. Optimization of the Coal Caving Method at
the 8222 Working Face

From the above analysis, the interval symmetrical caving
method was adopted in the 8222 working face. )e coal

caving interval was set to be the width of 7 supports (8.75m),
and the symmetrical coal caving is adopted during each
interval. )e amount of caved top coal for two different
caving methods is listed in Table 3. It can be shown that the
largest amount of caved coal was observed at the support on
both ends and in the middle, whereas the amount of caved
coal gradually decreases for the remaining caving openings
according to the opening sequence. Based on the field
measurement, the top coal caving rate of the interval
symmetrical caving is 95% with a caving time of 12,960 s; the
top coal caving rate of traditional caving is 78% and the
caving time is 10,502 s.

From the results of the caving volume of the interval
symmetrical caving method, the amount of caved coal in the
first two coal cavings accounts for 68% of the total caving
volume, whereas the amount of caved coal in the last coal
caving only accounts for 12%. To improve the caving effi-
ciency and reduce the overall gangue content rate, excessive
caving can be adopted during the first two cavings to shorten
the coal caving time of the last caving. Compared with the
traditional coal caving method, the interval symmetrical coal
caving method increased the amount of caved coal by 21.7%,
and the coal recovery rate increased by 17%. With the same
coal caving interval, the caving time is shortened by 23.4%
for the interval symmetrical caving, compared with the
sequential caving. In general, the interval symmetrical coal
caving always maintains the symmetry of the coal-rock
settlement curve, enables a full development of the top coal
caving bodies, effectively reduces coal losses during coal
caving, and greatly improves the recovery rate of top coal.
Moreover, the method is also convenient for on-site manual
operation, which enhances the controllability of the coal
caving process.

Roof

Caving
port

Top
coal

Original coal-rock boundary

1# 15#

Figure 5: Initial state of physical similarity model.

Table 2: Caving sequences of different coal caving methods.

Serial number Coal caving interval Caving sequence of support
Scheme 1 7 supports 1–7#, 4#, 2–6#, 3–5#
Scheme 2 9 supports 7–15#, 11#, 3–7#, 2–8#, 4–6#

Roof

Top
coal

Caving
port

Scheme 1 Scheme 2

Original coal-rock boundary

1# 7# 15#

Figure 6: Coal-rock settlement curves for the two coal caving
schemes (1#, 7#, and 15#).
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6. Conclusions

)e following conclusions can be drawn from this study:

(1) )e broken top coal discharges as the caving port
opens in the fully mechanized caving mining. Al-
though the movement of single particles in the
caving process is random and disordered, the
movement of a large number of particles generally
obeys the normal distribution. By combining the
statistical probability theory and random medium
flow theory, the top coal caving body and coal-rock
settlement curve equations are established along the
direction of the fully mechanized caving working
face. According to the derived equations, the set-
tlement curves of the caving body and coal rock are
axial symmetrical, and the foot of the coal-rock
settlement curve decreases during the caving process;
as the amount of coal caving increases, the shape of
the caving body gradually changes from circular to
elliptic.

(2) According to the coal settlement curve and the
caving body equation described in this study, the
interval symmetrical coal caving is found to be the
optimal mining method.)e coal caving interval L is
defined as the sum of the radii of the coal and rock
settlement curves formed by the two largest caving
bodies. In practice, L is normally multiple times of
the support number. )e symmetrical coal-rock
settlement curve also leads to a symmetrical subse-
quent caving space, which is conducive to a fully
developed caving body. )e caving sequence is
symmetrical on both sides during each interval,
which results in a consistent shape for the top coal
caving body, and is beneficial to manual control

during the coal caving process for improved top coal
recovery.

(3) Compared with the single-port multiround se-
quential caving method, the proposed interval
symmetrical caving can increase the amount of
caved coal and the top coal caving rate by 21.7% and
17%, respectively, reducing effectively the coal
losses at the working face. In addition, the coal
caving time is shortened by 23.4% with the same
interval supports. According to the characteristics
of interval symmetrical coal caving, the coal caving
time may be shortened in the later stage of coal
caving to improve the production efficiency of the
working face.
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Figure 7: Coal-rock settlement curves for the two coal caving schemes (4# and 11#).

Table 3: Performance of different coal caving methods.

Interval symmetrical caving Single-port multiround sequential caving
Top coal discharge/kg 67.41 50.35
Recovery rate/% 95% 78%
Caving time/s 105024 s 129600 s
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