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Abstract: When mineral resources are extracted using underground mining methods in hilly regions,
landslides or slope failures can be induced frequently. In this study, slope collapse disasters in
mountain mining areas were analyzed. The model test and numerical simulation of the slope
impacted by repeated mining were carried out. The crack evolution and failure process were
analyzed to reveal the instability mechanism. The results show that the rock mass would topple to
the inside of the slope first, when the subsidence of overlying rock was induced by the mining of the
upper coal seam. When repeated mining was performed in the lower coal seam, the mining induced
macro-cracks that could connect with natural fissures, inducing the outward displacement of the
slope. Then, the rock mass at the foot of the slope has to bear the upper load, which is also squeezed
out by the collapsed rock mass, forming the potential slip zone. Finally, the instability is caused
by the shear slip of the slope toe rock mass. Therefore, the instability evolution of the slope under
underground repeated mining disturbance can be divided into four stages as follows: roof caving
and overlaying rock subsidence, joint rock toppling, fracture penetration, and slope toe shearing and
slope slipping.

Keywords: repeated mining; crack evolution; shear slip; slope instability

1. Introduction

In mining areas, subsidence or landslides will be caused by underground mining
activities [1,2]. In particular, many mineral resources are buried in mountainous areas in the
southwest of China. When the underground mining method is used to excavate the mineral
resource, mountain cracking and collapse disasters of the slope can be induced easily [3,4].
Therefore, the characteristics of deformation and crack evolution are analyzed, and the
influence factors of underground mining on mountain stability are investigated [5-7].

Usually, scholars focus on the investigation of the engineering conditions of the
mining-induced landslide disasters [8-10]. And the model test or numerical simulation
is performed to analyze the causes of instability [11-13]. Salmi et al. [14] established
a discontinuous numerical model to investigate the mechanisms of the underground-
mining-induced landslide that occurred in Nattai North, Australia. The results show the
shear and compressive failure will be induced at the escarpment base, then the forward
sliding and toppling of the rock column can be initiated. Arca et al. [15] analyzed the
landslide-related factors to identify landslide susceptibility of mined disturbed areas in
Kozlu, Turkey. Then, the landslide susceptibility map was established. Cui et al. [16]
identified the key features and contributing factors for mining-induced landslides, and the
dynamic mechanism was analyzed using geological field surveys, numerical simulation
and theoretical analysis. Yang et al. [17] used the interferometric synthetic aperture radar
technique and landslide and fissure spatiotemporal statistics to investigate the spreading
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process of the slow subsidence caused by underground coal mining. Then, the mining
impact on the occurrence of shallow loess landslides was revealed. Lai et al. [18] considered
the soft-hard interlayer structure of the slope disturbed by underground mining, and
centrifuge model tests and 3D discrete element mode were performed to investigate the
Madaling landslide. The displacement of the deep rock mass is proposed to serve as
the early-warning criterion for mining landslides. Liu et al. [19] designed a two-stage
monitoring system to identify the potential landslide area and record multiple real-time
data regarding an impending landslide. Zhong et al. [20] investigated the formation
mechanism of a landslide occurring in coal-mining subsidence area at the Tanshan Coal
Mine in Ningxia. The stress and deformation characteristic during the failure process were
discussed, which was divided into four stages: slope creep, slope deformation, landslide
movement and landslide accumulation.

The previous studies show that the collapse of slopes located in hilly regions is
easily induced by underground mining. Researchers focus on the description of the
collapse phenomenon, offering critical insight into the mechanism of the landslide [21,22].
However, the key factor of repeated mining has inadvertently been ignored. Some mining
landslides revealed that multiple coal seams were mined in the collapse area [23]. To
reveal the instability mechanism induced by the repeated mining, the mined induced
collapse disasters that occurred in the Pusa Village were analyzed. The model test and
numerical simulation of slope disturbed by underground repeated mining were established.
The failure process was analyzed to investigate the characteristics of deformation, crack
evolution and sliding.

2. The Background of the Landslide
2.1. Overview of the Landslide

Abundant coal resources are buried in the Laoyingyan Mountain, Pusa Village,
Zhangjiawan Town, Nayong County, Guizhou Province, which have been extracted using
underground mining methods for many years, forming a complex goaf. As shown in
Figure 1, due to the combined effect of the primary structural plane, mining and weather-
ing, deep cracks occurred on the mountaintop. The stability of the mountain slope decreases
significantly. At about 10:40 PM on 28 August 2017, a large slope collapse disaster occurred.
The length and width of the collapse were about 840 m and 410 m, respectively. The
volume was about 6 x 10°> m®. The surrounding woodland and farmland were destroyed.
Some houses located in the lower part of the village were buried, resulting in a total of
35 deaths [8].
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Figure 1. Geological profile of the collapse area.



Appl. Sci. 2024, 14, 9634

30f15

2.2. Engineering Geological Condition
2.2.1. Stratigraphic and Lithologic Structure

The strata in the collapse area include the following: clay and sandy clay in the
Quaternary; in the Triassic Yelang Formation (T1y), the upper part is gray-brown medium-
thick limestone with marl, and the lower part is gray sandy mudstone with siltstone; in
the Triassic Changxing-Dalong Formation (P;c + d), the upper part is marl with shale,
and the lower part is gray medium-thick-layered and thin-layered limestone; the Permian
Longtan Formation (P3l), which is the coal measure strata, includes gray-green-deep gray
silty mudstone, gray-deep gray argillaceous siltstone and coal seam. Some rock mechanics
tests are performed; the mechanical parameters of rock are listed in Table 1.

Table 1. Mechanical properties of rock.

Lithology Density/(g/cm3) Strength/MPa Young’s Modulus/GPa
Limestone 2.67~2.72 57.6~85.6 9.51~36.7
Marl 2.62~2.69 43.3~64 6.47~30
Silty mudstone 2.54~2.65 33.9~56.2 5.18~14
Coal 1.3~1.4 4.65~20 0.76~3.5
Muddy siltstone 2.58~2.66 22.4~47.5 2.15~12

2.2.2. Geological Structure

The strata in the collapse region has a monoclinic structure. The dip direction is
138-187°, and the dip angle is 7-10°. The occurrence of a coal seam is consistent with that
of the strata. Affected by lithology composition, the limestone and marl located at the
upper of slope are relatively hard in strength, and the lower mudstone and siltstone are
low, forming the upper hard and lower soft structure. Therefore, the slope rock mass is
characterized as soft and hard interbedded. Furthermore, the mining area is disturbed by
three faults, F1, F2 and F3 [24]. F1 is a normal fault, which has an NE dip direction with an
angle of 155-167° and a dip angle of 63-70°. F2 is a reverse fault, dipping to southeast, with
an angle of 70-75°. F3 is a normal fault, dipping to the northeast, with an angle of 75-80°.
Among them, F1 and F2 are developed in the middle and front of the slope at the lower
part of the cliff in the collapse area, cutting the coal seam in the mining area. F3 is located
about 500 m to the east of the collapse area. The collapse area cannot be affected by those
faults. However, the rock mass structure at the top of the eagle rock is broken, and the joint
fissures are developed, forming the four groups of structural planes. The depth is 50-80 m,
and the width is 2-3 m. Those are considered as the seepage channel. The surface water
can flow into the underground goaf. The strength of the rock will deteriorate, impacting
the stability of the slope.

2.3. The Underground Mine

Six minable coal seams are buried under slope, which are named M6, M10, M14, M16,
M18 and M20, from top to bottom. The dip angle of the coal seams is between 7° and 12°.
M10, M14 and M16 are mainly excavated in the collapse area, and the average thickness of
the coal seams is 2.12, 1.23 and 1.48 m, respectively. The roof and floor of the coal seams are
argillaceous siltstone. The mining area under the mountain is about 0.96 km?. According
to the characteristics of coal seams, the longwall retreating mining method is used. Before
2010, M16 was mainly excavated. The goaf of M16 was located at the front end of the slope,
which has little effect on the deformation of the slope. The M10 and M14 coal seams were
mainly excavated from 2011 to the time before the occurrence of collapse. The goafs of the
M10 and M14 coal seams were located directly below the slope. When the M10 and M14
coal seams were excavated, a macro-fracture was caused at the top of the mountain. Then,
the mountain began to deform violently.
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3. The Model Test of the Collapse
3.1. Model Design

A frame and a non-contact displacement monitoring system are used in the model test.
The maximum dimension of the model is 1300 mm x 1000 mm x 150 mm. The monitoring
system is composed of an image acquisition and analysis system. A charge-coupled
device camera was used to record the digital images of the model. And the deformation
characteristic is analyzed using the digital speckle correlation method. By tracking the
same pixels occurring in the digital images recorded before and after deformation of the
model, the displacement and deformation of the monitored area can be calculated [25]. In
this study, the charge-coupled device camera (CCD) and the image storage device were
used. The maximum resolution and speed of the CCD is 2456 pixels x 2058 pixels and
75 M/s, respectively. During the mining process, a resolution of 1280 pixels x 960 pixels
and a 5 Hz acquisition rate were set to capture the deformation digital images.

As shown in Figure 2, considering the similarity ratio and experimental feasibility,
the simplified similarity model was established based on the engineering and mining
conditions of the Laoyingyan Mountain. The mechanical and geometrical similarity ratios
of the similarity model were designed as follows: Cy, = 1:300, Cs = 1:330 and Cp = 1:1.1 (CL,s
and C, are the similarity constant for geometry, stress and density, respectively). Details
of the material similarity for the model test and similarity criteria can be found in our
previous publications [26,27]. The mechanical parameters of stratum are shown in Table 2.
Two mineable coal seams were designed. The length and height mined of the upper coal
seam were 60 cm and 2.5 cm, respectively. The length mined of the lower coal seam was
also 60 cm, and the mining height was 1.5 cm. A speckled pattern was sprayed on surface
of the model. The coal mining was carried out from the inside of the slope to the free face
continually. In this study, a positive value indicates that the horizontal displacement of
the slope is towards the free surface, and the vertical displacement is downward. The six
characteristic states of the model are analyzed. Both the upper and lower coal seams are
divided into three stages. The sequence is S1 — S2 — S3 — X1 — X2 — X3, and the interval
length was 20 cm.

Z0C The zone of camera  Z0l The zone of interest
______________________ I Weight [ Muddy siltstone |
I Limestone [l Silty mudstone |
B varl [l Coal seam
Goaf number

FEIMining directio

[\ Jonit
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Figure 2. The similarity model.
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Table 2. Mixture ratio and mechanical parameters of similarity material.
Mixture Composition ,
. . Strength Young's
Lithology Sand P]?):gzr CaCO; Gypsum Water (MPa) IVI(;:;I;IS
k k k k a
(kg) (kg) (kg) (kg) (kg)
Limestone 2291 9.82 0.16 1.47 3.82 0.227 29.6
Marl 11.50 4.93 0.33 0.49 1.92 0.165 20
Silty mudstone  12.81 3.20 0.40 0.40 1.33 0.157 15.4
Muddy siltstone  54.36 6.04 1.81 121 3.02 0.115 6.6
Coal seam 2.82 0.31 3.14 0.00 1.15 0.014 2.4

3.2. The Displacement Induced by the Mining
3.2.1. The Displacement Induced by the Mining of the Upper Coal Seam

The displacement of the model induced by the mining of S1 and S2 in the upper coal
seam is shown in Figure 3. When S1 and S1 were mined, a slight displacement was caused.
The horizontal displacement mainly occurred in the roof caving zone and slope toe. The
vertical displacement mainly occurred at the middle of the roof of the working face, and
the maximum value was 5.5 mm, which indicates that the mining of S1 and S2 had a great
influence on the deformation of the immediate roof and had little influence on the slope.

Figure 3. The displacement induced by the mining of S1 and S2. (a) Horizontal displacement;
(b) vertical displacement.

The displacement of the model induced by the mining of S3 is shown in Figure 4. The
significant displacement was caused in the upper rock mass of the slope. The boundary
of mining-induced fracture could be clearly identified. The vertical displacement mainly
occurred above the goaf. The closer to the goaf, the greater the displacement. The settlement
value of the model top was between 5 mm and 7 mm, which indicates that the mining
influence had been transmitted from the roof to the top of the model through the overburden
rock. However, the vertical displacement of the slope surface was still small. The horizontal
displacement mainly occurred in the upper part of the goaf and the slope surface. The
deformation boundary was generated at the middle of the goaf, and the displacement
direction was different in that area. This indicates that the roof caved into the goaf, and the
collapsed rock mass squeezed the slope, which moved towards the free surface. Therefore,
the stability of the mountain was significantly reduced.

Figure 4. The displacement induced by the mining of S3. (a) Horizontal displacement; (b) vertical displacement.
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3.2.2. The Displacement Induced by the Mining of the Lower Coal Seam

The displacement of the model induced by the mining of X1 is shown in Figure 5. As
the model in this stage is very different from the initial state, the initial state of mining of
the lower coal seam is taken as the reference frame in the digital speckle analysis. When
X1 was mined, the displacement of the roof of the lower coal seam was relatively small.
However, the obvious stratification was caused in the overlying strata. The impact zone
was larger than the mined range. This indicates that the smaller subsidence of the roof of
the lower coal seam may lead to a larger displacement of the upper rock layer.

()

Figure 5. The displacement induced by the mining of X1. (a) Horizontal displacement; (b) verti-
cal displacement.

The displacement of the model induced by the mining of X2 is shown in Figure 6.
Affected by the large-area caving of the lower coal seam roof, the deformation of the slope
increased obviously, which resulted from the mining of X2. In the horizontal direction,
significant displacement occurred at the position on the right side of the upper roof and the
middle of the lower coal seam, and the maximum value was 3.7 mm. This indicates that
the broken rock layer was continuously toppled outward with the excavation of the lower
coal seam, and the slope surface rock mass was squeezed at the same time. In the vertical
direction, significant displacement occurred at the position on the middle of the roof of the
lower coal seam. Obvious displacement was also caused at the position on the right side
of the upper roof. At this time, the influence of underground excavation on the top of the
slope was slight, and the settlement value was less than 2 mm.

(a) (b)

Figure 6. The displacement induced by the mining of X2. (a) Horizontal displacement; (b) verti-
cal displacement.

The displacement of the model induced by the mining of X3 is shown in Figure 7.
When the lower coal seam was completely excavated, part of the slope displacement value
of the model failed to display, as the rock had been seriously broken, and the speckle
pattern on the surface was damaged. Hence, the displacement cannot be identified using
the digital speckle correlation method. It can be seen from the existing data that the
significant horizontal displacement was caused in the middle of the broken rock mass,
and the maximum value reached 19.8 mm. The slope toppled to the free surface, and
the potential sliding surface was penetrated. Significant vertical displacement was also
induced at the right side of the broken rock mass. The slope had been in a critical state.
Further underground mining or other disturbances may induce landslides.
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Figure 7. The displacement induced by the mining of X3. (a) Horizontal displacement; (b) verti-
cal displacement.

4. Numerical Simulation Analysis of the Collapse
4.1. Scheme of Numerical Simulation
4.1.1. The Numerical Model

Based on the engineering geological condition, the repeated-mining-disturbed numer-
ical model was established using the PFC 2D (Particle Flow Code 5.0) discrete element
software, as shown in Figure 8. The complete process of crack initiation and propagation
induced by the excavation disturbance can be simulated [28,29]. The length of the model
was 500 m, and the width was 345 m. The geological characteristics of the slope were
designed basically. Two minable coal seams buried under the slope were established. The
thickness of the upper and lower coal seams was 7 m and 4 m, respectively. The limestone,
marl silty mudstone and muddy siltstones were designed as the overburden. The dip
angle of the rock stratum in the numerical model was 10°. Four joint fissures were set
at the top of the model to simulate the structural plane of the mountain prototype. The
fissure depth changed from 50 m to 80 m, and the dip angle was about 70°. The horizontal
displacement of the left and right boundaries of the model was limited; the vertical dis-
placement of model at the potion of the bottom boundary was also limited. The parallel
bond model was used for simulating the mechanical behavior of the coal and rock mass. If
the tensile-strength limit is exceeded, then the bond in tension is broken. If the bond has
not broken in tension, then the shear-strength limit is enforced, and the stiffness will reduce
with the breaking of the bond. Hence, this model is considered as a suitable bond model
for the rock materials [30]. The parameters in the numerical model were listed in Table 3,
which were determined by referring to the previous research and parameter calibration
test [24,31]. In the numerical model, the unconfined compression strength of limestone,
marl, silty mudstone, coal and muddy siltstone is about 69 MPa, 54 MPa, 51 MPa, 4.7 MPa
and 38 MPa, respectively, according to the parameters listed in Table 3.

B Limestone

B Marl

M Silty mudstone
|| Muddy siltstone

W Coal scam
Measuring point
[\ Jonit

4 Mining direction
Unit: m

Figure 8. The numerical model.
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Table 3. The parameters in the numerical model.
Parameter Limestone Marl Silty Mudstone Coal Seam Muddy Siltstone
Porosity (%) 0.1 0.1 0.1 0.1 0.1
Particle density (kg/m3) 2700 2650 2600 1350 2560
Effective modulus/GPa 10 8 7 1.84 5.6
Bond normal-to-shear stiffness
Ratio (E*) 1 1 1 1 1
Bond effective modulus/GPa 10 7 5 1.84 4.6
Bond tensile strength/MPa 15 12.5 10.2 3.15 8
Bond cohesion/MPa 25 18.1 15.4 5.53 14.45
Bond friction angle/° 38 35 33.8 18 30.1

4.1.2. Excavation and Monitoring

The upper and lower coal seams were excavated, respectively. Each coal seam was
mined from the inside of the slope to the outside of the slope. The length of the work face
was 240 m. In order to investigate the deformation response law of the layered rock slope
under excavation disturbance, a total of 20 monitoring points were laid out as shown in
Figure 8. On the roof of the lower and upper coal seams and the top and surface of slope
were set five monitoring points, respectively. When the coal seam was mined for 40 m,
the crack and displacement were recorded and analyzed. The sequence was marked as
51 —52—+853—54—55—56— X1l —X2— X3 — X4 — X5 — Xe.

4.2. Analysis of the Failure Process
4.2.1. The Mining of the Upper Coal Seam

Figure 9 exhibits the fracture evolution of the slope during the excavation of the upper
coal seam. When the upper coal seam was mined for 40 m, the separation was caused in
the immediate roof. Due to the large span of the working face, the immediate roof first
collapsed after the mining length of 80 m. Some separations were caused in the overlying
strata. After the mining of S3, the overlying strata above the working face collapsed as
an inverted trapezoid, and some separation fissures were caused between the marl and
mudstone. At this time, the rock mass cut by the deep structural plane at the top of the
slope toppled towards the inside slope, resulting in the closure of ]3. When S4 was mined,
the caving area continued to increase, and the mining-induced cracks on the left boundary
also expanded upward. Tensile cracks appeared at the bottom of the rock bridge on the
top of the slope, and J2 gradually closed. When S5 was mined, a large displacement had
been caused in the overlying strata, and the marl and mudstone above the working face
collapsed completely. The mining-induced cracks had been transmitted upward to the
surface, and the joint rock toppled to the trailing edge of the mountain. Some cracks were
induced at the foot of the slope. After the mining of S6, the range of the fracture zone above
the goaf was further expanded. The slope stability was significantly reduced due to the
oblique tension crack in the middle of the slope.

Figure 9. Cont.
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(e) (f)
Figure 9. The fracture evolution during the mining process of the upper coal seam. (a) S1; (b) S2;
(c) S3; (d) S4; (e) S5; (f) Se.

4.2.2. The Mining of the Lower Coal Seam

Figure 10 exhibits the fracture evolution of the slope during the excavation of the lower
coal seam. After the excavation of X1, the separation was caused in the roof. However, the
mining has a slight effect on the roof of the upper coal seam. When X2 was mined, the
immediate roof collapsed, and the main roof subsided. The mining fracture zone expanded
upward, resulting in a small settlement of the mining zone of the upper coal seam. After
the mining of X3, a large-area roof of the working face caved, and the fracture zone had
expanded to the floor of the upper coal seam. After the mining of X4, the overlying strata of
the working face sank, which led to obvious subsidence in the upper mining zone, and the
joint rock on the top continued to move into the slope. At this time, the surface rock mass
at the foot of the slope was uplifted. After the mining of X5, the influence range of the goaf
was further expanded, and the rock mass at the bottom of J1 was cracked. Furthermore, the
rock mass at the upper part of the slope had a tendency to slide downward. The potential
sliding surface was formed. However, part of roof at the right boundary of the goaf had
not collapsed completely, which could support the overlying rock temporarily. After the
mining of X6, the rock mass above the working face collapsed completely, the rock mass at
the inside of the slope was broken extremely and step-shaped subsidence pits were caused
on the joint surface of the slope top. The rock mass at the foot of the slope was squeezed
out, and the slope body slipped slightly in the direction of the free surface; the potential
sliding surface had essentially penetrated.

@ ' ®)

Figure 10. Cont.
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(e) (f)
Figure 10. The fracture evolution during the mining process of the lower coal seam. (a) X1; (b) X2;
(c) X3; (d) X4; (e) X5; (f) X6.

4.3. Slope Deformation Induced by Mining
4.3.1. The Displacement Characteristic of the Slope

The displacement characteristic of the slope during the mining process of the upper
coal seam is shown in Figure 11. After the mining of S3, the overlying rock of the working
face caved, and the settlement was characterized as an arch shape. The rock above J3 was
toppled into the slope. After the mining of S6, a huge arch-shaped settlement area was
formed in the middle of the slope. At this time, the vault settlement area had expanded
upward to the bottom of the joint rock, resulting in the rock at the top of the slope dumping
into the slope. When X3 was mined, the bending deformation was induced in overlying
rock above the working face. The collapsed rock mass induced by the upper coal seam
mining area continued to sink. At this time, the joint rock continued to pour into the slope.
The strata of the slope above the goaf were borne by the rock mass at the toe of the slope.
After the mining of X6, the overlying strata above the lower coal seam completely collapsed,
and the impacted area had expanded to the foot of the slope. The support capacity of the
slope toe was weakened, which failed to bear the load of the upper rock mass. The rock
mass at the foot of the slope was cut off, forming a potential slip surface, and the upper
rock mass began to slip towards the free surface.

Figure 11. Cont.
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(o)

Figure 11. The displacement characteristic of the slope during the mining process. (a) S3; (b) S6;
(c) X3; (d) X6.

4.3.2. The Displacement Characteristic of the Measuring Point

The displacement of measuring points in the roof of the upper coal seam is shown in
Figure 12. When the upper coal seam was mined, the measuring points moved rapidly,
as the immediate roof collapsed with mining. Then, the displacement stopped increasing,
resulting from the end of the roof collapse. With the excavation of the lower coal seam, the
displacement of the measuring points in the lower coal seam roof increased accordingly,
as shown in Figure 13. When X4 was mined, significant displacement was induced again
in the measuring points No. 6-No. 10. This indicates that the immediate roof collapsed
gradually, and the deformation of the upper coal seam floor was then activated, causing the
secondary subsidence of collapsed strata of the upper coal seam. Hence, the displacement
of the measuring points started to increase. During the mining process of the lower coal
seam, No. 6 and No. 7 first moved to the outside of the slope, and a sudden turning change
was then caused. This may be caused by the bending deformation and collapse of the
immediate and main roof.

The displacement of the measuring points at the top of the slope is shown in Figure 14.
The horizontal displacement of the No. 11 measuring point was different from that of the
other measuring points. When the upper coal seam was mined, the displacement value
of the No. 22-No. 15 measuring points reduced, indicating the rock moved to the inside
of the slope. When the influence range of the mined-out area had extended to the rock
above ]2, the displacement of No. 14 at the position above ]2 increased rapidly, indicating
the rock began to fall towards the slope. During the mining of S5, the displacement of
No. 12 and No. 13 increased and then decreased. This indicates the joint rock was broken
first, due the subsidence of the strata, which toppled to the inside. With the increase in the
subsidence range, the measured points also moved to the outside of the slope. When the
lower coal seam was mined, with the increase in the excavation distance, the displacement
of most measuring points gradually moved to the outside. However, the displacement of
the No. 15 measuring point continued to increase until X5 was mined. This indicates the
rock mass above J4 also moved to the outside. Then, the rate of change increased suddenly,
indicating the slope had begun to accelerate to slip at this time. During the mining process,
the displacement of No. 11 located on the left side of J1 was lower than that of the other
measuring points laid out at the top of the slope. This indicates that, under the disturbance
of mining, differential deformation was induced on both sides of the joint rock mass at
the top of the slope. The broken joint rock would lose its support, toppling into the slope.
Then, the collapsed rock had a tendency to slip outward, which contributed to form the
potential sliding of the slope.

The displacement of the measuring points at the surface of the slope is shown in
Figure 15. When the upper coal seam was mined, bending deformation of the overburden
rock was induced. Hence, the No. 16-18 measuring points mainly moved towards the
inside of the slope first, while a tiny upward movement was induced in the No. 19 and No.
20 measuring points. During the mining process of the lower coal seam, as the cracks were
induced at the foot of the slope, the No. 16-18 measuring points started to move towards
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the outside of the slope. The horizontal displacement value of the No. 20 measuring point
was much larger than the vertical displacement value, indicating that the slope toe was
mainly squeezed out in the direction of the free surface.
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Figure 12. The displacement of measuring points in the roof of the upper coal seam. (a) Horizontal

displacement; (b) vertical displacement.
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Figure 13. The displacement of measuring points in the lower coal seam roof. (a) Horizontal
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Figure 15. The displacement of measuring points at the surface of the slope. (a) Horizontal displace-

ment; (b) vertical displacement.

5. Slope Instability Slip Mechanism

As shown in Figure 16, combined with the results of model test and numerical simula-
tion analysis, the instability evolution of the slope under underground repeated mining
disturbance can be divided into four stages as follows: roof caving and overlaying rock
subsidence, joint rock toppling, fracture penetration, and slope toe shearing and slope
slipping. The failure mechanism of slope instability can be summarized as strata collapse—
joint rock toppling—shear slip. The main reasons for the instability and slip of the slope
will be divided into geological factors and non-geological factors. In the collapse area,
the geological factors were characterized as the typical upper hard and lower soft, upper
steep and lower gentle slope. During the long period of weathering and karstification,
many deep and large joints are developed at the top of the slope, and the stability of the
mountain will be impacted. Non-geological factors include external disturbances such as
underground excavation, rainfall and earthquakes.

Toppling to
Joint closure  insidca slope

;

Area of stress
pncentration

\\\ Squeeze out
\

() (d)

Figure 16. Slope instability process. (a) Roof caving and overlaying rock subsidence; (b) joint rock
toppling; (c) crack penetration; (d) slope toe shearing and slope slipping.
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When the underground resource is mined repeatedly, the joint rock can be broken
during the mining process of the upper coal seam. The deep and large fissures of the slope
continuously developed, and the mining-induced cracks will connect with natural fissures.
In addition, water can penetrate into the slope along the cracks, and the conditions of
the slope are further disturbed and deteriorated. Finally, the potential slip surface will be
formed. When the rock mass at the foot of the slope is sheared and squeezed out, the rock
of the slope loses support, forming a potential sliding zone and eventually leading to the
slip of the slope.

6. Conclusions

In this study, the landslide disaster in Pusa Village is taken as the engineering back-
ground; the model test and numerical simulation were performed to investigate crack
propagation and the mechanism of a landslide induced by repeated mining. The following
specific conclusions can be made:

(1) During the repeated mining process, the joint rock mass at the top of the mountain
will be broken by the mining of the upper coal seam. The rock mass topples to the
inside of slope first. Then, the outward displacement of the slope will be caused by
the mining of the lower coal seam. The potential slip zone will be formed.

(2) The immediate rock caving and strata subsidence will be caused by the mining. When
the mining-induced crack connects with natural fissures, the rock mass at the foot
of the slope has to support the overlying rock mass, which is also squeezed by the
collapsed rock mass. Hence, shear cracking can be caused at the foot of the slope.

(3) Theinstability evolution of the slope under underground repeated mining disturbance
can be divided into four stages as follows: roof caving and overlaying rock subsidence,
joint rock toppling, fracture penetration, and slope toe shearing and slope slipping.
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