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Pusa village is located in the karst mountain area of Nayong County, Guizhou Province, China. Laoyingyan mountain rock is
gently dipping, the upper part consists of hard rock formations, and the lower part is made up of soft rock composed of 3 coal
seams. On August 28, 2017, a massive landslide occurred in this area, resulting in 82,3000m3 of debris, which resulted in
significant casualties and brought up the malaise in society. In this paper, the geological conditions and long-term mining
activities in the study area are analyzed by field investigation. The base friction tests and numerical models are used to
simulate and analyze the failure and deformation process of Pusa collapse to accommodate the research on the deformation
and failure mechanism of the slope and provide better prevention and treatment suggestions. The results show that the Pusa
collapse can mainly be attributed to unique geological conditions, underground mining activities, and the topography of the
slope. The intensified mining activities promoted the development of fractures and cracks in the slope, resulting in unstable
upper slopes. The failure process of the Pusa collapse can be summarized into four-stage: the development of goaves roof
deformation, the crest of the slope cracks, intensification of deformation, and occurrence of collapse. The upper slope with
high strength rock developed crack-toppling failure. Meanwhile, the upper slope with low strength rock developed subside-
crack-sliding failure, and those two failures together contributed to the mechanism of Pusa collapse. Slope deformation and
failure mechanism can be summarized as subside-crack-toppling-shear sliding type.

1. Introduction

Geohazards, such as rockfalls, rock avalanches, landslides,
debris flows, and ground collapse, are driven by adverse geo-
logical features [1], global climate changes [2], and/or unscien-
tific human activities [3]. Geohazards are considered the
second most destructive natural disaster after earthquakes
[4]. The geohazards lead to increasing threats as more people
and property are exposed to them than ever [5]. The mining-
induced landslides and rock avalanches have attracted grow-
ing public attention among geological hazards [6]. Many land-
slides and rock avalanches are reported to regard to the impact

of the underground mining activities, such as Huang et al. [7],
Xu et al. [8], Wu and Kulatilake [9], Jiao et al. [10], Kulatilake
and Ge [11], Zhao et al. [12], Fan et al. [13], and Zhu et al. [14].
These geological disasters share the characteristics of large-
scale, strong suddenness, and complex causes. Their occur-
rence will cause heavy casualties and property losses.

Underground mining activities may alter the stability of
slopes [15]. The surface movement characteristics induced
by underground mining in mountainous areas are consider-
ably different from those caused by slope excavation or
open-pit mining [16–18]. The surface movements may cause
subsidence, slope movements, discontinuous deformations,
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and variation in hydrogeological conditions [19]. Slope
movements can potentially convert into slope failures such
as slides, rockfalls, rock avalanches, and debris flows under
unfavorable conditions [20–23]. There are four main rea-
sons for slope failure caused by underground mining: (1)
stress redistribution and the consequent changes in mining
slope, (2) changes of physical and mechanical properties of
the slope, (3) generating internal and surficial cracks due
to overburden rock mass deformation in mining area, and
(4) changes of hydrological actions of the slope accelerate
the slope deformation and failure [24].

Rock avalanches are slope process detachments that refer
to sliding, toppling, or falling [25]. It is commonly believed
that underground mining has a cantilever effect on the layered
rock, which leads to the destruction of overburdened rock and
ground cracks [26–28]. Rock avalanches associated with
underground mining have been reported throughout mining
history.Many studies have improved understanding of ground
movement, and the instability of the slopes related to overbur-
dened strata stress changes in recent years [29–31]. It is crucial
to understand the mechanism of deformation and failure of
gently sloping slopes and the stability of underground mining
[12]. Significant progress has beenmade on analyzing mining-
induced geohazards using numerical simulations, physical
modeling tests, and geomechanic analyses. [32].

Currently, numerical simulations such as finite element
and discrete element methods are widely used for assessing
geohazards worldwide [33, 34]. Numerical methods can
consider complex underground excavation geometries,
topography, and geological conditions. It is an excellent
method to deal with nonlinear behaviors of rock mass,
whose deformation process can be replicated with numerical
tools [35]. In particular, the discrete element method (DEM)
based on the formulation and solution of equations of
motion of rigid and deformable bodies has a broad applica-
tion in rock mechanics, including rock dynamics, lab test
simulation, rock slopes, geohazards, and underground min-
ing [36]. The most representative explicit DEM methods are
the UDEC, PFC, and 3DEC for 2D and 3D problems in rock
mechanics, which are widely used to study slope deforma-
tion and destruction mechanisms. Cruden and Martin [37]
analyzed the formation lithology, geological structure, dis-
placement, and deformation characteristics of the Frank
landslide through a geological survey. Marschalko [38] and
others [39] analyze a large number of monitoring data that
the picking directly impacts slope deformation, especially
in the upper part of the mining area caused by subsidence.
Benko and Stead [40] used numerical models to study the
effects of different mining methods, mining depths, and tec-
tonic features on slope deformation damage. The physical
model is also an essential approach for investigating the
mechanism of slope deformation destruction. Zheng et al.
[32] used a physical model to analyze the collapse damage
process and destruction patterns. It can be seen that numer-
ical methods such as FEM and DEM become prevalent in
studying the mechanisms of slope deformation destruction.

Pusa avalanche occurred in Pusa village, Zhangjiawan
Town, Guizhou Province in southwest China on August
28, 2017, which is about 191 km to the Guiyang city, the cap-

ital of Guizhou Province (Figure 1). It is located in the
southern working district of the Pusa mine in an area
affected by underground mining. The collapse volume was
about 500,000m3, destroying a part of Pusa village causing
35 deaths [13]. After the avalanche, approximately
1,000,000m3 of bedrock debris flow buried some houses of
the Pusa village at the toe of the escarpment. Significant
casualties and social impacts were recorded [14].

Many achievements have been made in researching slope
deformation and instability mechanisms. Still, the research
on the internal mechanism of high and steep slope deforma-
tion and failure is relatively limited. In this paper, Pusa vil-
lage is selected as a research case. Combined with field
investigation and geological data, the geological engineering
conditions, influential factors of collapse formation, slope
deformation and failure characteristics, and essential col-
lapse attributes in the study area were analyzed. To study
the deformation and failure mechanism of high and steep
slopes under underground mining, a physical modeling
method is adopted to reproduce the whole process of col-
lapse from incubation to occurrence, and a numerical
method is adopted to simulate and verify the failure mecha-
nism of the slope. Based on the analysis and discussion, a
theoretical basis was proposed to study the deformation
and instability mechanism of such a slope.

2. Geological Conditions and Mining Activities

2.1. Geomorphology. The study area is located in the second
step of Yunnan Guizhou Plateau—Qianxi mountain plain,
which belongs to Wumeng Mountain erosion landform. The
overall terrain of the site is high in the south and low in the
north. The highest elevation point of Laying mountain is
2175m, and the lowest is 1875m and is located at the ditch
of Pusa village at the lower part of the slope. The relative ele-
vation difference is about 300m, and the slope gradient is
10°-25°. The slope gradient of some sections can reach 55°.
The upper part of the research area (Laying mountain) is a
cliff, and the lower part is a gentle slope, with an elevation dif-
ference of about 200m (Figure 2). The lower coal measure
strata are coal-bearing strata of the Longtan Formation of
the Upper Permian system. The terrain at the outcrop is gen-
tle. The general elevation is between 1700 and 1900m, and the
average height is about 1850m. Most of the area is covered by
a quaternary system, mainly farmland and housing land. The
precipitation range in the study area is 1200-1300mm, and
the average annual precipitation is 1238.8mm. According to
rainfall data recorded by Guizhou’s local meteorological
bureau, the total rainfall in August 2017 was only 44.3mm.

2.2. Lithology and Geological Structure. The Pusa avalanche
was located in the southeast wing of the Zhangwei anticline.
The Pusa slope face dip is located at NW50°, with an average
slope angle of 40-55°. It also has two fee faces at NE40° and
SW80°, respectively, with an average slope angle of 50-65°.
The bedding plane is 280°∠8° − 10°. There are three major
fault systems F1, F2, and F3 developed. However, no connec-
tion between fault and collapse can be recognized. Through
the field survey, three major joint sets (J1, J2, and J3) are
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identified in the area. J1 joints set presents at N50°-60° E/∠80-
90°, J2 at N81-84° W/∠80-90°, and J3 at N10-15° E/∠80-90°.
These joint sets result in rock mass into blocks. The combina-
tion of joint sets and bedding planes is one of the dominant
factors of the Pusa avalanche. The typical strata sequence in
the area ranging from new to old are as shown in Figure 3.

(1) The Yelang Formation of the Lower Triassic (T1y).
Limestone, sandy mudstone, and argillaceous sand-
stone. According to lithology and age, Yelang Forma-
tion can also be classified into two stages: T1y

1 and
T1y

2. T1y
1 consists of thin-medium layered limestone,

forming a cliff in the upper part of the study area. T1y
2

consists of sandy mudstone and argillaceous sandstone,
forming a steep slope in the middle and lower area

(2) The Changxing-Dalong Formation (P3c+d) of the Upper
Permian. Medium-thick layered argillaceous limestone

(3) The Longtan Formation (P3l) of the Upper Permian.
Interbedded thin to medium-thick layered sandstone
and thin layered siltstone, underlain by 1-2m thick
coal seam

Nayong County was known for its high-quality coal. The
minable coal seams are M6, M10, M14, M16, M18, and M20
layers. In descending order, three seams of coal were mined

before the collapse, M16, M14, and M10. Underground min-
ing had been carried out for a long time. Illegal and small-
scale mining activities were reported to be operated by resi-
dents. However, these activities have been banned since1990s.
Large-scale mining activities have been carried out since 1995.
The location of the coal seam is shown in Figure 3.

The large-scale mining activities were mainly classified
into two stages: production scale of 60,000 tons/year
(between 1995 and 2010) and 300,000 tons/year (2011-pres-
ent). The dip angle of M16, M14 and M10 coal seams is 7°,
and the roof rock is powder sandstone and powder sand
mudstone. The thickness of the M16 coal seam is 1.20-
2.04m, with an average of 1.60m. Mining in M16 was
utterly stopped in December 2010. The M14 is mined from
2013 to the second quarter of 2016 with an average layer
thickness of 1.23m, and the M10 is mined from 2016 to
August 2017 with an average layer thickness of 2.12m. By
June 2016, the M10 coal seam had been mined. M10 was
mining out before the Pusa avalanche occurred.

3. Characteristics of Pusa Collapse

3.1. Signs of Slope Deformation. According to the geological
data collected before the collapse, the residents’ description,
and the image data, the historical deformation process of the
Pusa collapse was preliminarily understood.
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Figure 1: The location picture of Pusa collapse, Nayong county of Guizhou province.
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The deformation of the slope could be summarized as
follows:

(1) There were minor signs of deformation at the top of
eagle rock mountain and small cracks in 2006. These
tiny cracks gradually developed and expanded

(2) Till 2013, a considerable number of long, wide cracks
had already existed at the back of the Laoyingyan
mountain. Among them, the width of the crack
denoted as Lf1 was about 1–2m, and the crack
extended up to 215m, which constituted the bound-
ary of the whole mountain body that deformed. Lf2

and Lf3 were located at the back border of the col-
lapse source area, and there were signs of further
deformation. It can be seen a small, localized collapse
occurred near another mountain on the south side of
the slope (of which the estimated volume of about
3 × 103 m3) and that the collapsed debris accumu-
lated on the slope surface (Figure 4(a))

(3) In 2014, compared with cracks in 2013, Lf3 extended
and connected with some small fractures with a
length of 179m. The width of the cracks found else-
where on the collapsed slope also reached 40 cm, and
the crack width is increasing every year. It was worth
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Figure 2: Regional topographic and geological map of Pusa collapse.
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noting that there have been several small local col-
lapses on the left side of the source area of the col-
lapse, and the accumulation has increased (of
which the estimated volume of about 5 × 103 m3),
which further indicates that the slope has undergone
gradual deformation (Figure 4(b))

(4) In 2016, due to the superposition of heavy rainfall
and mining, large-scale gravel and clay collapse
occurred on the right side of the collapse source area,
covering previous collapse accumulations and block-
ing roads (Figure 4(c))

(5) In July 2017, several collapses occurred in Laoyingyan
mountain, and the slope also fell from time to time

(6) On August 28, 2017, Pusa collapse occurred, and the
rear side of Laoyingyan mountain had prominent
subsidence characteristics, which was stepped. The
rock mass at the top of the mountain was incredibly
broken, and there were many tensile fractures,
among which Lf1 extends to 180m and width was
34m (Figure 4(d))

Combined with the macrodeformation of the slope in
each period, the slope deformation can be summarized as
slow deformation-rapid deformation-collapse. In the early
stage, the deformation of the mountain is slow, the slope is
intact, and there are only some tiny cracks. Then, the defor-
mation intensifies, with many small collapses occurring, and
the cracks become longer and broader. The deformation of
the collapse source area is severe and continuous, and rock-
fall often occurs on the slope. Finally, the continuous defor-
mation makes the mountain collapse. The development of
cracks and voids on the three sides of the slope is disadvan-
tageous of the slope collapse, which provides geometric con-
ditions for slope failure.

3.2. Characteristics of Collapse Failure. After the collapse, the
collapsed body moved in the direction of 300-310° in debris
flow and accumulated at the front edge of the slope foot. The
elevation of the rear edge of the steep collapse wall was about
2120m, the height of the slope toe was about 1922m, and
the relative elevation difference was about 200m. The hori-
zontal length of the collapse direction was about 800-
820m, the horizontal length of the steep slope foot to the
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front edge of the accumulation area was about 660m, and
the average thickness of the accumulation area was about
4m. The total amount of the collapse was about 82:4 × 104
m3. According to UAV aerial photography and field investi-
gation, the collapse accumulation was divided into the col-
lapse source area, falling scraping area, and circulation stop
area, as shown in Figure 5.

3.2.1. Collapse Source Area. The collapse source area was
located in the middle and upper part of the slope. The col-
lapse shear outlet was found in the first member of the
Yelang formation of the Lower Triassic system 60-90m
down the slope top (Figures 5(I) and 5(l)). According to
UAV aerial photography and field investigation, the average
height, width, and thickness of rock mass in the collapse
source area were about 85m, 145m, and 40m, respectively.
The total volume was about 493,000m3.

3.2.2. Falling Scraping Area. After the unstable rock mass
suddenly collapses in the collapse source area, it moves
downward along the slope under the tremendous gravita-
tional potential energy and kinetic energy. It scraped the sur-
face broken rock mass and slope deposits along the way, and
the scrape thickness was about 1.5m. The scraping area was

about 180m in width and 80m in height, and the scraping
area was about 210,000m3 (see Figures 5(II) and 5(a)).

3.2.3. Flow Stop Accumulation Area. The collapse accumula-
tion area was located in the relatively open leading edge of
the slow slope area (Figure 5(III)), and the overall slope
was about 10-15°. There was a small hill at the front edge
of the slope foot. The plane shape of the congeries was irreg-
ular fan-shaped, and it accumulated in two directions. The
accumulation area was fishtail, with a broad middle part
and narrow front and rear edges. The width of the middle
part of the accumulation area was about 360-380m, extend-
ing to the SW-NE direction. The accumulation area was
scraped by about 310,000m3 (see Figures 5(e)–5(h)).

3.2.4. Perturbation Area. With the mining of coal seam, a
series of deformation and small-scale collapse has occurred
(Figures 5(IV2) and 5(a)–5(c)). Several small collapses
occurred successively on the left side of the collapse source
area, and the later collapse accumulation had covered the
front collapse accumulation (Figure 5(IV3)). Many cracks
were developed in the disturbed area at the top of the slope
(Figure 5(IV1)). One of the deep cracks was 34m in width
and 180m in length. The rock mass was broken. The
resounding crack separated the collapsed body from the rock

(a) (b)

(c) (d)

Figure 4: Images of the source area showing the cracks. (a) UAV image, 2013; (b) UAV image, August 2018; (c) front view, July 2016; and
(d) UAV image, August 2018. Note: UAV refers to unmanned aerial vehicle.
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mass at the back edge. It was possible to slide again under
external force.

3.3. Analysis of Collapse Instability Process. When the col-
lapse occurred, the on-site monitoring personnel recorded
the whole process of collapse initiation through UAV
(Figure 6). By analyzing the video captured by UAV, the
starting process of collapse is observed. As can be seen from
Figure 6(b), after multiple landslides on the slope, the out-
ward extrusion deformation occurs in the middle of the col-
lapsed body towards the free surface, the rock mass on the
suitable surface of the collapsed body begins to fall off, and
the cumulative damage occurs in the collapsed body. Then,
the collapsed body was deformed violently, and the upper
rock mass fell off due to the loss of support of the lower rock
mass during outward deformation (Figure 6(c)). Then, the
mountain collapses due to toppling deformation, generating
tremendous kinetic energy (Figure 6(d)). Finally, the col-
lapsed body develops rapidly and moves downward under
the action of gravity. In contrast, the rock mass in the middle
and lower part of the collapsed body is scraped by the high-

speed debris flow at the top and moves together with the col-
lapse debris flow. At the same time, the whole collapsed
body was almost completely transformed into debris flow
and slides towards the front edge of the slope at high speed
(Figures 6(e) and 6(f)). As the height difference of the whole
slope was close to 200m, the collapsed body had substantial
kinetic energy. It moved forward for a long distance, result-
ing in considerable loss of lives and properties of residents
along the travel path.

4. Methodology and Theory

4.1. Method. After the collapse of Pusa, relevant teams and
scholars actively exchanged and cooperated, providing valu-
able information for the research. By analyzing data col-
lected from multiple sources and studying bottom friction
test and PFC numerical simulation, this work may contain
the first complete overview of landslide events, including
deformation and failure process, deformation history, and
failure mechanism. Details are as follows.

Figure 5: The full picture of the collapse. (I) Collapse source area. (II) Falling scraping area. (III) Flow stop accumulation area. (IV1)
Perturbation area 1. (IV2) Perturbation area 2. (IV3) Perturbation area 3.
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4.1.1. Bottom Friction Test. The bottom friction model test
simulates the gravitational force on the model by the friction
between the model and the bottom surface. The basic prin-
ciple is the model is flattened on the horizontal conveyor belt
so that the original section depth direction is consistent with
the direction of the conveyor belt movement (see Figure 7),

the lower part of the model is blocked by the model frame,
and the bottom of the model is blocked by frictional resis-
tance at each point. The constraints of the structure are very
similar to the two-dimensional geometric features of the
ramp. The basic frictional force F is generated by the resis-
tance caused by moving the belt, which is opposite to the

(a)

Extrusion deformation

(b)

Topping failure

(c)

Collapse occurred

(d)

Rapid development of collapse

(e)

Collapse completed

(f)

Figure 6: Eyewitness sample video frame for the progressive development of collapse.
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resistance generated by the fixed frame. The theory of base
friction modeling can be expressed mathematically in the
following equation:

F =∬γmμddzdw, ð1Þ

where γm is the unit weight of the material used in the
model, d is the model’s thickness, μ is the coefficient of fric-
tion between the model material and the belt, z is the length
of the model, and ω is the width of the model.

According to The Saint-Venant principle, when the
model is thin enough, friction can be considered to act
evenly over the entire thickness, equivalent to the state in
which the prototype object is subjected to gravity under nat-
ural conditions [41]. The physical model experiment is
based on the principle of similarity, and a similar relation-
ship between the research object and the model is estab-
lished to ensure that the physical phenomena reflected in
the model experiment are identical to the prototype [42].
The bottom friction test model is similar to the prototype
and needs to meet certain similarities in terms of geometric
conditions, force conditions, and friction coefficients [42].

4.1.2. PFC Numerical Simulation. PFC is a numerical
method of disciple particle flow, which combines the contact
model of the rigid disk with the contact model of the rigid
sphere to form an equivalent rock model with appropriate
strength. The mechanical characteristics of rock bodies are
simulated through detailed strength and elastic parame-
ters [43].

PFC can study the mechanical behavior of granular
materials and simulate the rupture and separation of rocks
and better simulate the rupture process and crack develop-
ment process of rock masses. PFC is iterated in time steps,
and each iteration is repeatedly applied to the laws of motion
and the law of force-displacement. When the motion state of
the mass is updated and the adjacent force between the outer
force and the mass point changes, the system will automati-

cally recalculate according to the theory of the force-
displacement relationship. Contact forces and particle
motion are updated until the system reaches a new equilib-
rium (see Figure 8). The law of particles follows Newton’s
second law of motion, which describes the rigid motion of
individual particles by acting on the combined forces and
force moment vectors acting on each particle. As a result,
the rock mass model constructed by PFC can simulate the
dynamic behavior of rock bodies in nature.

4.2. Theory. For rock slides that conform to a three-segment
mechanism, they usually occur in slopes consisting of the
following [44]: (a) brittle rocks or rocks with a nearly hori-
zontal or gently inclined structural surface at the bottom of
the slope; (b) hard rocks with a thin sandwich of weaker
material. At the same time, coal seam excavation is also an
important factor. Three-stage mechanism: sliding, tensile
cracking, and shearing in sliding/tensile cracking/shearing
mechanisms, deformation and failure processes can be
described as

High-speed camera

Data acquisition system
Physical model room

Friction control instrument

Model

Constraint
component

Drive belt
wheel

Drive belt
wheel

Conveyor belt

Schematic diagram of bottom friction test device

Drive belt movement
direction

Figure 7: Bottom friction-based physical model test setup.

Force boundary
condition

Force

Displace
ment

Displacement
boundary condition

Newton’s second
law (F = ma)

Relation between force
and displacement

Figure 8: Process diagram of particle flow cycle calculation.
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(1) During slope formation, unloading/rebound defor-
mations are caused by postgenesis along the gentle
structural surface at the bottom of the slope. After
the coal seam is mined, the overlying rock mass is
deformed. This results in tensile stress zones and
tensile cracks at the top of the landslide, especially
in high-stress zones (Figure 9)

(2) Subsequently, with the mining of multiple coal
seams, the deformation intensifies. Under the long-
term action of gravity, the slope is continuously
crawling along the gentle structural surface, resulting
in a deepening of the head crack (Figure 9)

(3) When the rear crack reaches a certain depth, the accu-
mulated stress in the “locking section” causes the slope
to break gradually. Finally, the “locking segment” will
be destroyed by shear forces, and brittle damage will
occur on the slope. Since such slopes often have con-
siderable potential energy, the sliding velocity can be
exceptionally high when disruption occurs

The field investigation results show that the morphology
of the sliding surface of the general sprinkler is approximately
circular, which is in line with this deformation and destruction
mechanism. To verify this finding, the deformation failure
mechanism of the general collapse and collapse of the general
sprinkler was studied by using the physical simulation of the
bottom friction test and the numerical simulation of the parti-
cle flow program (PFC). Since the “locking section” is essential
for slope stability, the hazard protection strategy is to avoid
damaging the section and take technical measures to inhibit
the development of posterior cracks and/or increase the shear
strength of the front of the slope.

5. Physical Simulation

5.1. Similarity Ratios and Physical Model. According to the
similarity principle, the base friction model test was used to
study the deformation and failure mechanism of Pusa collapse
and reproduced the whole process of collapse deformation
and failure. The model of the bottom friction test instrument
is DMC-1000 variable frequency adjustable speed bottom fric-
tion test machine, and the template size of the variable fre-
quency adjustable speed bottom friction test machine
instrument is 800mm × 1000mm. The speed regulation range
is 0~100 r/min. The friction force is 0~1000N.

The main section of Pusa collapse was selected as the
prototype for the experimental model. The upper part of
the slope was mainly thin to medium thick limestone
(T1y

2), argillaceous siltstone (T1y
1), and limestone (P3c+d),

and the lower part was mainly composed of mudstone and
coal seam (P3l). The lithologic structure was complex.
Therefore, the model needs further generalization. T1y

2

was generalized as limestone. T1y
1 was generalized as lime-

stone, P3c−d was generalized as limestone, and P3l was gener-
alized into mudstone. According to the previous research
results, combined with the actual original geological condi-
tions, rock physical and mechanical parameters, and the size
of test equipment, and after a series of reasonable trial sim-

plifications, it was determined that the most feasible similar-
ity ratio between the physical laboratory model and the real
prototype was 1 : 800. The length and height of the physical
laboratory model were chosen as 80 cm and 75 cm,
respectively.

Consequently, the model size was designed to be 80 ×
75 cm. Quartz sand, heavy crystal powder, liquid paraffin,
and bentonite were adopted as similar materials, and a sim-
ilar ratio in line with the actual situation of each rock stra-
tum lithology was obtained. The physical and mechanical
parameters of different types of rocks were set as the bench-
mark targets for determining the reasonable blending pro-
portion of similar raw materials for each field stratum
through carefully designed orthogonal tests. According to
the results of the orthogonal tests, the blending ratio of sim-
ilar raw materials resembling field limestone stratum was
barite powder: quartz sand : paraffin = 59:5 : 31:5 : 9, the
blending proportion of similar raw materials resembling
field sandstone stratum was barite powder: quartz sand
: paraffin = 65 : 25 : 10, the blending ratio of similar raw
materials resembling field mudstone stratum was barite
powder: quartz sand : bentonite : paraffin = 65 : 19 : 6 : 10,
and the blending proportion of similar raw materials resem-
bling field coal seam was barite powder: bentonite
: paraffin = 80 : 11 : 9. The basic physical and mechanical
parameters of similar materials were obtained by orthogonal
tests and applied to the laboratory physical model test. The
details were referred to elsewhere for brevity [45].

Coal seams are M16, M14, and M10. The dip angle was
7°, and a group of 85° structure planes in inclined slope was
selected. The mining sequence of coal seam excavation was
M16→M14→M10 from bottom to top. The M16 coal seam
sets three mining areas and two coal pillars. M14 coal seam
sets two mining areas and one coal pillar. M10 was located in
the uppermost seam, and no coal pillar was left during min-
ing. It had been mined twice, with the first mining depth of
10 cm and the second mining depth of 15 cm. To prevent the
sudden damage of the physical laboratory model during
mining, the reserved coal pillars were initially kept intact
with a width of 4 cm. After the deformation tended to be
approximately stable, the reserved coal pillars were then
excavated to mimic typical field coal-mining operations in
the study area. The schematic diagram of the physical labo-
ratory model is shown in Figure 8, of which the structural
layers were described previously in the field forensic investi-
gation part. After the physical model was fabricated, it was
let stand for 24 h. It was then placed onto the testing equip-
ment to start the physical model test.

5.2. Physical Simulation Results. Based on the results of the
experiment, the evolution process of the experimental model
can be divided into four stages.

5.2.1. Deformation Stage of Overburden. After the M16 coal
seam was completed, the overlying rock mass slightly bent
and subsided under gravity, and slight cracks appeared near
the roof. With the excavation of the M14 coal seam, the roof
of the coal seam was further deformed, and cracks grew and
widened gradually.
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The M10 coal seams were excavated twice. After the first
10 cm, the coal seam was mined, the roof of the coal seam
subsided, and there was a separation between the layers.
The separation interval was about 1mm. The joints on the
top of the slope showed signs of being pulled apart and
developing downward, and crack LF2 was gradually formed,
as shown in Figure 10(a).

5.2.2. The Formation Stage of the Top Crack in Slope and
Goaf Collapse. After the M10 coal seam and coal pillar of
the M14 coal seam were mined, the roof of the coal seam
bent and sunk to the goaf, and the overlying rock of the goaf
formed a fracture zone and collapsed downward. With the
continuous expansion of the collapse area, the upper rock
mass bent downward and sunk layer by layer, which caused
the collapsed arch to become larger and the cracks on the
top of the slope to become wider. The tension cracks near
the goaf continue to extend to the top of the slope. The main
fracture of LF1 at the rear edge has been opened about
8mm, and the lower crack also shows a trend of connecting.
The rock mass in front of the slope opened along the pri-
mary structural plane and developed downward to form
fracture LF2, as shown in Figure 10(b).

5.2.3. Stage of Crack Through and Slip Surface Formation.
The main crack LF1 was gradually widened, the width was
increased from the original 8mm to 12mm, and it ran down
to the goaf to cut the rock bridge. The upper rock mass lost
its support, the whole rock mass staggered downward, and
the downward displacement was about 5mm. Due to the
influence of the free face of the front edge of the slope and
the concave rock cavity in the lower part of the olecranon,
the crack LF2 gradually widened, and the vertical structure
of the track developed downward, with a width of about
2mm. When the instrument ran for a while, the front edge

of the slope toppled forward, and the gravity center of the rock
mass deflected. The cracks develop downward. Meanwhile,
they were affected by the gravity deflection. When the cracks
develop to the soft rock of the second member of Yelang for-
mation in the lower part, the cracks no longer developed
downward due to the low strength of the soft rock but cut
out to the slope under the self-weight of the upper rock mass
and shear the lower rock mass, as shown in Figure 10(c).

5.2.4. Failure Stage of Slope Instability. With the expansion
of the influence scope of the collapse area, the cracks became
wider and longer, and the rock mass became more damaged,
which further aggravated the collapse failure of the rock
mass to the free face. When the rock mass was constantly
toppling towards the free face, the LF2 crack was pulled
apart, and the distance between them became larger. Under
gravity, LF2 fracture expanded downward, and rock mass
collapse occurred. In the process of downward rolling, the
avalanches collided with each other, disintegrated gradually,
and accumulated in the front edge of the slope surface. The
main fracture LF1 is pulled to 2.5 cm (Figure 10(d)).

Due to coal mining, the overburden is disturbed, result-
ing in the adjustment of internal stress. The slope has
sequentially experienced the process of coal seam roof col-
lapse, expansion deformation, tensile cracking, and slope
collapse. After the coal seam roof collapses, an arch-shaped
collapse area is formed. With the goaf’s expansion, the goaf’s
collapse area is also expanding, and the collapse deformation
is transmitted to the slope top, creating cracks on the slope
top. The tensile fracture at the top of the slope no longer
extends downward but extends to the soft rock with low
strength, the “locking section” of the cutting front, and the
upper rock mass is unstable. Finally, after the deformation
exceeds the stability limit, the slope collapses, and the col-
lapse debris then stays and accumulates at the broken foot
of the physical model. The front rock mass is unstable and
collapses, and some remaining collapses from cliffs. Since
there is no barrier at the front edge, dangerous rock mass
may collapse under natural conditions. These results are
consistent with the results of field forensic investigation,
which can truly reflect the slope deformation and failure
process and can further confirm the rationality of the subse-
quent numerical simulation results.

6. Numerical Simulation

6.1. Rock Parameters. In this paper, the mechanism of slope
deformation induced by picking in Nagao County is ana-
lyzed numerically by the PFC method. DEM can better sim-
ulate the micromechanical response of rock mass; however,
the micromechanical parameters required as PFC input are
usually not directly related to the macro strength parame-
ters. Before using PFC, it is necessary to calibrate its param-
eters. Parameter calibration means that the detailed
parameters of the discrete unit must match the macrorock
parameters. To obtain reliable parameters of rock mass, a
series of tests such as the uniaxial compression test and
direct shear test were carried out on the standard specimens
of limestone and mudrock. The results are shown in Table 1.

Tension crack
of the back

Crack

Accumulation body

Coal seam

Locking section
in the middle

Creep segment
of the front

Figure 9: The three-section mechanism of a landslide [40].
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Please note that the physical and mechanical parameters are
comprehensive laboratory databases developed by the
authors and other team members [45–48]. It may not be
appropriate to directly apply the features obtained from lab-
oratory tests to the PFC model. According to the parameters

obtained from the tests, the parameters are calibrated using a
parallel bonding model and smooth technology model to
simulate the mechanics of rocks.

According to the size of the simulation model and the
calculation efficiency of the computer, it is comprehensively
determined that the particle size is 0.3-0.49m, the porosity is
12%, the model sample is 50m × 100m, and the number of
sample particles generated is 8846. Since the simulation test
is a reproduction of the indoor test, the purpose is to reflect
the macroparameters into the microparameters and then
calibrate the macroparameters through the simulation test
with the microparameters. The uniaxial compression test is
also designed in the model test to obtain the stress-strain
curves of limestone and mudstone (Figure 11), and then,
the microscopic parameters of limestone and mudstone are
calculated. The results of parameter calibration are shown
in Table 2.

LF2 crack

Crack

Delamination phenomenon

(a)

Crack through

LF2 crack
LF1 crack

Crack

Emptying the
collapse area

(b)

LF2 crack

Crack through

Crack

LF1 crack

Mining subsidence area

Roof collapse

(c)

Accumulation

Shear outlet

Unstable rock

Collapse
LF2 crack LF1 crack

Mining subsidence area

(d)

Figure 10: Process of deformation before the toppling failure. (a) The deformation feature of the cladding rock. (b) Deformation of mined-
out areas and cracks on the top of the slope. (c) Dumping damage feature map. (d) Slope failure after instability.

Table 1: Macroparameter values for limestone and fracture plane.

Parameter σc MPað Þ Ec MPað Þ ν C MPað Þ φ (°)

1# 74.5 19.1 0.23

0.45 39
2# 75.9 22.6 0.18

3# 74.9 18.9 0.16

Average value 75.10 20.20 0.19

σc is uniaxial compressive strength; Ec is the modulus of elasticity; ν is
Poisson’s ratio; C is the cohesion of the fracture plane; φ is the friction
angle of the fracture plane.
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6.2. Numerical Model. The deformation process of the Pusa
slope was simulated using the PFC 2D model. The results
were further analyzed to verify the failure mechanism. Based
on the terrain before the collapse and the nearby landform,
this paper reconstructs the two-dimensional discrete ele-
ment model based on the best main section of the slope.
The model, 350m in height and 800m in length, consisted
of 50,000 particles. Figure 12 shows a numerical model con-
structed based on the longitudinal section in Figure 2(c).
Several straight lines were used to build the slope surface
in the model. To better reflect the deformation and failure
process of the slope, the geological conditions were simpli-
fied. For example, the faults were not considered, and the
rock mass only has four types: limestone layer, argillaceous
limestone layer, sandy mudstone layer, and coal layer. The
coal seam was composed of strata represented by M16,
M14, and M10. In this study, PFC built-in model was
adopted for the numerical model with required physical

and mechanical input parameters is shown in Table 2. The
geometrical characteristics of joints were simulated, refer-
ring to the study reported by Zhao et al. [12]. Considering
most of the joint interfaces were relatively smooth, and the
gaps were not in-filled, it is assumed that the bond strength
and joint friction coefficient are negligible. The lateral and
bottom boundaries of the model were fixed, and a stress/
strain-controlled deformation was applied. The stress field
of the model only considers the gravity field, and the tectonic
stress was not considered in the analysis.

6.3. Numerical Simulation Results. Based on field data,
numerical simulations, and a previous study [13], the
destruction process of the collapse can be summarized in
four stages [49], as shown in Figure 13.

6.3.1. Deformation Stage of Goaf Roof. Due to underground
mining activity, the overlying rock mass in the goaf was dis-
turbed, destroying the initial balance state inside the slope.
As the overburdened rock of the goaf roof was deformed
by the mining stress field and gravitational stress field, the
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Figure 11: Calibration curve of limestone and mudstone parameters.

Table 2: Rock and fracture plane microstrength parameters.

Parameters Limestone Mudstone

Model height (m) 100 —

Model width (m) 50 —

Particle size (m) 0.3-0.49 —

Porosity (%) 12 —

Particle density (kg/m3) 2700 2620

Particle friction coefficient (μ) 0.8 0.51

Bond radius ratio (λ) 0.2 0.2

Elastic modulus of linear (GPa) 20 6

Linear stiffness ratio (kn/ks) 2.2 2.4

Elastic modulus of parallel bond (GPa) 19 5.1

Parallel bond stiffness ratio k nð Þ̅/ k sð Þ̅ð Þ 2.2 2.4

Tensile strength (MPa) 11.1 7

Cohesion (MPa) 10 6

M16 coal seam

M14 coal seam

M10 coal seam
Mudstone

Limestone

Sandy mudstone

Argillaceous limestone

Figure 12: Schematic profile of numerical model.
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roof began to crack apart, as shown in Figure 14(a). Then,
the overlying rock mass on the goaf boundary deformed out-
wards and eventually developed deep tension cracks.

6.3.2. Formation Stage of Slope Top Crack. After a period of
mining of M10 and M16 coal seams, the loss of support for
the roof of goaf led to increased deformation and gradual
destruction of overburden. At the same time, with the bal-
ance state being damaged near the goaf, the stress concentra-
tion area occurred, the cracks were produced and gradually
developed upward, and the overburdened rock of the goaf
formed fracture zone as shown in Figure 14(b). Then, the
roof of the goaf also began to bend and sink. As mining
activities continued, the roof of the goaf further subsided,
deformed, and collapse, forming a caving zone and rapidly
extended upward along the steep joint surface. With the
development of deformation, cracks propagated to the crest
of the slope, as shown in Figure 14(c).

6.3.3. Intensification Stage of Deformation. As the M10 coal
seam mining process developed, the goaf further collapsed,
which made rock mass lose and weakened the stability of
rock mass. Under gravity, stress concentration would arise
at the top of the slope and slope table, and the tensile cracks
at the back edge extended downward to form deep cracks.
After mining was stopped for several years, the retained coal
pillars between the goaves could not withstand the upper
pressure, which aggravated the deformation of overbur-
dened rock in goaf. Thus, the cracks expanded upward,

and the rock bodies became more damaged. Meanwhile,
the original cracks in the top of the slope increased, and
the fissures above the mining area extended to the top of
the slope, as shown in Figure 14(d). With the development
of cracks, cracks also appeared in the middle of the slope.
The top of the slope crack was also expanding downwards,
gradually with the middle cracks, forming a potential slip
surface. Due to the influence of the surface, the mining area,
and the rainfall, the top rock mass of the slope began to
decline.

6.3.4. Stage of Collapse. With the continuous upward devel-
opment of the impact range of the collapse, more cracks
emerged, and the whole slope produced an uneven settle-
ment, resulting in a large number of cracks in the top of
the slope. The increase in cracks led to a significant fragment
of the rock, and dumping damage begins at the top of the
slope, as shown in Figure 14(e). Tensile cracks in the upper
hard rock formation form potential sliding surfaces by con-
necting. Under the pressure of the upper hard rock layer, the
shear damage in the middle of the slope was formed in the
soft and hard mutual layer, as shown in Figure 14(f). Under
the external forces, the final collapse occurred, and the col-
lapse was affected by the impact-shovel scraping, moving
at high speed in the form of debris flow, piling up at the foot
of the slope.

6.4. Discussion on Failure Mechanism of Pusa Collapse.
Comparing Figures 11 and 14, it could be concluded that
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Figure 13: The model-predicted initiation and evolution process of the slope collapse.
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the results of the base friction test are in good agreement
with the numerical simulation. After the analysis of the base
friction test and numerical simulation, the failure mecha-
nism of Pusa collapse was discussed in this section.

The occurrence of the collapse studied is caused by both
internal and external factors. There are unique geological
and stratigraphic structures in this area, and two groups of
nearly vertical fractures have already existed within the slope.
Such fractures cut the intact rock masses into discontinuous
blocks and provide channels for infiltrated precipitation; thus,
the rock masses of the slope are relatively fractured and disin-
tegrated, which provides indispensable physical conditions
triggering the development of the collapse (Figure 13).

The upper slope was composed of high-strength lime-
stone, and the formation of the toppling failure mainly
depended on the mining intensity, high steep terrain, and
geological conditions. After the coal seam is excavated, the
fractured rock masses in the slope are susceptible to defor-
mation disturbance. With the goaf’s expansion, the goaf’s
roof sinks, the cracks expand upward along the joint direc-
tion, and cracks appear on the top of the slope. In addition,
with the further mining of the coal seam, part of the fracture
surfaces starts debonding. The tensile stress within the over-
lying rock masses is transmitted to the back edge of the slope
and becomes connected, resulting in the tensile deformation

of the back edge of the slope. After the coal seams are exca-
vated, the cracks on the top of the slope gradually expand,
and rock masses become more broken, resulting in the loss
of strength, which makes rock mass bend forward and in
turn and then toppling failure occurs.

A soft rock exists in the middle of the slope. With the
continuous advancement of coal mining, the scope of goaf
becomes larger, and the roof of goaf begins to fall, forming
cracks near the coal pillar and overburden rock. The cracks
mainly extend upward along the direction of the joint and
form cracks in the middle of the slope. Due to the emergence
of more tensile cracks, the whole mountain mass is
deformed towards the free face under gravity. When the
deformation value exceeds the critical value of equilibrium,
the middle and lower parts of the slope are damaged. While
cracks in the middle of a slope are connected to cracks in the
upper slope; thus, a shear–sliding failure is formed. Then,
the whole upper rock masses fall, scrape, and move forward
together with the lower part of rock masses. This model-
predicted initiation and evolution of the slope collapse pro-
cess agree well with the field observation.

Therefore, the mechanism of destruction of the collapse
is summarized as 1. Goaf subsides,crack toppling failure in
the upper slope and shear-sliding failure in the middle of
the slope.

Crack through
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Figure 14: Failure process of the Pusa collapse.
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7. Conclusion

Pusa collapse is a typical example of the deformation and
failure of the antidip slope. Mining activities aggravate the
deformation of the overlying rock mass, which makes the
cracks further expand and leads to the instability of the
upper slope. The failure factors of landslides are closely
related to the unique geological conditions of slopes, under-
ground mining activities, and topography. Underground
mining is the decisive factor inducing landslides.

Based on the field investigation results, this paper analy-
ses the destruction process and mechanism of Pusa collapse
using the base friction test and PFC2D numerical simula-
tion. The results of the base friction test show that the
destruction process of the collapse includes the rock defor-
mation stage, slope top formation stage, mining collapse for-
mation stage, the crack through and slip surface formation
stage, and slope instability failure stage. The numerical sim-
ulation results show that the collapse destruction process
includes the stage of the deformation and development stage
of the roof of the mining area, the stage of the development
stage of the top crack of the slope, the aggravation of the
deformation, and the occurrence of collapse.

The results of the base friction test are consistent with the
numerical simulation. The destruction of collapse can be sum-
marized as the stage of deformation and development of the
top plate of themining area, the stage of the development stage
of the top crack of the slope, the worsening of deformation,
and the stage of crack passage and collapse. The presence of
weak rock formations and upper hard rock formations in the
middle creates favorable conditions for cracks. The high-
strength rock stratum developed on the slope has cracking-
toppling failure; At the same time, the slope on the low-
strength rock stratum also has collapse-rip-slip failure. The
collapse destruction mechanism results from joint action of
crack-dumping damage and collapse-pull-slip destruction.
Therefore, the collapse mechanism is summarized as col-
lapse-pull-dump-slip destruction, accompanied by a large
number of collapses piled up at the foot of the slope.

The results of field investigation and physical model tests
indicated that the instability of the slope was initiated from
the middle and lower parts. The failure of rock masses in
such areas weakened the support and triggered the collapse
of the upper area of the mountain mass.

The safety and development of the mining area require
improvement in the mining methods and understanding the
mechanism of collapse and destruction. Collapse occurs when
a crack is formed at the top of the slope and near the middle of
the slope. Therefore, the formation of cracks in different parts
of the slope can be observed in this study, which is an early
identification factor marker for large-scale mining collapse.
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