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Abstract: Underground mining activity in the karst mountain in southwestern China has induced
several large-scale rocky landslides and has caused serious casualties. At present, there is a lack of
systematic research on the formation mechanism of landslides in this area using multi-method fusion
technology. First, the orthophoto images of the landslide area obtained by UAV photography were
used to analyze the deformation characteristics of the landslide. Second, the failure characteristics
of the strata overlying the goaf were analyzed by geophysical detection. Finally, the deformation
response characteristics of the mountain under underground mining were analyzed by UDEC
numerical simulation. The results revealed that during the underground mining, the failure process
of the mountain occurred in four stages: fracture expansion, subsidence and collapse, shear sliding,
and multi-level sliding. Gently dipping soft-hard alternant strata and a blocky rock mass structure
formed the geological foundation of the landslides. Underground mining accelerated the fracturing
of the overlying strata and the formation of a stepped penetrating sliding surface. Tensile movement
of the structural planes of hard sandstone in the free face, and shear sliding of the weak mudstone
layer, were the main causes of the landslides. The slope instability mode was tension-shear fracturing,
shear sliding, back toppling, and compressive shear failure. In addition, the fracture propagation in
the overlying strata and damaged geological structure revealed by the geophysical detection were
consistent with the simulation results. This study provides ideas for the precise countermeasures of
disaster prevention and mitigation for similar landslides in this area.

Keywords: Jianshanying (southwestern China); geophysical investigation; UDEC; underground
mining; slope instability; landslide failure mechanism

1. Introduction

Mining operations in mountainous and hilly areas often induce large-scale landslide
disasters, and landslides induced by underground mining around the world have caused
enormous fatalities, injuries, and significant economic losses (Table 1), such as the Frank
landslide in Canada and the Aberfan landslide in South Wales, UK [1-4]. Guizhou Province
has the largest coal reserves and production in the karst mountain in southwestern China.
The wide Upper Permian Longtan Formation strata mostly contain clustered coal seams [5].
Most of the mines in Guizhou Province are located in the middle and low mountainous
areas, which are highly eroded and have a large topographic relief. The high and steep
mountains are associated with developed structures and the strata are composed of alter-
nating soft and hard rocks, resulting in a very fragile geological environment. Hence, the
number of landslide disasters induced by underground mining in this area is the largest in
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China [6]. These disasters have caused enormous losses to people’s lives and property and
have threatened the safety of the major engineering facilities. For example, the Yanjiaozhai
landslide in Nayong County in 2004 caused 44 deaths and destroyed 12 houses [7]. The
Madaling landslide in Duyun City in 2006 severely damaged roads and farmland [8]. In
2013, a mountain in Yudong Village, Kaili City, collapsed, killing five people, blocking
roads, and forming a dammed lake [9]. In addition, the Pusa landslide in Nayong County
in 2017 caused 35 deaths and affected over 500 people [10]. All of the above mining-induced
landslides occurred in mountainous areas that have the characteristics of “soft-hard al-
ternant (or hard on soft), upper steep and lower gentle” dual structure. These areas also
contained nearly horizontal or gently dipping strata and were controlled by 2-3 groups of
dominant structural planes. Underground mining activities were the main factor inducing
these landslides [11].

Table 1. List of typical landslides induced by underground mining.

. Time of Volume
No Name Location Occurrence (x10* m%) Damage
1 Frank landslide Alberta, Canada 1903 3000 76 deaths, and three-quart?rs of
the Frank town was buried
2 Aberfan landslide South Wales, UK 1966 - 144 deaths, and two schools
were destroyed
3 Lianziya dangerous Yichang, Hubei, China 1964 25 Waterway. disrupted for §2 years,
rock mass threatening Yangtze shipping
4 Yanchi River landslide Yichang, Hubei, China 1980 130 76 deaths, and buildings were
knocked down
5 Nattai landslide Nattai, Australia 1983, 1984 1400 Buried land length up to
600 to 1000 m
6 Blaencwm landslide South Wales, UK 1989 - Village in valley floor threatened
. . . . . 17 deaths, and the coal mine
7 Jiguanling landslide Chonggqing, China 1994 400 was destroyed
8 Laojinshan landslide Yuanyang County, Yunnan 1996 56 111 deaths, and 51 mune entrances
were buried
9 Diindar landslide Orhaneli, Turkish 2004 878 28 hectares of farmland
was destroyed
Threatening villages, factories
10 Zengziyan landslide Chonggqing, China 2004 56 and mines, roads and water
conservancy projects
11 Yanjiao-zhai landslide  Bijie, Guizhou, China 2004 0.6 14 deaths, and
12 houses destroyed
12 Madaling landslide ~ Duyun, Guizhou, China 2006 190 Large areas of roads and
farmland were destroyed
13 Pusa landslide Bijie, Guizhou, China 2017 19 35 deaths, and parts of Pusa

village were destroyed

The mechanism of landslides induced by underground mining is complex and is
affected by various factors, including (1) high and steep terrain, (2) good free face con-
ditions, (3) weak interlayers, vertical fractures, and/or dissolution fractures, and (4) the
tensile cantilever effect caused by the roof of the goaf [12,13]. Once the goaf is formed,
the stress field, geological conditions, and groundwater conditions of the overlying strata
will change, which induces the rock mass to separate from the bedrock, resulting in a
landslide disaster [14,15]. In recent years, a variety of deformation and failure modes
have been proposed for different types of landslides induced by underground mining, and
can be classified into two categories: (1) single or dual deformation and failure modes,
such as locking section shearing, toppling-slipping, toppling-falling, sitting, and frag-
mentation caving [9,16-18]; and (2) a combination of multiple deformation and failure
modes based on basic deformation and instability models, such as stepped creeping-
tensile cracking-shearing-slipping, bending-tensile cracking—plastic flow-tensile cracking—
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creeping-tensile cracking, slipping-tension-shearing, tensile cracking-toppling-slipping,
and tension-shearing-slipping-toppling models [8,19-22]. The above results have important
theoretical and practical significance for research on the mechanism of landslides induced
by underground mining. Further, some researchers have conducted related research on
the formation mechanism of landslides induced by underground mining in soft-hard
alternant strata in the karst mountain in southwestern China [8,10,19,22,23], but the re-
search methods were relatively single, and there is still a lack of systematic research using
multi-method fusion.

The Faer slope in Guizhou Province is a typical landslide induced by underground
mining. Due to the occurrence of mining in the past 20 years, the deformation of the rock
strata has been intensified, and the landslide body has been broken, causing several slips
with a maximum volume of 1.0 x 107 m3. Deformation monitoring of the Faer slope has
revealed that the landslide is undergoing continuous deformation, and the damage to the
mountain is becoming more and more serious [23]. This unstable slope directly threatens
the lives and property of nearly a thousand people in Qingwei Village, Jiudianzi Village,
and Xiaozhai Village (Figure 1). In this study, based on a surface deformation survey,
unmanned aerial vehicle (UAV) photography, and geophysical detection, we used discrete
element analysis to study the response effect between the stress-strain evolution, rock mass
loosening, fracture propagation, and mountain failure in the gently dipping soft-hard
alternant strata under underground mining conditions. Then, the slope instability mode
was determined. The results of this study provide a reference for disaster prevention and
mitigation of landslides in soft-hard alternant strata induced by underground mining.
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Figure 1. Geological setting: (A) the geographical location; (B) topography and landforms of the
study area.

2. Materials and Methods
2.1. Study Area
2.1.1. Geomorphology and Structure

The Faer slope is a monocline located in Jianshanying, Shuicheng County, Guizhou
Province, China (104°44'01"E, 26°18'32N) (Figure 1A). It is a low-medium to medium-low
mountain landform and was formed by tectonic erosion. The terrain is high in the southeast
and low in the northwest. The highest point is located at the top of the southeast side of the
Jianshanying monoclinic mountain, with an elevation of 1526 m. The lowest point is located
in the riverbed at the western exit of the Wanhe River, with an elevation of 950 m. Thus, the
maximum elevation difference is nearly 600 m. The upper part of the mountain is steep and
the lower part is gentle, with three alternating steep-gentle sections. The free faces are on



Remote Sens. 2022, 14, 6071

40f29

the northeast and south sides. The strike of the slope is along the strike of the monoclinic
(NW-SE). Based on the field survey, the elevation of the rear edge is 1320-1526 m, the
elevation of the front accumulation area is 1100-1380 m, and the maximum elevation
difference between the front and rear edges is 220 m. The area has undergone multiple
periods of crustal movement and tectonic activity, and the tectonic development is complex.
On the northwest side is the Dazhai anticline and the Yangmeishu syncline, on the northeast
side is the Taishaba anticline and Malong syncline, on the southwest side is the Haqingchi
anticline and Bajiaotang anticline, and on the southeast side is the Gesuohe anticline and
Faer anticline. That is, the structural pattern is characterized by alternating belts and blocks
and diamond-shaped combinations [24]. The landslide area is mainly controlled by the
Yangmeishu syncline and Bajiaotang anticline, and is located in the southeast wing of the
syncline and the core of the anticline (Figure 2). There are several groups of NW-trending
faults nearby, including faults F2, F3, and F5, as well as a few NE-trending faults, including
faults F1 and F3. Due to the influence of the NW-trending main faults, many NW-trending
cracks have developed in the rear edge of the slope (Figure 3).
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Figure 2. (A) Geological structure of the study area and (B) geological structure of the Faer coal mine
(1. Jurassic; 2. Triassic; 3. Carboni; 4. Devonian; 5. Permian; 6. Middle-Upper Permian; 7. Lower
Permian; 8. City, county; 9. Normal fault; 10. Reverse fault; 11. Anticline; 12. Syncline; 13. Faer
landslide; 14. Faer coal mine) (adapted from [24]). Note: The Faer landslide is located within the
range of the Farer coal mine. The red frame in Figure 2A is the boundary of the Farer coal mine, and
Figure 2B is the enlarged map of the red frame in Figure 2A.

2.1.2. Stratigraphic Structure

The outcropping strata in the study area include: (1) Quaternary (Q4) residual-slope
sediments and collapse deposits, and (2) Lower Triassic Feixianguan Formation (T;f) thick
siltstone and sandstone intercalated with 4-5 thin layers of silty mudstone, mudstone, and
other soft rocks. The stratigraphic occurrence is NW70°-90° £ 10°-17°, and the lithology is
mainly hard rock, with a thickness of 200 m, forming a steep 40°-55° escarpment landform.
(3) The Upper Permian Longtan Formation (P3l) is composed of argillaceous siltstone, fine
sandstone, mudstone, and coal. The rocks have a low strength and are easily weathered,
and the landform is characterized by gentle (10-25°) slopes and valleys (Figure 3). The
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Faer slope is developed in the Feixianguan Formation, with a sliding angle of 32°. Itis a
gently dipping layered slope and is characterized by a typical dual structure composed of
soft-hard alternant (or hard on soft), upper steep and lower gentle, that is, the lithology of
the upper part of the slope is dominated by hard rock such as sandstone, and the slope is
steep, while the lower lithology is dominated by soft rocks such as argillaceous siltstone
and coal, and the slope is gentle. (Figure 4).
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Figure 3. Engineering geological map of the study area (1. Quaternary; 2. Triassic Feixianguan
Formation; 3. Permian Longtan Formation; 4. Goaf; 5. Landslide boundary; 6. Anticline; 7. Fault;
8. Surface cracks; 9. Houses; 10. Geological section line; 11. TEM ground survey line).
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Figure 4. Geological cross-section of geological section line I-I' (1. sandstone; 2. mudstone; 3. argilla-
ceous siltstone; 4. Triassic Feixianguan formation; 5. Permian Longtan formation; 6. coal seam; 7. coal
seam number; 8. goaf; 9. fractures; 10. initial terrain line; 11. errain line after landslide; 12. sliding
surface; 13. deposited material; 14. surface cracks). Note: the geological section line I-I' is marked
with a purple line segment in Figure 3.

2.1.3. Mining Activities

The underlying coal seams in the Faer slope area belong to the Upper Permian Longtan
formation (P3l) coal-measure strata. There are a total of 10 exposed coal seams in the area,
which are labeled as M1, M3, M52, M52, M7, M10, M12, M13~!, M13~2, and M14 from
top to bottom. The total thickness is 16 m, with an average thickness of 1.4-2.3 m. The
dip angles of the coal seams are 10-17°, and their occurrence is consistent with that of the
formation. According to the coal mining data, the area has a long history of mining. From
2004 to 2018, five coal seams were successively mined, including M1, M3, M5-2 M53, and
M?7. Since 2018, the mining has focused on the deep M10 coal seam. The coal seams were
mined using inclined shaft or horizontal tunnel development and the long wall mining
method. The roof was managed using the full collapse method. Currently, the goaf formed
by the coal seam mining has completely covered the entire landslide body, and a large
number of NW-trending surface cracks have formed in the top of the slope (Figures 3 and 4).
These cracks have widened and deepened as the mining face continues to advance, which
has accelerated the mountain’s deformation and increased the risk of landslide occurrence.

2.2. Methods

In order to analyze the evolution process and formation mechanism of the Faer land-
slide, the orthophoto images of the landslide area obtained by UAV photography were used
to analyze the deformation characteristics of the landslide, and the failure characteristics of
the strata overlying the goaf were analyzed by geophysical detection, and the deformation
response characteristics of the mountain under underground mining were analyzed by
UDEC numerical simulation. The flowchart dealing with the methodology is shown in
Figure 5.
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Figure 5. Flowchart dealing with the methodology.

2.2.1. Surface Deformation Survey

UAV photogrammetry (using an optical vision camera integrated UAV) is a safe,
time-efficient and reliable assessment technique. The common points between overlapping
images can be used to conduct a feature matching in order to generate an orthophoto [25,26].
E2000S UAV (Pegasus Robot Technology Co., Ltd., Shenzhen, China, Figure 6A) was used to
obtain an orthophoto of the Faer landslide area (Figures 7 and 8). The UAV is equipped with
an aerial survey module E-=CAM2000, carrying a high-precision SONY a6000 camera with a
sensor size of 23.5 x 15.6 mm (APS-C), 24.3 million effective pixels, and a 25 mm fixed-focus
lens (Figure 6B). This UAV has the function of precise terrain-following flight, and with the
UAV Manager Professional software, the E2000S can achieve accurate terrain-following
flight, which can improve the image acquisition resolution and ensure the consistency of
image resolution. In addition, it also has an automatic obstacle avoidance function, and the
E20005S is equipped with a front-facing millimeter-wave radar obstacle avoidance module
that can automatically detect obstacles in front of it and improve the safety level. The design
speed is 13.5 m/s, the flight height is 513 m, and the overlap is 80% x 60%. The study
area is characterized by strong tectonic activity, and three dominant structural planes are
developed in the regional strata, namely, J1: 225° £ 89°, J2: 165° £ 50°, and ]3: 186° £ 78°.
Based on the orthophotographic morphology, these three structural planes not only cut the
rock mass into blocks and weaken the strength of the rock mass (Figure 7A), but they also
control rear edge boundary L1 and lateral boundaries L2 and L3 of the Faer slope. Rear
edge crack L1 is parallel to the scarp and has a length of 900 m. Lateral crack L2 is almost
perpendicular to L1, while L3 controls the boundary of the SE lateral tensile-cracking area
at the top of the monocline mountain (Figure 7B). Based on the controlling effects of the
dominant structural planes on the deformation boundaries of the slope and the different
degrees of deformation in the different areas of the landslide body, the landslide body can
be divided into two deformation zones: zone I and zone II. L1 and L2 are the slipping
control boundaries of zone I, and the 2D shape is approximately rectangular. L2 and L3 are
the slipping control boundaries of zone II, and the 2D shape is triangular (Figure 8).
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Figure 7. Typical geological phenomena controlled by the structural planes: (A) the blocky rock mass;
and (B) landslide boundary controlled by structural planes (taken by UAV).

Figure 8. Division of the landslide deformation area (taken by UAV). Zone I and zone II represent
two deformation zones. The marked points A-H are the locations of typical deformation areas, and
the specific deformation characteristics can be referred to Figures 12 and 13.
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2.2.2. Geophysical Detection

Geophysical electromagnetic methods can be used to detect the degree and range of
damage to a rock mass based on the differences in its electrical conductivity. These methods
have been widely applied to the detection of the goaf and the fracture evolution of the
overlying strata [27,28]. In order to detect the geological structure of the strata overlying the
goaf in the Faer slope, the transient electromagnetic method (TEM) was used. Fixed-loop
TEM uses a large-scale loop transmitter on the ground to excite the target, and a receiving
system is used to collect the transient responses. The device emits a large magnetic moment
and has a large coverage, and it is mainly used for wide-area, deep, fine detection.

The field data acquisition system used in this study was a pulse electromagnetic
(PEM) detection system (Crone Geophysics, Mississauga, ON, Canada) (Figure 9), which
consisted of a 4.8 kW transmitting system and a receiving system. The transmitting system
was composed of a 5 kW generator, a rectifier, a transmitter, and a loop frame. The
receiving system included a PEM receiver and ground probes. A quartz clock was used
to synchronize the transmitting system and the receiving system. A total of three TEM
ground survey lines (II-II', III-IIT', and IV-IV’ in Figure 3) were set up in this study, all of
which were perpendicular to the scarp. The dimensions of the transmitting loop frame
were 300 m x 600 m, each survey line was 500-600 m, and the line distance was 70-80 m.
The measuring point spacing was 20-25 m, the emission current was 20 A, the emission
time base was 20 ms (fundamental frequency of 12.5 Hz), the falling edge was 500 ps, and
the number of superpositions was 128-512.

Figure 9. PEM system: (A) the transmitting system; (B) the receiving system.

In the TEM data processing, the smoke ring imaging method and one-dimensional
inversion were used to determine the distribution of the underground electrical structure.
Specifically, the global apparent resistivity was calculated first, and then, the apparent
depth was calculated based on the eddy current diffusion velocity according to the smoke
ring theory. Taking the apparent resistivity and apparent depth as the initial parameters, the
borehole data were used to carry out one-dimensional inversion. The characteristic points
of the resistivity and depth were corrected, and the quasi-two-dimensional depth-resistivity
geoelectrical section was finally obtained. Before the data processing, it was necessary
to perform calibration analysis on the raw measurement data to verify their accuracy.
The induced electromotive force data obtained using the TEM at each measuring point
consisted of a set of transient response data, the variation of which reflects the electrical
conductivity of the geological structure below the measuring point [29,30]. Therefore, the
induced electromotive force attenuation curve for each point reflects the variation in the
secondary field with time to a certain extent. Figure 10 shows the induced electromotive
force attenuation curves for all of the measuring points on survey lines II-II' and IV-IV'. It
can be seen that the curves for measuring points 25-575 have different patterns. For the
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measuring points with a small number, in the early stage of the secondary field, the value
is large and the attenuation speed is high. The attenuation slows in the middle stage, and
then, it speeds up again in the late stage. For the measuring points with a large number, in
the early and middle stages of the secondary field, the value is small and the attenuation
speed is low. In the late stage, the slope of the curve increases, indicating a large attenuation
speed, which is similar to the pattern for the measuring points with a small number. In
summary, the raw data curve is smooth and continuous, without spikes, indicating normal
attenuation and a good data quality.

dB/dt (nT/S)

- 500

525

— 550
1

575

——— 5§25 A

0 : —— —— ==
0.01 0.1 1 10 100 0.0 0.1 1 10 100
t(ms) t (ms)

Figure 10. Comparison of the original attenuation curves of the induced electromotive force: (A) sur-
vey line II-Il; and (B) survey line IV-IV’).

2.2.3. Numerical Analysis

The rock strata have been separated by joints into blocks of arbitrary shapes and
the joints control the movement behavior of the rock mass. The discrete element method
(DEM) can be used to efficiently simulate the large deformation and large displacement
of rock blocks [31,32]. The Universal Distinct Element Code (UDEC) is an ideal tool for
studying the potential failure of discontinuous media (e.g., rock masses with joints and
fissures). It can automatically identify new contact surfaces of discrete blocks and allows
large displacements and rotations of the blocks, including complete detachment [31]. This
software is already widely used in the analysis of slope stability induced by underground
mining [33-36]. Based on the geological profile of the Faer landslide body (Figure 4), a
plane strain model (Figure 11) was created using UDEC software in order to simulate
the stress field, strain field, fracture propagation, and deformation response of the strata
overlying the goaf under underground mining conditions. The bottom of the model was
400 m long, and the left and right boundaries were 270 m and 90 m high, respectively. The
thickness of the ore layer was based on the actual mining thickness, that is, there were six
ore layers from top to bottom, the thicknesses of which were 2.3 m, 1.8 m, 1.4 m, 1.5 m,
2.3 m, and 1.4 m. The spacings between the coal seams from top to bottom were 12 m, 9 m,
13 m, 22 m, and 11 m. The boundary conditions were as follows. The bottom of the model
was supported by a fixed hinge, that is, the vertical and horizontal displacements were
constrained. The horizontal displacements on two sides of the model were fixed. In order
to measure the displacement field in the different areas of the model during the mining
process, monitoring points O-® and (?)—{0 were placed at the top of the model and on the
slope, respectively (Figure 11). The Mohr-Coulomb model was used for the coal seam and
rock mass, and the joint plane contact-Coulomb slip model was used for the joint material.
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The rock mass parameters used in the simulation were based on the geological disaster
survey data and existing research results for this area [37,38]. The values of the parameters
were determined through trial calculations and inversion (Table 2). The mining process in
the simulation was the same as the actual mining sequence in the Faer Coal Mine, that is,
the coal seams were mined from top to bottom in the sequence of M1, M3, M52, M573,
M7, and M10, and the mining lengths of these coal seams were 200 m, 210 m, and 130 m,
320 m, 320 m, and 250 m, respectively. Along the strike of the coal seam, the advancement
directions of the above six working faces were different. Coal seams M1, M3, and M52
were mined from the outside to the inside of the slope; while M5-3, M7, and M10 were
mined from the inside to the outside of the slope. In this study, each set of coal seams was
set to be mined in two stages, i.e., a total of 12 stages of mining. The mining stages were
labeled I-XII (Figure 11).
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Argillaceous siltstone
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O . . . .
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Figure 11. Two-dimensional discrete element model of the Faer slope.
Table 2. Physical and mechanical parameters of the rock mass.
Litholo Density Bulk Modulus Shear Modulus Cohesion Internal Friction Tensile
8y (kg-m~3) (GPa) (GPa) (MPa) Angle (°) Strength (MPa)
Sandstone 2770 8.5 5.8 3.8 41.3 1.7
Mudstone 2550 5 3.0 1.05 33.2 0.66
Argillaceous 2710 6.0 47 15 39.3 1.0
siltstone
Coal 1800 53 3.2 0.6 27 0.2

3. Results
3.1. Surface Deformation Characteristics

Based on UAV photography and surface deformation survey, there is a large amount
of goaf under zone I, which has caused a massive amount of uneven subsidence on the
top of the mountain. The subsidence ranges from 0.5 to 10 m. The main damage modes
are surface cracks, subsidence scarps, and collapse pits. The trend of the surface cracks
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is N30°—40°W, with a width of 0.1-3 m. The surface cracks are parallel to the boundary
of the mining face. Under the control of dominant structural plane J1, a smooth, straight,
NW-SE trending scarp with a length of 0.8 km and a height of 1-15 m has formed on the
rear edge of the landslide body. The cracks around the scarp have continued to grow,
and the boundary of the landslide body has continued to expand toward the top of the
mountain (Figure 12A-D). In contrast to non-mining-induced landslides, there is bulging
in the surface area where a large-scale rock mass protrudes toward the free face, forming
a convex slope with a fragmented rock mass. This is most likely a special phenomenon
caused by underground mining. A large number of blocky rocks have collapsed, slid, and
accumulated at the foot of the gentle slope in the form of rock piles (Figure 12E).

Collapse pit

el

- ; ]
¢l

Scarp|1.4m &I 9m 2, I
P £ //: '.\’( ‘}900//
rd /’

-

-~
-

»
/ Cracks

Figure 12. Deformation characteristics of zone I: (A) subsidence scarp and tensile cracks; (B) collapse
pit; (C) scarp at the rear edge; (D) front view of NW side; and (E) bulging of landslide surface. The
specific locations of features A-E are shown in Figure 8.

Under the disturbance of underground mining activities, zone II has subsided along
dominant structural plane J3. Moreover, under the good free face conditions, the mountain
has slid in the N32° E direction. Due to these movements, the rock mass has undergone
tensile-cracking and a large trough with a vertical offset of 31 m and a horizontal offset
of 51 m has formed. The rock mass on the free face side is in a fragmented state and the
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strength has been greatly reduced, and thus, partial collapse has occurred (Figure 13F-G).
It should be noted that the stratigraphic structure in this area changes significantly at this
point. Since the strata on the south side of dominant structural plane J3 is not within the
influence range of the goaf, these strata have not moved and have retained the original
anti-dip structure. However, for the strata on the north side of J3, the stratigraphic structure
has changed from the initial anti-dip structure to lateral and dip structures due to the
simultaneous vertical subsidence and sliding towards the free face (Figure 13H), which
have greatly reduced the stability of the landslide body.

Figure 13. Deformation characteristics of zone II: (F) large-scale tensile cracking trough on the SE side;
(G) fractured rock mass on the SE side; and (H) change in the stratigraphic structure. The specific
locations of features F-H are shown in Figure 8.

3.2. Failure Characteristics of Strata Overlying the Goaf

Figures 14A, 15A and 16A show the section isolines of the apparent resistivity of
survey lines II-II', III-IIT', and IV-IV’, respectively. The y-axis is the elevation, and the x-axis
is the horizontal distance. Blue represents low resistivity, and red indicates high resistivity.
It can be seen that the electrical properties of the underlying strata along the survey lines
have a layered distribution. According to the resistivity value, the strata can be divided
into two zones, a high resistivity zone and a low resistivity zone. The high resistivity
zone is located in the range of 1150-1200 m and has a thickness of 170-200 m. The low
resistivity zone is located below the high resistivity zone. Based on the geological profiles
(Figures 14B, 15B and 16B), it is speculated that the high resistivity zone is the intercalated
sand and mudstone of the Triassic Feixianguan formation (T1f), which is dominated by hard
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Z (m)

sandstone. The underlying low resistivity zone is the Permian Upper Longtan formation
(P3l) coal-measure strata, which are mainly argillaceous siltstone, fine sandstone, mudstone,
and coal, and the strength of the rock mass is weak. It should be noted that in the isolines of
the apparent resistivity inversion of the three survey lines, there are multiple discontinuous
areas above 950-1000 m. We believe that this is mainly caused by subsidence and collapse
of the overlying strata due to underground mining, which has led to the formation of a
large number of fractures in the overlying rock and an abrupt change in the resistivity value.
The vertical line that connects these discontinuous points is presumed to be a longitudinal
fracture in the overlying rock, and the spatial development is uneven.
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Figure 14. Surface transient electromagnetic inversion map of survey line II-II": (A) section isoline
of the apparent resistivity; and (B) geological section. (1. Sandstone; 2. Mudstone; 3. Argillaceous
siltstone; 4. Coal seam; 5. Coal seam number; 6. Goaf; 7. Stratigraphic boundary; 8. Steep and deep
fractures; 9. Fracture and subsidence zone).
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Figure 15. Surface transient electromagnetic inversion map of survey line III-III': (A) section isoline
of the apparent resistivity; and (B) geological section. (The legend meanings are shown in Figure 14).
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Figure 16. Surface transient electromagnetic inversion map of survey line IV-IV’: (A) section isoline
of the apparent resistivity; and (B) geological section. (The legend meanings are shown in Figure 14).

Figure 14A shows that the longitudinal fractures are mainly developed between
measuring points 75 and 175 and between points 375 and 450. The fractures between
measuring points 75 and 175 penetrate from the top of the slope through the Feixianguan
formation and Longtan formation coal-measure strata, exhibiting the characteristics of deep
and large longitudinal fractures. The fractures between measuring points 375 and 450 are
only developed in the coal-measure strata and do not reach the surface area. According
to the geological profile shown in Figure 14B, the deep and large longitudinal fracture
at measuring point 175 is the main controlling fracture in the rear edge of the slope, and
the deep and large longitudinal fractures between measuring points 75 and 90 indicate
continuous movement of the rear edge towards the top of the slope.

Figure 15A shows that the longitudinal fractures are mainly developed between
measuring points 75 and 400 and between points 500 and 525. The longitudinal fractures
between points 75 and 400 penetrate from the top of the slope through the Feixianguan
Formation and Longtan formation coal-measure strata, exhibiting the characteristics of
deep and large longitudinal fractures. The longitudinal fractures between measuring points
500 and 525 are only developed in the deep coal-measure strata and do not reach the
surface area. According to the geological profile shown in Figure 15B, the deep and large
longitudinal fractures between points 200 and 225 are the main controlling fractures in
the rear edge of the slope, and the deep and large longitudinal fractures between points
375 and 400 are the main controlling fractures in the foot of the slope. The deep longitudinal
fractures between points 75 and 100 are a precursor to the continuous movement of the
rear edge towards the top of the slope.

Figure 16A shows that the longitudinal fractures are mainly developed between
measuring points 125 and 375 and between points 525 and 550. The longitudinal fractures
between points 125 and 375 penetrate from the top of the slope through the Feixianguan
formation and Longtan formation coal-measure strata, exhibiting the characteristics of
deep and large longitudinal fractures. The longitudinal fractures between points 525 and
550 are only developed in the deep coal-measure strata and do not reach the surface area.
According to the geological profile shown in Figure 16B, the deep and large longitudinal
fractures between points 125 and 150 are the main controlling fractures in the rear edge of
the slope, and the fractures between points 350 and 375 are the main controlling fractures
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in the foot of the slope. The fractures between points 225 and 250 are distributed in the
slope surface of the landslide body.

In addition, the section isolines of the apparent resistivity of the three survey lines
show that there are two obvious low-resistivity anomaly zones (dark blue areas) in the
coal-measure strata. The coal-measure strata are vertically divided into high-low-high-low
layers. According to the geological profiles shown in Figures 14B, 15B and 16B, it can be
concluded that the low resistivity anomaly zone is mainly the goaf and the intercalated
sandstone and mudstone area, which contains many fractures. Due to the downward flow
of surface water and /or groundwater along the fractures, the intercalated sandstone and
mudstone area and the goaf are filled with water. As a result, the electrical conductivity is
higher and the resistivity is significantly lower than those of the surrounding medium, i.e.,
they form low resistivity anomalies.

3.3. Deformation Response Characteristics of the Mountain
3.3.1. Stress and Strain Evolution

Before the underground mining, the rock strata were in a state of compressive stress
equilibrium. After mining, the stress state of the overlying strata was readjusted [39].
During underground mining, there is obvious stress concentration in some areas of the
overlying strata, and the stress difference between the different areas is large. Hence, the
changes in the stress in some areas is not significant. In order to illustrate the stress changes
in the entirety of the overlying strata, the stress change range was limited to [—1, 1] MPa in
this study. Figure 17A shows that when coal seam M1 was mined, the overlying strata in
the upper part of the goaf were unloaded, and the entire seam was in the stress reduction
zone. In particular, the overlying rock near the goaf rapidly changed from a compressive
stress state to a tensile stress state, whereas the boundaries of the mined seam were in the
compressive stress concentration area. Since the compressive stress concentration area on
the right side of the goaf of coal seam M1 was close to the foot of the slope, under gravity,
compressive shearing strain concentration appeared in the argillaceous soft rock area at
the foot of the slope first, with a maximum value of 4.8 x 1072 MPa (Figure 18A). With the
progressive mining of coal seams M3, M52, M5~3, and M7, the range of the stress-reducing
area in the overlying strata expanded from bottom to top towards the top of the slope and
the free face. Tensile and shear strain concentration appeared in the argillaceous soft rock
area near the fissure’s tip and the slope surface (Figure 18B-E). When coal seam M10 was
mined, the strata overlying the goaf were in a tensile stress state (Figure 17B). The increase
in the tensile stress range caused the relatively independent shear strain concentration
areas at the fissure’s tip and the slope surface to connect to each other, and the rock mass
at the front of the slope experienced large-scale tensile shear failure. It should be noted
that under the continuous subsidence and compression of the overlying strata, the weak
mudstone area at the foot of the slope experienced a larger range of compressive shearing
strain concentration, which was connected with the weak coal seam on the right side of the
goaf of M1 and M3 (Figure 18F). With the continuous mining of the deep coal seams, the
shear strain concentration areas at the top, surface, and foot of the slope became connected,
and the overall stability of the slope decreased dramatically.
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Figure 17. Evolution of stress field under underground mining condition: (A) mining stages I-II;
(B) mining stages I-XII. Note: the blue component means compression stress, and magenta means
tensile stress.

3.3.2. Fracture Propagation

Mining activities can not only cause the roof to bend and shift position but can also
lead to the formation of two types of fractures in the strata above the goaf: (1) horizontal
separation fractures form between the layers of the strata, and (2) longitudinal fractures
form due to opening of the dominant joints perpendicular to the seams. These two types
of fractures become interconnected to form a water-conducting fractured zone (WCFZ),
including two types of zones, i.e., a caved zone and a fracture zone [40]. It should be noted
that during underground mining, the overburden fractures induced by mining of the lower
coal seam will extend to the strata overlying the goaf of the already-mined upper seams [41].
Figure 19 shows the evolution of the fractures in the overlying strata under underground
mining conditions. When coal seam M1 was mined, the roof of the overlying rock adjacent
to the goaf collapsed first and filled the goaf, forming an inverted trapezoidal caved zone.
Different from the fracture propagation in the overlying strata during mining in plain
areas [42], in this study, it was found that the fractures on two sides of the goaf propagated
asymmetrically. First, the upward fracture (D propagated from the right side of the goaf to
the inside of the slope, with a propagation angle of about 65°. As a result, a WCFZ with
a height of 82 m was formed. Although the WCFZ did not reach the top of the slope in
this mining stage, some areas at the top and foot of the slope exhibited structural plane
opening (Figure 19A). With the advancement of the working face of coal seam M3, fracture
zone (D continued to propagate upward and reached the top of the slope. At this time, the
height of WCFZ reached a maximum value of 172 m. In addition, two more fracture zones
(@ and @) formed near the left boundary of the goaf. These two fracture zones did not
penetrate to the top of the slope, yet the extension direction of the structural planes in the
top part of the mountain opened, and the fractures propagated to the goaf, that is, there
were downward fractures (Figure 19B). When M52 and M53 were mined, the caved zone
in the overlying strata continuously extended deeper, but the fracture zone above it reached
the top of the slope and its height remained unchanged. We found that the overlying strata
within the fracture zone exhibited an increasing degree of deformation, fracture zone (D
gradually covered the free face of the entire slope, and fracture zones @ and 3 gradually
reached the top of the slope. In addition, fracture zone @ was formed (Figure 19C,D). With
the mining of coal seams M7 and M10, fracture zones (D-@) all penetrated from the goaf to
the top of the slope, forming steep and deep fractures parallel to the slope. Moreover, the
strata overlying the goaf became more fragmented, especially in the free face area where
the all of the rock was damaged (Figure 19E,F). This is consistent with the geophysical
inversion results in terms of the structure of overlying strata and the fracture development
(Figures 14-16), and the surface deformation survey data, which showed that there were a
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large number of NW-trending cracks parallel to the free face at the top of the slope and that
the rock mass on the slope was fragmented (Figure 12).

N~y Shear strain
— . concentration zone

Max Shear Strain Rate
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Figure 18. Evolution of the strain field under underground mining conditions: (A) mining stages
I-II; (B) mining stages I-1V; (C) mining stages I-VI; (D) mining stages I-VIII; (E) mining stages I-X;
and (F) mining stages I-XII. Note: the blue component that means compression stress, and magenta
means tensile stress.
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Figure 19. Fracture propagation under underground mining conditions: (A) mining stages I-II;
(B) mining stages I-1V; (C) mining stages I-VI; (D) mining stages I-VIII; (E) mining stages I-X; and
(F) mining stages I-XII. D—@® indicate the sequence of formation of the deep and large fractures.

3.3.3. Deformation Response

The emergence of the pressure unloading space in the goaf after mining led to changes
in the initial layered displacement field of the overlying strata, and the overlying strata
underwent subsidence and deformation from bottom to top [43]. Under continuous un-
derground mining, the subsidence of the overlying strata in the different areas changed
dynamically. In the horizontal direction, the rock mass protruded out of the slope, and the
range of protrusion and displacement increased continuously. When coal seam M1 was



Remote Sens. 2022, 14, 6071

20 of 29

mined, the direct roof of the goaf separated and collapsed first, resulting in uneven subsi-
dence of the overlying strata near the caved zone. However, the subsidence of the overlying
strata near the top of the slope was uniform (Figure 20A). After coal seam M3 was mined,
the area impacted by the subsidence further expanded to the top and the slope surface. At
this time, all of the overlying strata were completely within the non-uniform subsidence
area, and the structural planes of the hard sandstone gradually opened (Figure 20B). After
coal seams M1 and M3 were mined, the areas with the largest amount of deformation in
the horizontal direction were located near the boundaries of the goaf (Figure 21A,B). After
coal seam M52 was mined, the working face of which spanned the slope shoulder area,
the stability of the slope was greatly affected [44]. Specifically, the top of the slope sub-
sided significantly, with a range of 1.5-2 m (Figure 20C). The area of soft argillaceous rock
on the slope surface underwent a large amount of horizontal displacement (Figure 21C),
and the structural planes of the hard sandstone opened further, indicating a loosening
of the rock mass. Due to the long working face of coal seam M5~3, which spanned the
shoulder and foot areas, the subsidence at the top continued to increase vertically and
micro-subsidence began to appear in the foot area (Figure 20D). In the horizontal direction,
the overlying strata near the free face underwent a large amount of horizontal displace-
ment toward the outside of the slope (Figure 21D). The above subsidence and horizontal
displacement caused the initial structural plane opening of the hard sandstone to connect
to the soft argillaceous rock area, forming a stepped slip surface. With the mining of the
coal seams M7 and M10, the uneven vertical subsidence and horizontal displacement at the
top, surface, and foot of the slope continued to increase, resulting in continuous opening of
the hard structural plane, which was interconnected with the soft argillaceous rock layer.
The number of slip surfaces increased continuously (Figure 20E,F and Figure 21E,F). In
particular, after coal seam M10 was mined, the uneven subsidence of the overlying strata
was aggravated, and the stratigraphic structure of the slope changed significantly. Outside
of the left boundary of the goaf, the stratigraphic structure remained unchanged, i.e., it
retained the original anti-dip structure. After the transition of the lateral stratigraphic
structure, the overlying strata on the right were inclined toward the outside of the slope, i.e.,
a dip structure (Figure 20F). This is consistent with the findings of the surface deformation
survey (Figure 13H).

After the six coal seams were mined, the top of the slope moved downward signifi-
cantly along the deep and large fractures. As is shown in Figure 22, there were vertical
displacements (H1 and H2) between monitoring points 2 and 3 and points 3 and 4 at the
top of the slope. Vertical displacements H1 and H2 were 2.1 m and 3.2 m, respectively. The
maximum subsidence at the top of the slope reached 6 m, which is consistent with the signs
of deformation, i.e., multiple collapse scarps, observed during the surface deformation
survey (Figure 12A-D). In the horizontal direction (Figures 21 and 23), the rock mass on
the free face in the lower part of the slope moved horizontally toward the outside of the
slope during the mining of the six coal seams, and the displacement increased sequentially,
with a maximum horizontal displacement of 0.55 m, indicating slip failure towards the
outside of the slope. The rock mass on the free face at the top moved horizontally toward
the inside of the slope, with a maximum displacement of 0.26 m, indicating toppling failure
towards the inside of the slope. This is characteristic of the typical lower part slipping
and upper part toppling failure mode. It is notable that the current vertical and horizontal
displacements are still in a non-convergence state. As the underground mining continues
to advance, the Faer slope will continue to deform.
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Figure 20. Evolution of vertical displacement under underground mining conditions: (A) mining

stages I-II; (B) mining stages I-IV; (C) mining stages I-VI; (D) mining stages I-VIII; (E) mining stages

I-X; and (F) mining stages I-XII. Note: the negative values indicate vertical downward displacement.
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Figure 21. Evolution of horizontal displacement under underground mining conditions: (A) mining
stages I-II; (B) mining stages I-IV; (C) mining stages I-VI; (D) mining stages I-VIII; (E) mining stages
I-X; and (F) mining stages I-XII. Note: the positive values indicate horizontal displacement towards
the outside of the slope.
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4. Discussion
4.1. Evolution Process

The underground mining often causes stress redistribution in the strata [15]. As
the stress field continues to pass upwards from the goaf, the strain state in different
regions of the soft-hard alternant mountain will also change dramatically. There is often a
concentration of compressive shearing strain in the soft argillaceous rock area at the foot
of the slope, and a concentration of tensile shearing strain at the fissure’s tip at the top
of the slope, and in the soft argillaceous rock area on the slope surface. These areas will
become potential slip surfaces. The change and transfer of stress and strain in the mountain
will also cause fracture initiation, propagation and coalescence, as well as the breaking of
the intact rock bridge [45]. Some studies have shown that in the karst mountainous area
in Southwest China, the existence of deep and large karst fissures at the top of the slope
largely determines the extension direction of the tension cracks and the location of the slope
body cracking [22,46]. Actually, the propagation mode of the mining-induced fractures in
the overlying strata also has certain rules, that is, they propagate asymmetrically in the two
sides of the goaf (in the free face of the goaf first). In the vertical direction, the fractures
propagate upward and downward simultaneously, forming a number of steeply dipping,
deep and large fractures parallel to the slope surface. It is worth noting that the continuous
propagation of fractures is also a process of gradual damage and deterioration of the strata
strength of the mountain. In addition, the underground mining results in the formation of
two types of displacement fields: uneven vertical subsidence, and horizontal protrusion of
the overlying strata, and the uneven vertical subsidence will change the initial stratigraphic
structure of the strata and significantly reduced the mountain’s stability (Figure 20F).
Relevant studies have also shown that mining in hilly and mountainous terrains usually
leads to the cracking of the overburden materials and increases the potential of slope failure,
mainly due to the additional subsidence effects of the sloping ground [43].

Based on the characteristics of the stress field, strain field, fracture propagation, and
deformation response of the rock mass under underground mining, the evolution process
of the Faer landslide can be divided into four stages. (1) The free face of the slope was
damaged via cracking. After coal seams M1 and M3 were mined, the emergence of the
pressure unloading space in the goaf caused tensile deformation of the structural plane. The
fractures propagated upward first, and the overlying strata underwent uneven subsidence
from bottom to top. Deep and large longitudinal fractures formed in the free face area,
and the slope entered a damaged state. At this time, there was a compressive shearing
strain concentration area in the soft argillaceous rock area at the foot of the slope, while
a tensile shearing strain concentration area was formed at the fissure’s tip at the top of
the slope and in the soft argillaceous rock area on the slope surface (Figure 24A). (2) In
the overlying strata subsidence and collapse stage, with the continuous mining of coal
seam M52, the uneven subsidence of the overlying strata increased, and the structural
planes of hard sandstone on the slope surface were under tension and loosened. The
damaged rock mass at the top experienced tensile shearing failure along the deep and
large fractures in the free face area, which caused a collapse of the slope (Figure 24B). (3) In
the tensile shearing-backward toppling stage, when deep coal seam M52 was mined, the
uneven subsidence of the overlying strata increased further. The hard structural planes
connected to the soft argillaceous rock layer, forming a stepped slip surface. The weak
mudstone layer on the front of the slope experienced tensile shear failure, and the hard
sandstone near the free face at the top of the slope experienced backward toppling failure
(Figure 24C). (4) In the multi-level sliding stage, during the mining of coal seams M7 and
M10, the slope as a whole was in a damaged state. Under the combined action of the
continuous uneven subsidence of the overlying strata and the horizontal protrusion from
the slope, the soft rocks, such as the mudstone and coal seams, at the foot of the slope
underwent compressive shearing deformation. At the same time, the structural planes
on the top and the slope surface continued to open and loosen, and the soft argillaceous
rock layers underwent shear slipping and became interconnected with each other, forming
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a multi-level stepped slip surface. The slope experienced multi-level sliding. Currently,
the vertical and horizontal movements of the Faer slope have not converged, and InNSAR
monitoring results have also proved this phenomenon [23]. With the continuous mining of
the deep coal seams, the slip surfaces at the top, slope, and foot of the slope will penetrate,
causing large-scale landslides (Figure 24D). Thus, in order to more accurately achieve early
warning and preparation for the occurrence of landslide disasters, it is necessary to set
up appropriate monitoring program based on the evolution process of the slope, and to
monitor the dynamic deformation characteristics of the key areas using interferometric
synthetic aperture radar (InSAR) combined with machine learning algorithms and some
slope instability probability models [47-51].
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Figure 24. Schematic diagram of the evolution of the landslide: (A) mining stages I-IV; (B) mining
stages I-VI; (C) mining stages I-VIIL; and (D) mining stages I-XII. (1. mudstone; 2. coal seam and
number; 3. goaf; 4. initial terrain line; 5. fractured and damaged zone; 6. uneven subsidence;
7. separation fracture; 8. terrain line after landslide; 9. multi-level stepped slip surfaces).

4.2. Formation Mechanism

In the previous studies, the mountain strata were often considered as layered rock
mass, ignoring the influence of the structural plane of the rock mass and the weak rock
formation on the stability of the mountain [52,53]. The actual research shows that during
the underground mining process, the overlying strata of the goaf often crack along the
structural planes, which is manifested as tensile loosening of the structural planes of the
hard sandstone and shear slipping of the soft mudstone layer. They penetrate each other
to form a stepped slip surface. In the case of a coal mining-induced landslide at Nattai
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North, Australia, it was also found that the mining induced stresses led to the shear and
compressive failure of weak strata at the escarpment base, particularly around its toe, and
the failure of the weak strata at the toe of the escarpment initiated the simultaneous forward
sliding and toppling of the rock column [43].

The slope as a whole was in a state of compressive stress equilibrium before the
mining under its self-weight [54]. However, under the underground mining conditions,
there were obvious synergistic changes in the stress and strain fields, fracture propagation,
and displacement response of the Faer slope. Specifically, during the underground mining,
the stresses in the surrounding rock were readjusted, and the compressive stress of the
overlying strata decreased and changed from an initial compressive state to a tensile stress
state. The tensile stress caused the direct roof of the goaf to loosen and collapse. As a result,
the hard structural plane of the overlying strata opened, the fractures propagated asymmet-
rically upward and downward, and thus, the whole overlying strata entered a damaged
state. Due to the uneven subsidence of the overlying strata, deep and large longitudinal
fracture zones were formed and collapse scarps appeared. Moreover, the slope protruded
horizontally, and the stratigraphic structure of the slope changed. Eventually, a multi-level
stepped slip surface was formed. These results are consistent with the observations of the
surface deformation survey and geophysical detection. Therefore, the mechanism of the
landslides in the gently dipping soft-hard alternant strata induced by underground mining
can be summarized as follows: (1) loosening and collapse of the goaf roof, (2) fracture
propagation in the overlying strata, (3) damage to the overlying strata, (4) tensile shear
fracturing in the top, (5) subsidence of the overlying strata, (6) horizontal displacement on
the free face, (7) structural planes of the hard sandstone opening and penetration under
tension, (8) tensile shearing of the weak mudstone on the slope surface, (9) backward
toppling of the rock mass at the top, (10) compressive shear failure of the soft rock at the
foot of the slope, (11) formation of a stepped slip surface, and (12) global instability.

5. Conclusions

In this study, based on UAV photography, a surface deformation survey, geophysical
detection, and numerical simulation, we analyzed the formation mechanism of the land-
slides in gently dipping soft-hard alternant strata induced by underground mining. The
main conclusions of this study are as follows.

(1) The mining-induced fractures in the overlying strata propagated asymmetrically in
the two sides of the goaf (in the free face of the goaf first). All of the strata were in a
damaged state, which provided the geological structure for future landslides.

(2) The underground mining resulted in the formation of two types of displacement
fields: uneven vertical subsidence and horizontal protrusion of the overlying strata.
The subsidence and protrusion led to tensile loosening of the structural planes of the
hard sandstone and shear slipping of the soft mudstone layer. They penetrated each
other to form a stepped slip surface.

(8) Under the periodic influence of underground mining, the mountain containing gen-
tly dipping soft-hard alternant strata underwent the following progressive failure
modes: (1) loosening and collapse of the goaf roof, (2) fracture propagation in the
overlying strata, (3) damage to the overlying strata, (4) tensile shear fracturing in the
top, (5) subsidence of the overlying strata, (6) horizontal displacement on the free
face, (7) structural planes of hard sandstone opening and penetration under tension,
(8) tensile shearing of the weak mudstone on the slope surface, (9) backward toppling
of the rock mass at the top, (10) compressive shearing failure of soft rock at the foot of
the slope, (11) formation of a stepped slip surface, and (12) global instability.

In addition, for landslide disasters induced by anthropogenic factors such as under-
ground mining, it is necessary to combine geotechnical survey, UAV photography, geophys-
ical detection, INSAR monitoring, numerical analysis, and machine learning technology,
which can be compared to verify the obtained results, in order to accurately formulate disas-
ter prevention and mitigation strategies. It is worth noting that in the numerical simulation
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of this study, the slope is simplified as a two-dimensional geological body. In fact, the slope
itself is a three-dimensional geological body structure. Considering the three-dimensional
force of the slope will be more suitable for the actual conditions. Therefore, in the future,
based on the 3D terrain data of the slope, it is feasible to use 3DEC software to build a 3D
numerical model and analyze the impact of different mining stages on the stability of the
mountain, which is feasible for improving the simulation accuracy and reliability.
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