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Abstract: Mine landslides are geological disasters with the highest frequency and cause the greatest
harm worldwide. This typically causes significant casualties and damage to property. The study of the
formation mechanisms and kinematic processes of mine landslides is important for the prevention
and control of mine geological disasters and mine production safety. This study examined the
“7.26” landslide, which occurred in the West Open-pit Mine of Fushun, China, in 2016, based on
detailed investigations, interferometric synthetic aperture radar (InSAR) monitoring, and numerical
simulations. The mechanism of landslide formation was explored, its kinematic process was inverted,
and its disaster evolution process was summarized. The results indicate that: (1) For the formation
mechanism of the “7.26” landslide, in July 2015, the old sliding mass was reactivated and deformed
along the dominant joints in the shale. The following year, owing to continuous rainfall during the
rainy season, the sliding surface accelerated its connection. Finally, a rainstorm on 25-26 July 2016,
triggered slope instability. (2) The process of continued movement after landslide instability was
approximately 250 s. It can be divided into the landslide initiation (0-10 s), collision scraping
(10-150 s), and accumulation stages (150-250 s). (3) The entire process of landslide disasters includes
four stages. During the weak-deformation stage, the maximum deformation of the sliding mass
monitored by INSAR was approximately 50 mm. During the strong deformation stage, the tensile
cracks at the rear edge of the landslide continued to expand, and shear outlets at the front edge had
already formed. During the instability and failure stages, rainstorms trigger slope instability, leading
to landslides. During the sliding accumulation stage, the landslide mass transformed into debris flow
along the slope surface and accumulated at the bottom of the pit. This study provides a theoretical
basis for the subsequent evaluation, treatment, monitoring, and warning of landslides in the Fushun
West Open-pit Mine and other deep excavation open-pit mines.

Keywords: ppen-pit mine; landslide; deformation and failure; genetic mechanism; kinematics;
Fushun; China

1. Introduction

On 22 February 2023, a large-scale collapse occurred on the slope of an open-pit coal
mine in the Alaskan League, Inner Mongolia, northern China. This event caused many
workers and vehicles to be buried, causing people to focus more on the prevention and
mitigation of mine landslides. An open-pit mining slope is an open-slope system that has
been reformed manually. It is characterized by a steep slope shape, densely developed
weathering and unloading cracks, and weak and fractured slope rock masses [1]. Mine slope
landslides are an important form of geological disaster caused by engineering activities
and are an external manifestation of the mutual feedback mechanism between humans and
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nature [2]. Mine landslides are one of the most frequent and harmful geological disasters
worldwide. They typically result in severe casualties and property damage. For example,
the Amynteon mine landslide in Greece caused approximately 180 residents to evacuate
their homes and caused economic losses of approximately EUR 500 million [3]. The Las
Cruces mine landslide in Spain caused the collapse of mine dumps and buried mining
equipment and miners [4]. Landslide disasters exist in 80-90% of open pits in China [5].
This has significantly restricted the production and development of mines. A representative
example is the Fushun West Open-pit Mine in Liaoning Province, China, which has aroused
widespread concern from all circles of society [6,7]. This open-pit mining began in 1914,
and the mine experienced its first pit slope collapse in 1927. To date, nearly a hundred
recorded landslides of various sizes have been recorded in the mining areas. This poses
a serious risk to the safety of workers in mine areas, surrounding industrial enterprises,
and residents.

Extensive research has been conducted on controlling and preventing landslides in
open-pit mines. Zhang et al. [7] proposed a comprehensive method based on microseismic
monitoring and numerical simulations to evaluate the stability and reinforcement effects
of landslides in deep excavation mines under complex stress conditions. An et al. [8]
summarized the rainfall-seepage response characteristics and stability change mode of
landslides in open-pit mines with faults induced by rainfall and proposed a mine landslide
reinforcement system based on a high constant resistance and large deformation anchor
cable. Kang et al. [9] established a quantitative relationship between the probability of a
mine landslide and the parameters of rock mass strength, slope height, and slope angle
and applied it to the analysis of rock landslides in the Chaarat gold mine. Systematic
landslide prevention in open-pit mines remains a challenge. It includes various aspects,
such as stability evaluation, engineering prevention and control, monitoring, and early
warning research. The implementation of various tasks relies on a deep understanding of
the formation mechanism and disaster process of mining landslides [10-12], which helps
guide the prevention and reduction of landslide disasters in mining areas, reduce landslide
risks, and ensure the safety of disaster-bearing bodies.

Therefore, the “7.26” landslide on the north side of the Fushun West Open-pit Mine
that occurred in 2016 is taken as the research object. Based on field investigations and small
baseline subset interferometric synthetic aperture radar (SBAS-InSAR) surface deforma-
tion monitoring technology, the genetic mechanism of this landslide is comprehensively
analyzed using geological structure characteristics, historical landslide events, and rainfall
excitation conditions. Massflow numerical analysis is used to invert the kinematic process
and motion characteristics of the landslide, providing a basis for evaluation, prevention,
and monitoring of landslides in open-pit mines.

2. Overview of the “7.26” Landslide
2.1. Geological Background of Landslide Occurrence

The Fushun West Open-pit Mine is located in Fushun City, Liaoning Province, China.
The “7.26” landslide occurred in the middle of the slope on the north side of the mine, as
shown in Figure 1. The open-pit mine is approximately 6.8 km long, 2.2 km wide, and
10.8 km? in area.

The mine is located in the control area of the Hunhe fault. The strata on the north side
of the mining area are primarily Cretaceous sandy conglomerates, Paleogene mudstone,
shale, and coal. The main fault, F;, of the Hunhe Fault along with its traction syncline
are the main disaster-control structures on the northern slope. F; is a right-handed thrust
fault. Its occurrence is 340-355° £ 60-80°, and its crushing bandwidth is approximately
30-70 m. F; enters from the northwest side of the pit, cuts the north slope obliquely,
and crosses from the position of “7.26” landslide, which is effective in controlling the
landslide on the northern side. The occurrence of the axel surface of the traction syncline
is 310-325° £ 50-60°, and the northern wing of the syncline is steeper than the southern
wing. This has led to the inversion of the Paleogene coal-bearing strata, which, together
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with the F; fault and Cretaceous strata, constitute the main part of the high soft rock slope
to the north. The height of the north slope is approximately 420 m, and the slope angle is
25-34°, as shown in Figure 2.
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Figure 1. General situation of the research area. (a) Regional location map of Fushun City; (b) regional
location map of Fushun West Open-pit mine; (c) overview of geological hazards in mining area.
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Figure 2. Engineering geological profile of the north slope. (a) Geological map of open pit mine;
(b) geological profile of North Slope of mine pit.
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Controlled by regional tectonic movement, the structural planes in the north slope
are dense, cutting and fracturing rock masses and resulting in the development of water
conduction cracks. In addition, the mudstone and shale, which form the main part of
the slope, are significantly softened by groundwater infiltration. Affected by large-scale
open-pit combined mining, the core of the syncline was stripped, and weathering and
unloading in the rock mass were evident. The quality of the rock mass in the shallow part
of the slope has grades III-V [13]. Under the internal and external dynamic geology, the
north slope was extremely susceptible to landslides, as shown in Figure 1c.

2.2. Deformation and Failure Characteristics of Landslide

A detailed investigation of the landslide area indicates that the “7.26” landslide is
in the upper part of the middle section of the northern slope. The main sliding direction
was 174°. The landslide is approximately 300 m long from north to south. The rear edge
of the landslide extended north to the railway garage, and the front edge extended south
to the 12th trunk railway in the mining area. The landslide is approximately 560 m wide
from east to west. The east and west walls of the landslide are opposite each other. The
sidewalls are steep in the west, gentle in the east, steep in the upper part, and gentle in
the lower part, forming an asymmetric landslide wedge-shaped double-sliding surface.
The elevation distribution of landslide mass is approximately —25 to +75 m, high in the
north and low in the south. The distribution area of the landslide mass was approximately
15 x 10* m?, an average thickness of approximately 35 m and a scale of approximately
313 x 10* m3. The landslide mass was primarily composed of mudstone and shale. After
the first sliding of the mudstone and shale, the small-scale fault fracture zone and gravel-
rock formations in the upper part were unable to maintain their own stability owing to
a lack of softwareort and were forced to participate in the sliding, as shown in Figure 2.
Overall, the landslide was a large-scale rock wedge landslide. The landslide damaged
two railways, four roads, and 20 buildings within the northern boundary, causing direct
economic losses of approximately CNY 17.8 million, as shown in Figure 3.
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Figure 3. Deformation and failure characteristics of the “7.26” landslide. (a) Aerial photograph of
landslide source area; (b) aerial photograph of landslide and its hazard area.

After the “7.26” event, the landslide area at the top of the northern slope presented
a typical “circular chair shaped” landform. The rear edge of the landslide was pulled
approximately 20 m apart. The rear wall of the landslide formed a steep slope with a height
of approximately 30 m, with the upper part of the alluvial layer being steep and the lower
part of the sandstone being gentle. The maximum height difference of the steep slope
on the western side of the landslide was approximately 15 m. The sliding mass on the
west side had a relatively large displacement distance, and there were no complete steps.
Multiple echelon feather-shaped shear fractures have developed. The eastern boundary
of the landslide exhibited a small drop, and local steps could still be identified in the
nearby landslide body, which rotated at a certain angle. Several east-west trending feather
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shaped cracks formed on both sides of the landslide mass. The upper part of the landslide
body appeared as a steep slope with a depression at the rear edge. There were east-west
transverse and north—south longitudinal cracks in the middle of the landslide. This was
caused by the internal differential movement of the landslide mass during sliding. High
and steep steps of loose rock formed at the front edge of the landslide. The sliding rocks,
except for a few buried railway residues at the —24 m level, turned into debris flow and
slid to the bottom of the pit, as shown in Figure 3b.

3. Analysis of Landslide Mechanism

The slope where the “7.26” landslide is located has a fractured rock mass structure
and good free surface conditions. Multiple slope instability events have occurred in this
region [14]. The history of landslides can be traced to small-scale wedge sliding that oc-
curred in April 1978. Subsequently, in August 1993, the largest landslide occurred within
the northern boundary at a scale of approximately 450 x 10* m3. The “7.26” landslide is a
disaster event that occurred in the “1993.8” landslide area. In addition, the “7.26” landslide
followed a rainstorm event in the rainy season of 2016. The promoting effect of atmospheric
precipitation on landslide development is significant [15]. The study area receives concen-
trated rainfall from May to August each year, accounting for approximately 71.7% of the
total annual rainfall. Most landslides in mining areas are induced by rainfall [16]. Therefore,
the cause of the “7.26” landslide was that an old landslide controlled by a weak structural
plane, which is triggered by strong rainfall, lost stability again, leading to the landslide.
This viewpoint can be proven by a subsequent analysis of the structural characteristics of
the landslide areas and the development law of deformation before sliding.

3.1. Control of Weak Structural Planes

The viewpoint that the “7.26” landslide was controlled by weak structural planes can
be proven by the structural characteristics of the landslide area. As shown in Figure 3a,
the northward-dipping F; fault intersects at a small angle with the rear edge of the “7.26”
landslide and then deviates from the mining area. Controlled by Fy, the rear wall of the
landslide was adjacent to the fault. The sliding zone was broken by a fault and did not
connect to the upper sandstone conglomerate, thus limiting the main body of the landslide
to the mudstone and shale layers. In addition to faults, a series of joint fissures associated
with the Hunhe Fault affected the deformation and instability of the slope. Owing to the
control effect of the rock mass structure [17], the joint surfaces inclining towards the outside
of the slope play a significant role in the formation of rock landslides on the mining slope.
Mudstone and shale layers are the main disaster-prone strata of this landslide. According
to the statistics, three groups of dominant joints developed in the mudstone and shale
interbedded intervals on the northern slope [18], as shown in Table 1. The first and second
groups of joints have similar occurrences as the two sides of the “7.26” landslide. It also has
a steep eastward-dipping interface and a gentle westward-dipping interface. This indicates
that the lateral boundary of the sliding wedge was controlled by these two sets of joints
and later developed and expanded along their tracks.

Table 1. Main joints in mudstone and shale strata.

Number of Joint Groups Occurrence Joint Density (bar-m—1)
Joint group 1 130-145° £ 40-75° 3-5
Joint group 2 220-230° £ 40-50° 1-2
Joint group 3 248° £ 67° 1-3

By comparing the intersections between weak structural planes, such as secondary
dominant joints and synclinal fold bedding in mudstone and shale, and the northern slope
surface, a slope stability analysis based on stereographic projections was conducted, as
shown in Figure 4. From the perspective of rigid-body mechanics, when considering only
the sliding and anti-sliding forces of the deformed rock mass of the slope, the different
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degrees of northward inclination of the two wings of the syncline did not have a significant
negative impact on the stability of the north slope. However, among the 12 sets of wedge-
shaped rock block contour boundary lines formed by three sets of joint cutting within the
rock layer, one set caused critical instability in the local steep steps of the mining slope,
while the other five sets caused local instability of the slope, accounting for 28.57% of the
total intersection lines of the primary and secondary structural planes. The intersections of
the first and second sets of joints in mudstone and shale are among the unstable contour
lines, proving that the formation of the “7.26” landslide body is controlled by the weak
structural planes inside the soft rock strata.
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Figure 4. Stereographic projection analysis of the north slope.

3.2. Revival of Historical Landslides

According to research by Gao Bo et al. [14], in August 1993, the large-scale sliding
deformation zone was located along the ES800-E1300 section on the north slope of the
Fushun West Open-pit Mine at an elevation of —30-75 m. The scope is greater than the
“7.26” landslide. The front edges, side walls, and perimeter positions of the two landslides
were consistent. Therefore, SBAS-INSAR technology was used to analyze the pre-slip
deformation of the 1993 old landslide (also known as the “7.26” landslide area) to prove
that the “7.26” landslide is a revival of historical landslides. To ensure the pertinence of the
research and control the variables, the monitoring time series was limited to the landslide
deformation stage before the rainy season in 2016, thereby removing the interference caused
by “rainfall triggering.” The monitoring and analysis of the early deformation time series
of the “7.26” landslide collected 18 rounds of Sentinel-1A orbital interferometric wide (IW)
mode satellite data from June 2015 to March of the following year. Through interference
and combination, the dataset comprises 72 sets of image pairs. The spatiotemporal baseline
is shown in Figure 5a, with a time baseline threshold of 50 days and a spatial baseline
threshold of 90 m. Simultaneously, in conjunction with the SRTM-30 m resolution digital
elevation model (DEM), the leveling effect was removed.
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Figure 5. SBAS-INSAR monitoring of the “7.26” landslide along the north slope before sliding.
(a) Time-position plot of SBAS-INSAR; (b) average annual deformation rate of landslide; (c¢) SBAS-
InSAR difference results in June 2015; (d) SBAS-InSAR difference results in March 2016.

The interference fringe patterns from one year (June 2015) to the rainy season before
the landslide year (March 2016) were compared, as shown in Figure 5c,d. There are
obvious signs of deformation around the “7.26” landslide. The general subsidence rate of
the north slope during this period was approximately 10-30 mm/a, and the maximum
deformation rate exceeded 50 mm/a, as shown in Figure 5b. In addition, the maximum
deformation rate of —105 mm/a in the figure occurred in the landslide on the south side
of the mining area. This is not within the research area and will not be discussed in detail
here. The old landslide had already revived at this time and was exhibiting weak creep
(sliding) deformation. Because the deformation rate of the front edge of the landslide was
significantly higher than that of the rear edge, its movement trend under self-weight was
of the traction type. This indicated that the mudstone-to-shale ratio in the lower part of the
old landslide advanced into the plastic stage. This phenomenon is likely related to external
loads, such as long-term mining disturbances, locomotive dynamic loads, and groundwater
infiltration, which accelerate weathering and reduce strength. Nine deformation monitoring
points were arranged inside and outside the landslide perimeter for subsequent analyses,
as shown in Figure 5b.

The quarterly monitoring of the cumulative variables in the study area during this
period is shown in Figure 6a. This study found no significant subsidence on the northern
side of the mine during the first double-differential interference in June 2015. However,
signs of continuous settlement and deformation began in September 2015. From the
cumulative settlement amount in the following six months, the cumulative amount was
essentially the same every quarter, and the overall settlement increased linearly. During
this period, the settlement concentration area exhibited a southward development trend.
Further analysis showed that the boundary of the deformation zone was clear, and there
were graded differences in the deformation amount. There was a linear decreasing trend
from south to north, with a cumulative subsidence of approximately 35-50 mm at the front
edge of the landslide mass and less than 15 mm at the rear edge and side walls. Using
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the deformation curves at the monitoring points, as shown in Figure 6b, there was no
deformation at any point before 20 July 2015. However, on 1 August, the curve deflected
downwards, indicating that the revival of the old landslide began in late July 2015. In the
subsequent observation process, the slope of the deformation curve remains unchanged,
indicating that the landslide is in a uniform deformation stage. This proves that the old
landslide was revived before entering the rainy season of 2016.
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Figure 6. Deformation monitoring results of the “7.26” landslide on the north slope before
sliding. (a) Surface deformation at different times; (b) Surface deformation curve of landslide
monitoring points.

3.3. Continuous Rainfall Promotes Sliding, Extreme Rainfall Triggers Landslides

In May 2016, the Fushun area entered the rainy season, and continuous rainfall caused
water to fill the interior of the slope. From May to July, the groundwater level in the
study area increased by 77, 190, and 143 mm, respectively [19]. This caused effects such as
@ fissure water filling and increased uplift pressure; ) rainwater infiltration and outward
seepage force; 3) softening of rock mass, argillization of structural planes, and reduction
in the shear strength of shale rock, which are not conducive to slope stability. On 17 June,
tension cracks further developed in the ES00-E1300 area of the original Xingping Road,
with a length of approximately 20 m and a width of approximately 40 mm, as shown in
Figure 7a. Near the 12th trunk railway on the front edge of the landslide, the shear outlet
was formed, with visible scratches, as shown in Figure 7b. These signs indicate that the
landslide entered an accelerated deformation or critical sliding stage, indicating that the
sliding surface accelerated its development after the rainy season, and continuous rainfall
promoted the development of the landslide.
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& 17 June 2016

Figure 7. Landslide signs in strong deformation stage during the rainy season. (a) Tension cracks at
the rear edge of the “7.26” landslide; (b) shear outlet at the front edge of the “7.26” landslide.

Rainfall during the landslide month (July) peaked during the 2016 rainy season.
Approximately four rainstorm days occurred, and the cumulative rainfall was 350 mm,
accounting for 31.5% of the annual rainfall, as shown in Figure 8. During 25-26 July of
that year, the Fushun West Open-pit Mine encountered a once-in-50-years heavy rainstorm,
with precipitation reaching 176.3 mm. At approximately 5 a.m. on the 26th, a landslide
occurred in the E800-E1300 section of the northern slope. This reflected the role of extreme
rainfall in triggering landslides.
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Figure 8. Monthly rainfall in 2016 and daily rainfall in July at the mine.

Based on the structural characteristics of the landslide source area and the deformation
characteristics before the landslide, the formation mechanism of the “7.26” landslide can be
summarized as follows: First, the mudstone and shale of old landslide bodies gradually
revived, owing to gravity along the weak structural planes composed of two sets of
dominant joints, and were in a slow creep stage. During the rainy season, it continued
to transition to a strong deformation stage due to the influence of precipitation. Finally,
triggered by rainstorms, stability became difficult to maintain, and a large-scale landslide
event occurred.
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4. Inversion of the Landslide Kinematic Process

The complete evolution of landslides includes three stages: slope deformation, slope
instability failure, and continued movement after slope failure [20]. The previous study
analyzed the pre-slide deformation stage and destabilization failure stage of the “7.26”
landslide and summarized the deformation and failure mechanism of the north slope in
the source area. To better understand the entire development and evolution of landslides
in open-pit mines and guide safety precautions against geological disasters in mine areas,
this study investigated the kinematic process of landslides after slope destabilization.

4.1. Landslide Simulation and Model Validation

In this study, the kinematic processes of a landslide were simulated using MassFlow.
In this numerical analysis method, the conservation of the mass and momentum of the mov-
ing fluid are controlled by a generalized depth integral continuum mechanical model. The
MacCormack-TVD finite-difference algorithm was combined with OpenMP and MPICH
technologies to improve the speed of the solution. It has the advantages of an adaptive so-
lution, second-order accuracy, the ability to capture discontinuous interfaces of multiphase
flows, and basement erosion model characteristics [21,22].

The characteristics of landslide movement are affected by the material of the medium,
morphology, and scale of the landslide mass, as well as the topography of the foundation.
Therefore, the calculation parameters were set as follows:

1.  Base friction model: Based on Ouyang et al. [22,23], the Coulomb friction model
was selected to describe the objective of this study. The model is suitable for the
simulation of debris flow disasters, such as landslides and rock collapses, and is
expressed as follows.

T=c+pgh(1—A)tang 1)

where 7 is the foundation friction stress (kPa), c is the cohesive force (kPa), p is the
density of the landslide mass (kg-m~2), g is the gravitational acceleration (m-s~2), t is
the thickness of the landslide mass (m), A is the pressure coefficient of the excess pore
water, and ¢ is the internal friction angle (°).

2. Physical and mechanical parameters of rock and soil mass: Based on the physical
and mechanical test results of rock and soil in the landslide mass and landslide
zone, and referring to the probability model of parameter selection based on uniform
distribution by Zhou et al. [24], after several trial calculations, the parameters of the
landslide simulation calculation were determined, as listed in Table 2.

3. Landslide source: Through field investigation, remote sensing interpretation, and
comparative analysis of the 1:2000 geological profile of the north slope before and after
the landslide, the plane range of the source area of the landslide was found to be ap-
proximately 201,620.9 m?, and the thickness of the landslide mass was approximately
0-44.7 m.

4. Base topography: The base sliding bed topography was established using the ALSO-
12.5 m DEM. The model was 6.6 km long and 2.2 km wide. Considering calculation
accuracy and effectiveness, a range of approximately 2 km x 1.5 km in the middle of
the mine was selected as the calculation area. A total of 83,250 structured grids were
divided into 6 m intervals. The model was run for 250 s, and the calculation time step
was limited to AT < 1.

Table 2. Calculation parameters of the “7.26” landslide simulation.

Density of Landslide Internal Friction Cohesive Force (c) Pressure Coefficient of Gravitational
Mass (p) Angle (¢) Excess Pore Water (1) Acceleration (g)
2250 kg-m—3 16.0° 85 kPa 0.75 9.8 m-s—2




Water 2023, 15, 2652

110f15

The field investigation determined that the “7.26” landslide has good free surface
conditions and sufficient sliding space. This facilitated the potential energy-to-kinetic
energy conversion of the landslide mass after shearing from the front edge. When the
rock and soil body slides down the slope to the bottom of the pit, movement is blocked
and accumulates, and the bottom of the pit is cut into eastern and western sections. The
simulation results for the landslide movement process are shown in Figure 9. The final ac-
cumulation characteristics of the simulated landslide were consistent with the experimental
results. A quantitative comparison showed that the simulation accuracy was higher than
82.65% (Table 3), which confirmed the reliability of the simulation results and subsequent
analysis [25,26].

[l P

accumulation thickness/(m)

1 i ] 1 ) km 0 5 10 15 20 24.94

Figure 9. “7.26” Landslide simulation results.

Table 3. Validation of the “7.26” landslide simulation results.

P . Simulated Pressure Coefficient of
The “7.26” Landslide Survey Values Excess Pore Water (%)

Calculation Value
Accumulate area (m2) 219,562.15 187,105.72 17.35
Maximum thickness 24.94 28.35 12.02
of accumulation (m)

4.2. Kinematic Process Analysis

The “7.26” landslide motion inversion results are shown in Figures 10 and 11. The
entire movement of the landslide lasted 250 s. The landslide mass accumulated within
approximately 200 s. The movement path extended from the top of the north slope to the
bottom of the pit. The maximum sliding distance of the landslide was approximately 660 m,
and the height difference was approximately 320 m. The maximum downslide speed was
10.2 m/s, making this a high-speed landslide. The movement process can be divided into
three stages:

1.  Landslide initiation stage

The starting stage of the landslide occurred from 0-10 s. The landslide slid along the
inclined direction of the slope, with a main sliding direction of 174°. The apparent friction
angle was 18.43°. At this stage, the acceleration of the landslide was complete, and both its
center of gravity and velocity reached the front of the landslide source area. In terms of
energy, the primary focus was on the conversion of potential energy into kinetic energy
and the generation of heat through sliding bed friction.

2 Collision scraping stage

The crash scraper stage occurred from 10 to 150 s. During this stage, the landslide
gradually sheared from the front edge of the landslide area. The sliding mass first collided
with the step of the slope and then scraped it; therefore, it disintegrated and moved as
a debris flow. Then, it slid along the high and steep mudstone and shale slopes at the
lower part of the north slope and reached the bottom of the pit first in the front section
at approximately 150 s. At this stage, the speed of the sliding body first increased and
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then decreased. At approximately 50 s, the sliding speed reached its peak value and not
the entire process of continuous acceleration. This indicates that the debris flow gradually
accelerated in the early stage by gravity and gradually decelerated in the late stage due to
friction. Friction is generated by the impact of the slider on the sloped surface of the scraper.

3  Landslide accumulation stage

The stacking stage occurred form 150-250 s. The stacking morphology process shows
that after sliding for 200 s, the morphology of the stacking body stabilized. No significant
changes were observed during subsequent exercises. When the final movement ceased, the
landslide accumulation formed an oval shape. The maximum depth of the accumulation
was approximately 24.9 m, the width was approximately 120 m, and the length was
approximately 500 m. In addition, a small portion of the landslide remained on the slope
surface and landslide source area, which was consistent with the actual situation. Based on
the trend of the sliding speed, as shown in Figure 11, at this stage, the sliding body can be
divided into two parts based on the different sliding directions. In other words, the rear
sliding body slowly reached the bottom of the pit, and the front sliding body collided with
the rebound pile on the southern slope. At this time, owing to the high accumulation of the
central sliding body and the narrow terrain in the middle before the pit-bottom sliding, the
accumulation body gradually shifted westward.

8m 12m 16m 20m 24m  24.9441m

Figure 10. Accumulation of the sliding body at different times.
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-2.5m/s

0Om/s 2.5m/s 5m/s 7.5m/s 10.2 m/s

Figure 11. Speed of the sliding body at different times.

5. Discussion

The entire process of “7.26” landslide disaster in the Fushun West Open-pit Mine can

be summarized as follows:

(@)

(b)

(d

Owing to long-term gravity and weathering, the old landslide mass at the top of the
north slope was reactivated in late July 2015 and crept along two groups of controlled
structural planes in the mudstone and shale formations. This corresponds to the weak
deformation stage.

After the 2016 rainy season, continuous rainfall increased the uplift pressure and
permeability of the cracks and decreased the strength of mudstone and shale. The
tensile crack at the rear edge of the landslide accelerated, and a shear outlet formed at
the front edge. This is the stage of strong deformation.

Until July 26, the mine suffered a once-in-50-year rainstorm. The cracks at the rear
edge of the landslide were filled with water. The hydrostatic pressure at the rear edge
was pointing out of the slope, and that of the seepage field inside the slope increased
sharply. The sliding surface passed through. The old landslide mass at the top of the
slope was destabilized. This is the stage of destabilization and destruction.

After the landslide occurred, the sliding mass was sheared from the front edge. The
landslide mass in the middle and lower sections transformed into a debris flow along
the slope. The debris scraped and shoveled the slope surface, causing damage and a
downward step migration. The top of the north slope formed a circular chair-shaped
landslide depression. When the high-speed part of the debris flow first reached
the bottom of the pit, movement at the foot of the southern slope was hindered,
and kinetic energy dissipated. The subsequent slow parts gradually arrived and
accumulated at the bottom. Terrain with high middle and low east-west was initially
formed at the bottom of the mine pit. The movement ended at this point. This is the
stage of sliding accumulation.
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6. Conclusions

Landslides are among the greatest potential hazards in open-pit mining areas. This
study took the “7.26” landslide of the Fushun West Open-pit Mine as an example. Through
a detailed investigation, INSAR monitoring, and numerical simulation, the formation mech-
anism and disaster formation process of landslides were studied. The main conclusions are
as follows.

(a) The “7.26” landslide was caused by a weak structural plane, pre-existing old landslide
mass, and seasonal rainfall. It gradually evolved from a steady state to destabilization
in a certain sequence of main control. The rainy season of 2016 was used as the time
boundary. The early stage was the reactivation of a wedge-shaped old landslide
mass jointly controlled by the Hunhe Fault (F;) and the dominant joints of mudstone
and shale. In the later stages, continuous rainfall accelerated the deformation of the
landslide, causing a rainstorm-induced landslide event.

(b) The movement process of the “7.26” landslide after destabilization can be divided
into (1) the starting stage (0-10 s): the slope was unstable, and the landslide was
cut from the front edge; (2) the stage of impact scraping (10-150 s): the landslide
mass disintegrated after collision, turning into a debris flow and scraping the slope
surface; and (3) the accumulation stage (150-250 s): arriving at the bottom of the pit,
movement was blocked and gradually accumulated.

(¢) The entire disaster-causing process of the “7.26” landslide can be summarized as
follows: (1) weak deformation stage: creep of an old landslide mass occurred along
weak structural plane under gravity; (2) strong deformation stage: continuous rainfall
gradually muddied the controlled structural plane, forming shear outlet; (3) instability
and failure stage: triggered by rainstorm, the sliding surface was continuous, and the
landslide mass became unstable; (4) sliding accumulation stage: the landslide mass
transformed into debris flow along the slope surface and accumulated at the bottom
of the pit.

Only one example, a mine landslide, is discussed in this study. Despite their distinctive
features, this type of landslide has not been fully represented. In a follow-up study; it
is necessary to summarize the types of landslides in open-pit mines and analyze the
catastrophic mechanism and evolution process of landslides in various mines to guide
mine safety prevention.
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