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Abstract: Bedding-controlled landslides are a common geological hazard for open-pit metal mines
and occur on layered rock slopes. It can spread spatially over the final boundary of the dip slope and
persist throughout the entire life cycle of the mine, substantially compromising the safety of mining
operations. Identifying potential landslide areas and determining the landslide mechanism is crucial
for the safety production and slope management of mines. This study proposes a combination of
satellite radar interferometry measurement and numerical simulation to determine the landslide
mechanism of the bedding-controlled slope in open-pit mines. First, the multidimensional small
baseline subset (MSBAS) technique of interferometric synthetic aperture radar (InSAR) is used to
capture deformation information in the vertical and east–west directions of the slope, locate large-
scale and long-term movements, and preliminarily determine the trend of landslides. Then, a layered
slope damage constitutive model is established, and a three-dimensional stability calculation of the
layered slope is performed using COMSOL Multiphysics 5.3 software based on the strength reduction
method to study the development and evolution process of landslides. The effectiveness of the
method is validated by a large-scale bedding-controlled slope failure in the Nanfen open-pit mine
in Liaoning, China, revealing the failure mechanism of the slope under excavation conditions. The
study shows that the eastern slope bedding-controlled landslide in the Nanfen open-pit mine is a
multizone composite-mode landslide caused by excavation, which belongs to the shear–slip–tension
deformation failure mechanism as a whole. This study provides a new method for analyzing the
mechanism of layered rock slope landslides under mining activities in open-pit mines, which can be
used to assess and predict similar landslides.

Keywords: layered rock slope; damage constitutive model; bedding-controlled landslide; numerical
modeling; InSAR monitoring

1. Introduction

In open-pit metal mines, the stability of rock slopes is a critical factor in ensuring
the safety and productivity of mining operations. There are many layered rock slopes in
open-pit mines. The occurrence of bedding-controlled rock slope landslides, which can
cause significant damage to infrastructure, equipment, and personnel, is one of the major
problems that mining engineers must manage [1]. The landslide occurrence in an open-pit
mine is influenced not only by internal factors such as geological structure, rock mass
properties, and groundwater, but also by external factors such as rainfall, excavation, and
blasting vibration [2,3]. The complex factors make it difficult to determine the potential
landslide scope and analyze the landslide mechanism.
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The monitoring of high and steep slope deformation in open-pit mines is usually
carried out by means of field measurement methods such as total stations, GPS, GNSS,
crack meters, etc. Low efficiency, high cost, and a small monitoring range are some of the
disadvantages of these traditional monitoring methods. In contrast, satellite-based synthetic
aperture radar (SAR) interferometry provides an effective tool for landslide deformation
monitoring from regional to local scales [4,5]. InSAR, a new ground surface deformation
measurement method, can now obtain ground surface deformation information over a large
area with the help of the continuous development of SAR satellites and data processing
technologies. It has been widely used to monitor surface subsidence [6], landslides [7],
seismic activities [8], slope deformation caused by open-pit mining activities [9,10], and
other activities. All-weather earth observation, low cost, and high efficiency are some of
its advantages [11]. Although conventional InSAR technology has made great progress
in monitoring ground surface deformation, the accuracy of monitoring results is affected
to some extent due to many factors such as atmospheric delay and a loss of temporal
coherence, limiting InSAR monitoring deformation.

Time-series InSAR has been developed as an extension of conventional InSAR tech-
nology to obtain high-precision ground surface deformation information and long-term
evolution characteristics of ground targets. This technology enables the large-area and
high-precision measurement of ground surface deformation by analyzing the time series
of multi-scene SAR data. Commonly used time-series InSAR techniques include stacking-
InSAR [12], permanent scatterer (PS-InSAR) [13], small baseline subset (SBAS-InSAR) [14],
etc. However, the side-looking imaging characteristics of the radar can only capture one-
dimensional deformation in the line-of-sight direction. For open-pit slope deformation,
one-dimensional deformation in the radar’s line-of-sight direction does not fully reflect
the characteristics of ground surface deformation, necessitating horizontal deformation
analysis. SAR image data covering the same area from different orbits can not only be used
to verify the accuracy of SAR data monitoring results, but also provide basic data to obtain
two-dimensional deformation information in the study area. Due to satellite orbit flight
tracks being almost parallel to the longitude line and close to the north–south direction,
InSAR technology is not particularly sensitive to monitoring north–south ground surface
deformation. To overcome this limitation, this study applied the multidimensional small
baseline subset (MSBAS) technique [15] to calculate the two-dimensional deformation
time series of both ascending and descending orbit SAR data covering the study area.
Specifically, this technique estimated the time series of deformation in both the vertical and
east–west directions.

Through InSAR monitoring, it is possible to capture the scope of landslides in advance,
and based on the detected displacement changes, it is possible to make a preliminary
judgment on the trend of landslides. After delineating the approximate scope of the land-
slide, numerical simulation can be used to simulate the evolution process and failure
mechanism of the landslide. Compared with surface deformation measured by InSAR,
numerical simulation can model the full-range movement process, mechanical response,
and evolution law of landslides. Numerical calculation methods mainly include continuous
analysis methods [16,17] (such as the finite difference method, the finite element method,
the boundary element method, the meshless method, etc.), discontinuous deformation
analysis methods [18,19] (such as discontinuous deformation analysis, the discrete ele-
ment method, the manifold element method, etc.), and the hybrid finite–discrete element
method [20,21]. Discontinuous medium methods are excellent in simulating the failure
and evolution processes of layered rock masses. The discontinuous medium method has
the disadvantages of complex numerical modeling and a large computational load for
the engineering problems of layered rock masses studied in this paper. The continuous
analysis method is currently the most suitable choice for research. Numerical modeling
combined with InSAR has been used to derive the deformation of dams [22] and urbanized
hillslopes [23]. However, the coupling of InSAR and numerical simulation methods has
been less studied in the analysis of slope landslide mechanisms in open-pit mines, espe-
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cially for bedding-controlled rock slopes. This study proposes a method combining satellite
InSAR and numerical simulation to analyze the landslide mechanism of bedding-controlled
open-pit mine slopes. The proposed approach is applied to the Nanfen open-pit mine,
Liaoning Province, China. InSAR monitoring can capture surface displacement changes of
the open-pit slope, delineate potential landslide areas, and make preliminary judgments
on landslide trends. Based on this, numerical modeling is conducted on the delineated
area, and a damage constitutive model for layered slopes is established to perform a more
detailed analysis of the slope failure mechanism. The combination of these two methods
has improved the numerical computation efficiency and the accuracy of research results.

2. Study Area

The study area is located in Nanfen district, Benxi City, Liaoning Province, China,
which is situated in the eastern mountainous area of Liaoning Province. It is 25 km away
from the downtown of Benxi City and about 108 km away from the provincial capital
of Liaoning Province, Shenyang. The Anshan-Benxi area is the main distribution area of
China’s banded iron-formation-type iron deposits (Anshan-type iron deposits), and the
proven resource reserves account for about 40% of the total proven resource reserves of
similar iron deposits in China. It is the largest iron ore resource base in China [24].

2.1. Engineering Geology

The Nanfen open-pit mining area (123◦47′42′′ E–123◦49′26′′ E, 41◦4′54′′ N–41◦6′19′′ N)
has a developed geological structure because of its location at the intersection of the
Tianshan-Yinshan east–west tectonic belt and the second uplift belt of the Neocathaysian
system. The main structures are overturned anticlines and NNE-trending major faults.
The mining area is located in the northern margin of the Taizihe depression, which is
situated in the Yingkou–Kuandian upwarp of the Liaodong anticline on the North China
platform. The area is extensively developed with Archean Anshan formation, followed by
Paleoproterozoic Liaohe group and Sinian strata, as well as Neogene Quaternary strata.
The mining area is located in a temperate and humid climate zone, with an average annual
temperature of 6.1 ◦C–7.8 ◦C, and a relatively abundant precipitation of about 880 mm
annually, with a maximum daily precipitation of 274 mm. Rainfall is concentrated from
April to September, which accounts for about 85% of the total annual precipitation.

2.2. Mining Conditions

The Nanfen open-pit mine is a large open-pit iron mine with an annual production
capacity of 10 million tons. The open pit spans a 4.6 km2 area and is 5.5 km in length from
north to south, 0.4–1 km in width from east to west. According to Figure 1, the maximum
elevation difference of the slope is approximately 590 m.

A bedding rock slope, with a slope angle of 34.17◦, a bottom elevation of 190 m, and a
top elevation of 694 m, makes up the eastern slope of the Nanfen open-pit mine. Due to
the unique terrain and long-term mining, a large-scale landslide mass was formed on the
eastern slope in 1999. On 19 June 2021, a landslide occurred on the eastern slope (hereinafter
referred to as the 6.19 landslide) with a height of nearly 410 m (from the top of the slope at
710 m to the toe of the slope at 298 m levels), a thickness of about 30–80 m, 480 m wide in
the upper part, and 1200 m wide in the lower part. The shear entry point of the landslide is
about 70 m behind the rear edge of the 694 m berm, while the shear exit point is located
on the 298 m berm. The slope surface was overrun by rolling stones, and the sliding mass
was accompanied by the sound of the dislocation of rocks. The uplift height of the 298 m
berm was 1–2 m, and the 694 m, 574 m, and 502 m berms had all dropped by 5 m, 3 m,
and 1.5 m, respectively. Field investigations revealed that the mica schist, chlorite schist,
epidote amphibolite, iron ore, two-mica quartz schist, quartz granulite, granite, etc., are the
primary types of rocks in the landslide area. The faults affecting the landslide include F60,
F7, F2, Fn-1, and Fn-2 (as shown in Figure 2), and their main characteristics are described
in Table 1.
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Table 1. The main characteristics of the sliding body faults.

Fault Name F2 F7 F60 Fn-1 Fn-2

Fault attitude
Dip direction (◦) 300–305 302 30 160–200 305–315

Dip angle (◦) 45–88 75 32–46 75–85 70–80
Length (m) >1400 380 500 300 520

3. Methodology

The method proposed in this study combines field investigations, remote sensing
monitoring, and numerical simulations to analyze the landslide mechanism of the bedding-
controlled slope in open-pit mines. First, the MSBAS-InSAR technique was used to capture
the surface displacements of the slope in both vertical and horizontal directions at a large
scale, and to make preliminary judgments on the trend of the landslide. Then, a numerical
calculation model was established using geological cross-sections and unmanned aerial
vehicle (UAV) tilt photography data. Moreover, to evaluate the slope stability and infer the
bedding failure process of the slope, multiple three-dimensional numerical simulations in
COMSOL Multiphysics software were conducted using the damage constitutive model of
the layered slope.

3.1. Monitoring with InSAR

This study employed the multidimensional small baseline subset (MSBAS) technique
proposed by Samsonov [15] to compute the two-dimensional deformation time series of
the ascending and descending track SAR data over the study area, i.e., estimating the
deformation time series in the vertical and east–west directions. This method is used to
integrate multiple InSAR datasets for computing two-dimensional or three-dimensional
deformation time series. The method allows the combination of all possible air-borne
and space-borne SAR data acquired with different acquisition parameters, temporal and
spatial sampling and resolution, wave-band, and polarization. The produced time-series
have improved temporal resolution and can be enhanced by applying either regularization
or temporal filtering to remove high-frequency noise. The basic principle of the MSBAS
technique can be found in reference [15].

Sentinel SAR data were utilized in this paper. Within the European Space Agency’s
Copernicus program, the Sentinel satellite is an Earth observation satellite with an all-
weather, all-day radar imaging system [25]. We processed repeat orbit SAR images from
31 ascending and 29 descending passes acquired between September 2020 and August
2021 to investigate the deformation of the eastern slope of the Nanfen open-pit mine. This
allowed us to determine the spatial and temporal distribution and evolution characteristics
of ground surface deformation in the study area.

3.2. Numerical Modeling
3.2.1. Numerical Calculation Model

Slope surfaces from various time periods were extracted using UAV tilt photogram-
metry technology in April 2019 and July 2021. Software called 3D Mine 2014 was used to
design the three-dimensional contour lines of cleaning and safety berms. Through coordi-
nate transformation, three typical geological profiles of the landslide area were transformed
into three-dimensional geological profiles. Rhino software 6.0 was used to import the main
bench lines and geological boundary lines once they had been simplified. A multi-surface
of slope surface and the lithologic interface was established by lofting and sweep operations
of multi-segment lines. Finally, Boolean operations were used to construct the geometric
solid model (Figure 3). The model measures 1500 m in length, 1000 m in width, and 1042 m
in height.
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Figure 3. Geometric solid model.

For mesh division, the constructed geometric model was imported into COMSOL
Multiphysics 5.3. The geometric model was divided into 42 independent areas (Figure 4a).
The surface of the model was divided into 2D grids that were 15 m long triangular grids.
The interior of the geometric model is then divided into regular tetrahedral grids. A
total of 1,061,182 grids from the entire geometric model (Figure 4b) were imported into
COMSOL Multiphysics.

Sustainability 2023, 15, x FOR PEER REVIEW 7 of 17 
 

  
(a) (b) 

Figure 4. Numerical calculation model: (a) independent geometric areas; (b) grid model. 

The fixed constraint was applied at the bottom, the normal displacement constraint 

was applied around the geometric model, and the rest of the area was a free boundary. In 

this analysis, the force of gravity served as the only load on the slope. The influence of 

excavation (i.e., 298 m–374 m mining area of eastern slope) on slope stability was consid-

ered in the numerical simulation process. 

Laboratory experiments were conducted on the mechanical parameters of the rock 

mass, including uniaxial compression, Brazilian splitting, and direct shear tests, to deter-

mine the strength parameters of the rock strata. Due to the complex geological conditions 

in the mining area, there are many natural joints and fractures, and the mechanical prop-

erties of the in situ rock mass may be lower than those measured in the laboratory. There-

fore, the Hoek–Brown failure criterion [26] was used to evaluate the mechanical properties 

of the rock mass in this paper. Table 2 shows the mechanical parameters used in the nu-

merical calculations. 

Table 2. Simulation parameters of rock masses. 

Lithology 
Bulk Modulus 

(GPa) 

Shear Stiffness 

(GPa) 

Cohesion  

(MPa) 

The Angle of Inter-

nal Friction (°) 

Tensile Strength 

(MPa) 

Mica schist 15 12 0.6 37 0.6 

Chlorite schist 7 7 0.4 33 0.4 

Epidote amphibolite 5 3 0.2 30–33 0.01 

Two-mica quartz schist 6 4 0.1–0.2 30 0.04 

Quartz granulite 10 10 0.2 33 0.05 

Granite 12 10 0.5 35 0.3 

Iron ore 12 12 0.6 35 0.4 

Fault 2.5 1.5 0–0.03 22 0 

3.2.2. Damage Constitutive Model of Layered Slope 

In this paper, the progressive failure process of the layered slope was investigated 

using elastic damage mechanics [27]. Based on the fundamental assumption of isotropy 

of the rock microstructure and the Lemaitre strain equivalence principle [28], and assum-

ing that the constitutive relationship follows Hooke’s law, the elastic damage constitutive 

model can be expressed as Equation (1): 

( )1ij klD E = −  (1) 

Figure 4. Numerical calculation model: (a) independent geometric areas; (b) grid model.

The fixed constraint was applied at the bottom, the normal displacement constraint
was applied around the geometric model, and the rest of the area was a free boundary. In
this analysis, the force of gravity served as the only load on the slope. The influence of
excavation (i.e., 298 m–374 m mining area of eastern slope) on slope stability was considered
in the numerical simulation process.

Laboratory experiments were conducted on the mechanical parameters of the rock
mass, including uniaxial compression, Brazilian splitting, and direct shear tests, to deter-
mine the strength parameters of the rock strata. Due to the complex geological conditions in
the mining area, there are many natural joints and fractures, and the mechanical properties
of the in situ rock mass may be lower than those measured in the laboratory. Therefore,
the Hoek–Brown failure criterion [26] was used to evaluate the mechanical properties
of the rock mass in this paper. Table 2 shows the mechanical parameters used in the
numerical calculations.
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Table 2. Simulation parameters of rock masses.

Lithology Bulk Modulus
(GPa)

Shear Stiffness
(GPa)

Cohesion
(MPa)

The Angle of
Internal Friction (◦)

Tensile Strength
(MPa)

Mica schist 15 12 0.6 37 0.6
Chlorite schist 7 7 0.4 33 0.4

Epidote amphibolite 5 3 0.2 30–33 0.01
Two-mica quartz schist 6 4 0.1–0.2 30 0.04

Quartz granulite 10 10 0.2 33 0.05
Granite 12 10 0.5 35 0.3
Iron ore 12 12 0.6 35 0.4

Fault 2.5 1.5 0–0.03 22 0

3.2.2. Damage Constitutive Model of Layered Slope

In this paper, the progressive failure process of the layered slope was investigated
using elastic damage mechanics [27]. Based on the fundamental assumption of isotropy of
the rock microstructure and the Lemaitre strain equivalence principle [28], and assuming
that the constitutive relationship follows Hooke’s law, the elastic damage constitutive
model can be expressed as Equation (1):

σij = (1− D)Eεkl (1)

where D is the damage variable, E is the elastic stiffness matrix, and σij and εkl are the stress
and strain components, respectively. The damage variable evolution equation refers to
RFPA [29], as shown in Equation (2):

D =



0 F1 ≤ 0, F2 ≤ 0

1−
(

εt0

kt

)n
F1 > 0, εt0 < kt

1−
(

εc0

kc

)n
F1 ≤ 0, F2 > 0, εc0 < kc

(2)

where the respective limit strains for the tensile and compressive forces are εt0 and εc0.
The maximum tensile strain and maximum compressive strain are recorded with state
variables kt and kc, respectively, due to the irreversibility of damage. F1 and F2 represent the
tensile strength criterion and compressive strength criterion, respectively. n is the empirical
coefficient; n = 2 [29]. The specific calculation formulas [29] are Equations (3)–(10):

εt0 = σc/
(
c · E

)
(3)

εc0 = σc_min/E (4)

kt = max
(

εe f t, εe f t_hist

)
(5)

kc = max
(

εe f c, εe f c_hist

)
(6)

εe f t =

√
〈ε1〉2 + 〈ε2〉2 + 〈ε3〉2 (7)

εe f c = max(0, 〈−ε3〉) (8)

F1 = σc/c− σ1 (9)
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F2 = −σ3 + σ1
1 + sin φ

1− sin φ
− σc (10)

where σc and E are the average uniaxial compressive strength (UCS) and the average elastic
modulus, respectively. σc_min is the minimum UCS. C is the average ratio of tensile and
compressive strength. The equivalent tensile and compressive strains are εe f t and εe f c,
respectively. εe f t_hist and εe f c_hist are used to record the historical maximum equivalent
tensile and compressive strains, respectively. ε1, ε2, and ε3 are the maximum principal
strain, the intermediate principal strain, and strain minimum principal strain, respectively.
〈 〉 is Macaulay bracket (replaced by zero in negative values). σ1 and σ3 are the maximum
principal stress and the minimum principal stress, respectively.

The maximum value of the damage variable in this paper was 0.99 in order to ensure
the convergence of the finite element calculation program and consider the residual strength
of the slope rock mass. Based on COMSOL Multiphysics’ finite element solid mechanics
module, we developed a damage mechanics model suitable for layered rock mass by using
COMSOL with MATLAB functions. The mechanical parameters and state variables in
the iterative calculation of damage were written out in text form. It was then entered
as a loop variable in the form of an interpolating file. Tensile strain was positive, while
compressive strain was negative. The aforementioned elastic damage constitutive model
was combined with the slope strength reduction method. This paper adopts the slope
strength reduction method and refers to the strength reduction method used in RFPA-SRM
proposed by Tang [30]. The tensile strength σt and uniaxial compressive strength σc of the
rock mass are uniformly reduced at a certain step length, and the strength reduction is
accompanied by a corresponding test safety factor Ftrail

s . When significant failure deforma-
tion trends such as maximum tensile strain kt and maximum compressive strain kc appear,
the slope becomes unstable, and the safety factor at this point is the final safety factor Fos
(Equations (11) and (12)):

Fos =
c
c′

=
tan φ

tan φ′
(11)

{
σtrail

c = σ0
c /Ftrail

s

σtrail
t = σ0

t /Ftrail
s

(12)

where c and c′ represent the cohesion before and after reduction, respectively. φ and φ′

represent the friction angle before and after reduction, respectively.

4. Results
4.1. Validation with Monitoring Results

The SAR image data of the study area were processed to produce the temporal and
spatial evolution characteristics of the deformation of the eastern slope of the Nanfen open-
pit mine. Figure 5 (where the red area represents the downward displacement, and the
blue area represents the upward displacement) and Figure 6 (where the red area represents
the westward displacement, and the blue area represents the eastward displacement),
respectively, show the cumulative displacement in the vertical and east–west directions.
The vertical and east–west displacement of the monitoring area can be seen to change
significantly with time. The maximum settlement value of the slope was 100 mm by August
2021, while the maximum displacement value toward the west (interior of the mining pit)
was 160 mm.
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From Figure 5, it can be seen that the vertical downward displacement of the eastern
slope began to appear in September 2020, and by November 2020, the range and displace-
ment of the slope subsidence had slowly increased. From December 2020 to May 2021, the
range of slope subsidence accelerated to the north and upward, and the displacement in
some areas also accelerated. The areas with the largest cumulative subsidence are concen-
trated in the southern and central parts of the monitoring area, and as time progresses,
the subsidence area continues to expand to the north and upward. At the same time, an
upward displacement appeared at the bottom of the monitoring area, indicating that the
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slope in this area had uplifted. From June to August 2021, the cumulative subsidence of the
slope slowly increased, and the subsidence range remained ultimately unchanged. From
Figure 6, it can be seen that the trend of change in the cumulative horizontal displacement
and range is basically consistent with the trend of change monitored in the vertical direc-
tion. It can be clearly seen that the slope moves westward (inside the mine), and the area
where movement occurs gradually expands to the north and upward. Moreover, the rate of
movement first slowly increases, then accelerates, and finally slowly increases again.

According to the InSAR monitoring results, the slope experienced a long period of
movement before the occurrence of the 6.19 landslide, which provided conditions for the
advanced rapid identification of the landslide. In May 2021, the range of the landslide
(sliding mass) had essentially been determined, and the development trend and scope of
the landslide could be preliminarily determined. By focusing on this area for slope stability,
the numerical simulation calculations can not only reduce the amount of calculations, but
also accurately analyze the slope failure mechanism.

4.2. Numerical Simulation Analysis Results

(1) Before the mining of 298 m–374 m berm

The original landslide body was undergoing a progressive sliding process prior to
mining the 298 m to 374 m berm. The quality of the rock mass continuously deteriorated
during mining operations because of the presence of multiple structures controlling the
landslide mass. The resulting progressive sliding and disintegration of the landslide mass
led to the formation of a loose accumulation body (Figure 7).
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(2) After the mining of 298 m–374 m berm

The original landslide area had already formed prior to the occurrence of the 6.19 land-
slide, providing an early southeastern free face for the new and larger-scale sliding, particu-
larly for the sliding mass of the 6.19 landslide. Therefore, using the pre-excavation damage
field in the numerical simulation calculations following excavation is compatible with the
actual situation.

The slope toe was no longer a constraining factor with the excavation of 298 m to 374 m
berm. Additionally, the blasting vibration during the mining process activated the faults in
the area to varying degrees. Therefore, it was reasonable to decrease the relevant rock mass
mechanical parameters to a certain extent during the simulation process. The simulation
results indicated that, the macroscopic mechanism of sliding body was the accumulative
damage of the original landslide area, which induced the structural activation of faults and
fracture zones on the north side, leading to the continuous expansion of the damaged area
to the north and upward, and the formation of several tensile fractures on the north side.
Moreover, the 298 m berm has an obvious compression–shear damage area (blue area),
which corresponds to the phenomenon of uplift at the toe of the real slope (as shown in
Figure 8).
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Figure 8. The damage evolution process of slope after excavation.

The displacement field of the slope obtained by numerical simulation was slightly
smaller than the damaged area, and the deformation area was located within the actual
landslide area. Although the magnitude of the sliding displacement was lower than the
actual value, the evolution of the displacement field was somewhat synchronized with that
of the damaged area, which was consistent with the observed displacement field. This was
mainly due to the damage constitutive model used in this study. The range of damage
variables was restricted to ensure computational convergence (as shown in Figure 9).
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The evolution law of the maximum equivalent tensile strain field obtained by nu-
merical simulation had a good correlation with the crack distribution and fragmentation
degree of the rock mass in the slope. As shown in Figure 10, the disintegration degree of
the southern original sliding mass and the northern tensile fracture zone was high, and
their integrity was poor, while the integrity of the central sliding mass was relatively better.
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5. Discussion
5.1. Landslide Mechanism of Nanfen Open-Pit Mine

The bedding-controlled landslide on the eastern slope of the Nanfen open-pit mine
occurred during the mining process on the 298–310 m level. From the InSAR monitoring
results and numerical simulation results, it can be determined that the mechanism of the
landslide is as follows: (1) unloading due to excavation on the 298–310 m level and (2) the
relaxation of rock stress caused by the sustained deformation of the original landslide,
leading to tensile failure. This deformation feature confirms that the tensile force of
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the original landslide on the south side is the key mechanism of this landslide, and its
movement direction exhibits a process from north to south to a certain extent. Faults and
bedding planes in the rock mass play an important controlling role in the deformation and
rupture of the slope.

Through field investigations, it was found that the eastern slope landslide of the
open-pit mine is a multizone composite-mode landslide, which belongs to the shear–slip–
tension deformation failure mechanism as a whole. Firstly, the rock mass of the original
landslide is blocky in structure, and the past landslide events mostly occurred at the
intersection of faults and structural planes, causing shear failure. Then, the stress state
of other areas connected to the original landslide changes, i.e., stress unloading, which
drives the surrounding rock mass to slide along the dominant structural plane toward the
direction of the original landslide. At the same time, under the influence of self-weight
stress, the slope rock mass moves along the dominant plane and forms a tension zone at the
back edge of the sliding body, resulting in back edge tension failure. With the continuous
downward movement of the sliding body, the back edge tension failure gradually develops
downward, and the boundary of the sliding body gradually expands backward. The
displacement of the upper and lower parts of the sliding body is not uniform, resulting in
shear compression deformation failure and a bulging phenomenon on the slope surface.
Through artificial investigation below the 298 m platform, it was found that the rock mass
in this area is relatively intact, and no signs of shear failure were found. It can be speculated
that the rock strata here blocked the sliding body from continuing to slide downward,
thereby forming the uplift phenomenon of the 298 m berm, and finally forming the current
shear outlet of the sliding body.

Figure 11 shows the evolution of the eastern slope landslide, as determined by a
combination of field investigations and historical data queries from the mine. (a) As the
height of the eastern slope increased, the strength of the bedding rock mass approached its
limit, resulting in the formation of the original landslide. (b) As a result of the instability of
the original landslide, a free surface was formed on the lower side of the southern part of
Zone I, which caused the slope in Zone I to deform downward. (c) As the slope deformation
in Zone I continued to expand northward, slope instability developed in Zone II. (d) The
slope in Zone II continued to deform northward, causing the slope in Zone III to dislocate
and settle and develop large-scale longitudinal tensile cracks. (e) The rock mass in Zone IV
slid downward under traction force after the slopes in Zones I, II, and III moved downward,
whereas the rock mass in Zone V was affected by upper pressure, causing an uplift of the
toe of the slope under shear force. The slope underwent overall settlement, and the area
of the landslide had a connected sliding surface. It can be seen that the results of field
investigations are in good agreement with the InSAR monitoring results and numerical
simulation results. This proves that the method proposed in this paper of combining
InSAR monitoring and numerical simulation to determine the bedding-controlled landslide
mechanism in open-pit mines is feasible.

5.2. Limitations and Future Work

In this study, the displacement observed by InSAR has an error in the order of magni-
tude, which is due to the continuous mining of ore in the mine, resulting in the constantly
changing boundary of the slope and making it difficult to detect high-density and high-
quality target points. Additionally, the atmospheric delay caused by the complex terrain
of the mine is difficult to eliminate [31]. The deformation error caused by residual phase
can cover some deformation areas with smaller or inconsistent deformation variables,
resulting in a decrease in the accuracy of landslide identification [32]. These factors hinder
the inversion of InSAR deformation results. At the same time, the influence of water on
the occurrence and evolution of landslides was not considered in the numerical simulation
analysis in this study, which is our next research task. However, the results show that
although there is an error in the order of magnitude of the displacement observed by InSAR,
the overall trend of the slope displacement development is reliable. There is good coupling
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between InSAR and numerical simulation, and the method proposed in this paper can
effectively analyze the sliding mechanism of bedding-controlled slopes in open-pit mines.
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6. Conclusions

This study proposed a method to determine the bedding-controlled sliding mechanism
of open-pit mine landslides by combining satellite radar interferometry measurement with
numerical simulation. The method was successfully applied to the prediction of the
sliding body range and the analysis of the landslide mechanism on the eastern slope of
a Nanfen open-pit mine. The method involves firstly using MSBAS-InSAR technique to
capture slope deformation information, locate the extent of the landslide, and make a
preliminary determination of the landslide trend. Then, based on the established layered
slope damage constitutive model, the slope stability is three-dimensionally calculated
using the strength reduction method in COMSOL Multiphysics software to determine the
evolution mechanism of the landslide.

Using the MSBAS-InSAR method, the displacement and range change trend of the
sliding body on the eastern slope of a Nanfen open-pit mine were determined on a large
scale. The sliding body moved downward and westward (inside the pit), and an uplift
phenomenon appeared on the 298 m berm. The moving area gradually developed upward
and northward. Furthermore, the moving rate can be divided into three stages: slow
increase, accelerated increase, and slow increase again. Through numerical calculation,
it was found that before the mining of the 298 m–374 m level, the original sliding body
was in a creeping process. After the mining of this level, the original sliding body lost its
restraining effect, which activated the north-side faults, structural surfaces. The landslide
area continued to expand northward and upward, and a significant compression and shear
damage zone appeared on the 298 m berm.

The field investigation showed that the eastern slope bedding-controlled landslide in
a Nanfen open-pit mine was a multizone composite-mode landslide caused by excavation,
which belongs to the shear–slip–tension deformation failure type as a whole. After the
excavation of the 298 m–310 m berm, the original sliding body began to disintegrate and
slide, which then caused the northern and upper rock masses to slide one after another,
and an uplift phenomenon was observed on the 298 m berm. The slope failure mechanism
is in good agreement with the InSAR monitoring results and numerical simulation results,
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which proves that the method proposed in this paper can be used to analyze the sliding
mechanism of bedding-controlled slopes in open-pit mines.
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