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,e present study aims to elucidate the problem of a rock mass structural plane with a range of damage degrees and the numerical
model selection for analysis of a slope with multiple sliding surfaces. Based on the relative displacement between blocks, the
dynamic strength reduction-discontinuous deformation analysis (hereinafter referred to as DSR-DDA) method is proposed for
studying slopes with multiple sliding surfaces. ,e slope-slider classic case was used to test the displacement threshold.,emodel
was applied to the stability analysis of multiple sliding surfaces of a high rock slope in the FushunWest Open-Pit Mine.,e results
show that when the displacement threshold is set to 1mm, the error between the DSR-DDA results and the theoretical solution is
within 0.5%, which satisfies the calculation requirements. ,e most dangerous slip surface in the Fushun West Open-Pit Mine
slope was identified. Based on the numerical slope model after the first landslide, the position of the secondary slip surface was
then identified.,e failure mode is traction sliding failure, and the middle and lower oil shales play a key role in the slope stability.
,is study recommends that mining of the remaining oil shale should stop to avoid causing large-scale landslides in the upper part
of the slope and landslides at the pit-city boundary.

1. Introduction

Large-scale geographical areas have complicated geological
and instability conditions. A high slope with an open pit
forms large areas prone to secondary instability after initial
instability, resulting in a secondary sliding surface. ,e
high rock slope is affected by the bedding structure, which
complicates the stability problem of the slope. ,erefore, it
is necessary to elucidate the stability of rock high slopes
with multiple potential sliding surfaces through research
[1–8].

,ere are two commonly used calculation methods in
slope stability analysis: the limit equilibrium method
(LEM) [9–11] and finite element method (FEM) [12–14].
Compared with the FEM, the LEM has a high compu-
tational efficiency. ,e safety factor is solved by geometric
assumptions based on known or assumed slip surfaces,
but the constitutive relationship of rock and soil during
slope slip is ignored [15]. In recent years, with the rapid

development of FEMs and the combination of strength
reduction methods, models no longer need to presuppose
the position of the sliding surface. ,e safety factor and
corresponding potential sliding surface are easy to obtain.
,e limitation lies in the safety factor and singularity of
the sliding surface solution. Cala et al. [16] pioneered a
new strength-reduction method, which identified the
most dangerous instability surface based on the con-
ventional method. ,e authors determined the number of
steps N for the first slip and continued to increase the
reduction factor; then, the results of the 1.1 N step were
calculated. ,e corresponding secondary potential in-
stability surface and safety factor were successively ob-
tained. However, there is a need to further study these
methods for the stability analysis of slopes with multiple
sliding surfaces.

Discontinuity is an intrinsic property of a rock mass.
,e discontinuous deformation analysis (DDA) pro-
posed by Shi [17] has unique advantages in simulating
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large block displacement and large deformation. DDA
has also been rapidly developed in the field of slope
engineering. Maclaughlin et al. [18] simulated the plane
and arc failure modes of inclined slopes and found that
the results had better accuracy than those of the con-
ventional analysis methods. Hatzor and Feintuch [19]
showed the validity of DDA results for the full dynamic
analysis of dynamically charged monolithic slopes.
Beyabanaki [20] presented existing blocks in disconti-
nuity failure analysis as deformable disks. Jiang and
Zheng [21] proposed an effective method to correct the
error in the increase in volume caused by a large rotation.
Morgan and Aral [22] proposed a hydrogeological model
to model hydraulic breaks using deformed breakdown
analysis. ,is model complies with the Griffith model.
,e elasticity problem of a large rotation has been
previously studied [23]. Perturbations occur in the initial
DDA because the first-order shift function is used to
describe the block’s movement. Yu and Yin [24] have
improved some algorithms and processes used to analyze
the deformation of discontinuities. Biran and Hatzor
[25] compared the DDA with a powerful discrete
structure and component numerical modeling method.
Zheng et al. [26] used the dual form of this method to
solve the problem of opening and closing iterations and
strong applied forces. Fu et al. [27] combined the border
element method with the DDA to achieve synchronous
deformation modeling and displacement modeling. Fan
et al. [28, 29] used virtual work theory to improve the
accuracy of deformation and large rotation error esti-
mation and proposed a new method to identify and
analyze the contact blocks. Fu et al. [30] applied the
vector sum method (VSM) to the DDA to calculate the
slope stability safety factor based on the actual stress state
and vector and algorithm. ,ere is a lack of studies re-
garding the stability analysis of a slope with multiple
sliding surfaces using these methods.

Shahami et al. [31] studied the effects of external
loading changes on the rock block displacements in the
DDA method. ,e results show that the effects of external
forces on the stability of the blocky rock mass depend on
the magnitude of the applied forces and the dimensions of
the blocks that constitute the rock mass. Gong et al. [32]
proposed the improved DDA (IDDA) method, which
could more effectively provide a unified formulation to
simulate the nonlinear deformation and failure behaviors
of jointed rock masses. Chen et al. [33] clarified the
postfailure behavior of a landslide using a two-di-
mensional (2D) DDA and provided comprehensive in-
formation on the initiation and evolution of the landslide.
Fan et al. [34] introduced a partitioned finite element and
interface element (PFE/IE) interactive method and an-
alyzed the dynamic behaviors of structures with dis-
continuous deformations. Moreover, PFE/IE improves
the computational efficiency because the nonlinear it-
eration is limited to the possible contact region. Liu et al.
[35] extended the flat-top partition of the unity method

that could obtain a stiffness matrix with a small condition
number and avoid the linear dependence problem to rock
dynamic analyses to simulate the effect of the disconti-
nuity and dynamic loading.

,e key problem in the development of slope stability
evaluation is the safety factor and solution of the cor-
responding slip surface. Previously, the strength re-
duction method mostly assumes a uniform reduction in a
rock mass. In an actual situation, the mechanical prop-
erties of the structural plane mainly determine the me-
chanical properties of the rock mass. However, the
structural damage of a rock mass does not exhibit the
same degree of damage through time. After the first
instability of the slope, the block position and stress
redistribute. ,erefore, the secondary slip surface should
be analyzed using the slope model after the first in-
stability. In the past, the secondary sliding surface of the
slope was studied. Few studies have considered the actual
situation. To solve this problem, we draw on the ad-
vantage of DDA to calculate the displacement and con-
sider the relative displacement between blocks. We
proposed a multiple-sliding-surface search based on the
DSR-DDA method and evaluated the slope stability. ,is
method is mainly applied to solve rock mass stability
problems, especially for large-scale rock masses with
numerous structural planes. Moreover, this method can
consider the variation in damage along a rock mass
structural plane and help with numerical model selection
in the analysis of a slope with multiple sliding surfaces. By
analyzing a rock mass using this method, we can easily
determine the safety factor and corresponding slip sur-
face. ,us, measures can be taken to prevent the in-
stability of a rock mass over time. We used an inclined
plane slider to test the displacement threshold and verify
the feasibility and accuracy of the proposed method
and attempted to apply this approach to the stability
analysis of a rock high slope in the FushunWest Open-Pit
Mine.

2. Methodology

2.1. Main Features of the DDA. ,e DDA uses a first-order
displacement function to express the motion parameters of
each block and assumes that the stress and strain are
cconstant [36]. ,e displacement vector of each block
contains 6 variables as follows:

D � u0, v0, r0, εx, εy, cxy 
T
, (1)

where (u0, v0) is the rigid displacement of a specific point
(x0, y0) in the block; r0 is the rotation angle of the block
around a specific point (x0, y0); and εx, εy, cxy is the
positive strain and the shear strain of the block, re-
spectively. ,e displacement (u, v) of any point (x, y) in
the block is as follows:
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(2)

,e overall equilibrium equation of the system based on
the principle of minimum potential energy is as follows:
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where Kij is a 6 × 6 submatrix in the coefficient matrix; Kii is
determined by the material properties and geometric pa-
rameters of the block unit; Kij(i≠ j) is determined by the
contact conditions between block i and block j; [Di] and [Fi]

are 6 × 1 submatrices; Di is the deformation variable
(d1i, d2i, d3i, d4i, d5i, d6i) block i; and Fi is the load assigned
to the six deformation variables on block i.

2.2. DSR-DDAMethod Displacement(reshold. To consider
the dissimilarity of the damage along the block structure
surface in the real situation, it is proposed that the shear
strength of the block structure surface is reduced so that the
displacement change does not exceed the threshold value.
We used the classic slope slider case to test the displacement
threshold of the shear strength reduction. ,e model is
shown in Figure 1. ,e rock mass parameters are shown in
Table 1. In the program calculation, the shear strength
parameters of the structural plane of the block are set at
regular intervals (10,000 steps, each time step is 0.001 s).
According to the relationship between the relative dis-
placement change in the block and the threshold value, only
the structural plane with the displacement change that
satisfies the requirements was selected. ,en, the reduction
increases by 0.001 from 1.000 until a sharp deformation
occurs, at which time the value of the safety factor of the
slope slip surface is determined. ,e program calculates the
simulated reduction process that is consistent with the
damage degradation of the rock mass material under actual
conditions.

,e theoretical safety factor of the simple slope model is
as follows:

Fs �
tanφ
tan α

. (4)

Figure 2 shows the variation in the model safety factor
and error percentage of the analytical solution with the
displacement threshold under different values of the in-
plane friction angle φ. ,is graph shows that, regardless of
the value of the internal friction angle φ, when the dis-
placement threshold approaches 1mm, the safety factor is
near its maximum value. ,ere is a significant dip in the
error percentage of the analytical solution, which indicates
that the error is relatively small, within 0.5%. ,e dis-
placement threshold is temporarily taken as 1mm. ,e
results of the analytical solution are consistent. Hence, the
DSR-DDA method satisfies the calculation requirements
and can guarantee a certain calculation accuracy.

Finding the exact solution of the contact force between
the blocks is the core step in solving the total equilibrium
equation. In each time step, it is necessary to redetermine the
application of the spring and position of the spring. It is
necessary to repeatedly generate a solution to solve the total
stiffness matrix. ,e process of application and removal of
the rigid spring is called an open-close iteration. ,ere are
three states of contact: opening, sliding, and locking. ,e
criteria to determine the mode change are shown in Table 2.

Based on the above analysis, the DSR-DDA method is
implemented in the program as shown in Figure 3.

3. Rock Slope Model and Parameters of Fushun
Western Open-Pit Mine

3.1. Overview of the Rock Slope in Fushun Western Open-Pit
Mine. ,e Fushun West Open-Pit Mine is located in the
southeastern part of Fushun City and has a mining history of
more than 100 years. It has formed “Asia’s largest pit” with a
length of 6.6 km, a width of 2.2 km from north to south, and a
depth of 400–500m, representing a total volume of 1.7 billion
cubic kilometers. ,e northern part of the coal-mining pit is
adjacent to the urban area of FushunCity. If a landslide occurs
in the northern slope, it will cause a large number of casualties
and major property loss, seriously affecting the safety of all
nearby construction facilities and endangering the safety of
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Figure 1: Model of the sliding block along the slope.
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the entire city. ,e layout of the FushunWest Open-Pit Mine
and the northern part of the western slope are shown with a
geological section map in Figure 4.

3.2. Calculation Analysis Model and Parameters.
Discontinuous structures such as joints and fissures play a
controlling role in the deformation of a rock mass. ,e
accuracy of the information acquisition of the structural
plane is critical to the accuracy of the numerical simulation
analysis. Using high-precision and high-efficiency un-
manned aerial vehicle technology, deterministic structural
plane information is accurately acquired to generate a point
cloud model [37]. ,e DJI Phantom 4 Pro and control
system are shown in Figure 5.

,e definition of inclination requires that the surface
structure of the rock mass is known, including the normal
vector of the plane where the production is located, as-
suming that the equation representing the structural plane is
as follows:

Z � AX + BY + C, (5)

Table 1: Mechanical properties of the slope model.

Number Density (kg·m− 3) E (MPa) Cohesion (MPa) Friction (°) Poisson’s ratio ,eoretical safety factor
01 2700 1000 40 50 0.35 1.192
02 2700 1000 40 55 0.35 1.428
03 2700 1000 40 60 0.35 1.732
04 2700 1000 40 65 0.35 2.145
05 2700 1000 40 70 0.35 2.747
06 2700 1000 40 75 0.35 3.732
07 2700 1000 40 80 0.35 5.671
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Figure 2: Curve of safety factor and its error with the displacement threshold: (a) safety factor; (b) percentage error of safety factor.

Table 2: Contact status table.

Contact switch Contact condition Contact force
Open-open N> 0 No
Open-sliding N< 0, |S|> |f| Yes
Open-locked N< 0, |S|< |f| Yes
Sliding-open N> 0 No
Sliding-sliding N< 0, |S|> |f| or N< 0, ψ� − sgn f Yes
Sliding-locked N< 0, |S|< |f| or N< 0, ψ� sgn f Yes
Locked-open N> 0 No
Locked-sliding N< 0, |S|> |f| Yes
Locked-locked N< 0, |S|< |f| Yes
1N is the normal contact force, S is the shear contact force, ψ is the direction
of shear displacement, and f is the frictional force.
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where A, B, and C are plane parameters, and the plane
normal vector n is (− A, − B, 1). Along the structural plane,
for any n points that are not collinear (n> 3), we can obtain
the following equation:
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,e least squares method is used to solve (A, B, C) as
follows:
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From the conversion formula, the dip direction is as
follows:

α � arctan
B
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. (8)

,e dip angle is as follows:

β � arctan
�������
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√
 



. (9)

,e point cloud parameters of the structural plane are
selected. ,e plane equation is fitted according to the point
cloud information, and the structural surface morphology is
determined. ,e calculation results of some occurrences are
shown in Table 3, and the structural plane production sta-
tistics are obtained.,e statistical cloud chart of the structural
plane is shown in Figure 6.

,e acquired structural plane information is imported
into the DSR-DDA program, and the structural plane mesh
cuts the rock mass to form a block unit in the DSR-DDA.
Figure 7 shows a model of the example for numerical analysis.

,e natural stress field takes only gravity into account and
does not include the regional tectonic stress. According to the
geological exploration and test results, the parameters in Table 4
are obtained.,e cohesion and friction inTable 4 are the implied
cohesion and friction values of the rockmass structural plane. In
the numerical calculation, the shear strength parameters of the
structural plane of the block are reduced at a certain time step
(10,000 steps, each time step is approximately 0.001 seconds)
along the structural plane where the relative displacement
change in the block is reached or exceeded, and the reduction
factor changes from 1.000. Initially, this time step is consistent
with the damage degradation of the rock mass material.

4. Stability Analysis of theRock Slope in Fushun
Western Open-Pit Mine

4.1. Field Displacement Monitoring. ,e cumulative dis-
placement values measured at different depths in each in-
clined hole during two months are shown in Figure 8.

,e analysis of Figure 8 shows that the total displacement
value of the measured point in the first 100m of hole 69002
greatly varies with time. ,e magnitude of displacement
sharply increases near a depth of 100m, which indicates that
the rockmass near the inclined hole slips.,ere is a tendency to
continue sliding, and the sliding surface is approximately 100m
from the slope. ,e total displacement of the measuring point
in the first 20m of hole 55026 occurs relatively fast, and there is
a trend of continued growth.,e change in displacement at the
subsequent measuring point is not obvious and tends to be
stable. It is speculated that instability exists in the rock mass
above the measuring hole. ,e displacement of the measuring
point in hole 74003 slowly increases with time, with no obvious
regularity, and tends to be stable; thus, the stability of the rock
mass in this area is better than those at other holes.

4.2. DSR-DDA Numerical Calculation Analysis. To further
determine the potential slip surface position of the slope,
according to the DSR-DDA method, the shear strength
parameters are dynamically reduced, and the progressive
instability of the slope was characterized. ,e slip surface
and corresponding safety factor were measured. ,e feasi-
bility of the method was verified by identifying the most
dangerous slip surface and secondary slip surface in the
slope. Figures 9 and 10 show the first instability and sec-
ondary instability of the slope. ,e legend in these figures
indicates the displacement of the block at the current time
step. For example, 0.706876 indicates that the block moves
0.706876mm in the current time step.

Start

Input geometric, physical parameters

Block identification, contact detection

Form a submatrix

Add or subtract contact springs

Solve displacement vector equation

Check convergence

 Relative sliding displacement of the 
block changes c and φ dynamically

The displacement mutation

Retrieve the slide surface position

The final step

Finish

N

N

N

Y

Y

Y

Figure 3: Flow chart of the DDA procedures.

Advances in Civil Engineering 5



Before the 1.360×106 time step, the displacement of the
monitoring points of each block and the overall slope of the
block remain basically stable. When the calculation is at step
1.360×106, the slope quickly deforms, the reduction factor
reaches 1.136, and the displacement of the corresponding
block sharply increases. ,e subsequent deformation also
shows a gradual increasing trend.,e overall deformation of
the slope shows that the lower landslide body slips along the
corresponding sliding surface, which indicates that the slope

is unstable for the first time. ,e safety factor corresponding
to the most dangerous slip surface was 1.136.

According to the block large deformation data and DSR-
DDA program image, the slope slip surface appears at a
depth of approximately 100m in hole 69002. ,e large
deformation of the rock mass occurs above the sliding
surface. ,e position of the deep part of hole 55026 does not
significantly change, and only the block in the near-surface
position is displaced. ,ere is no obvious deformation of the

600 900m3000

(a)

69002
55026 74003

+100

±50
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–200
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Basalt
Oil shale
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(b)

Figure 4: Layout of the Fushun West Open-Pit Mine and the northern part of the western slope in the geological section map: (a) Fushun
West Open-Pit Mine; (b) geological section map.
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rock mass in hole 74003. ,ese characteristics are consistent
with the on-site monitoring data, which further proves the
feasibility of the method.

After the first instability of the slope, the block position
and internal stress are redistributed. ,e slope modeling
continued after the first instability process to identify the
secondary slip surface.

Before step 1.890×106, the slope tends to be stable.
When the calculation is completed at step 1.890×106, the
reduction factor reaches 1.189. ,e slope again quickly
deforms and forms a secondary slip surface. Its corre-
sponding safety factor is 1.189. ,e slope of the first slope is
larger than the first slope instability. ,e slope strength is
slightly reduced after the first instability occurs, which is
notably different from the results obtained by the conven-
tional analysis.

,e failure mode of the slope of the Fushun West Open-
Pit Mine is traction-type sliding failure. ,e middle and
lower oil shales play a key role in the stability of the slope.
,erefore, the remaining oil shale cannot be continuously
mined to avoid large-scale landslides from initiating in the
upper part of the slope and to avoid landslides at the pit-city
boundary.

5. Discussion

In this paper, we theoretically confirmed the necessity and
significance of dynamically reducing the strengths of rock
mass structural planes. We further revealed the effects of the

problem of different degrees of damage of rock mass
structural planes and the problem of numerical model se-
lection for analyzing slopes with multiple sliding surfaces.
We determined the displacement threshold to reduce the
error between DSR-DDA and the theoretical solution. ,en,
we used these methods in the stability analysis of the
northern slope of the Fushun West Open-Pit Mine.

In addition, the slope strength is slightly reduced after
the first instability occurs, which is quite different from the
results obtained by conventional analysis [38, 39]. We infer
that the first instability landslide body cannot be ignored in
the conventional analysis because it protects the secondary
landslide body with a high safety factor, mainly because the
position and stress of the block are redistributed after the
first instability of the slope. ,erefore, the secondary slip
surface should be analyzed using the slope model after the
first instability, which was not fully considered in previous
studies.

Although there are advantages in the DSR-DDAmethod
for slope-stability analysis and large-deformation slope-in-
stability analysis, there are still weaknesses in the precision of
the method. It is difficult to complete slope failure experi-
ments in the laboratory.,e displacement threshold is set by
the DSR-DDA numerical simulation test, which makes the
accuracy of the results overly dependent on the accuracy of
the DSR-DDA program. ,erefore, the results suggest that,
in the future, different projects will require simulation
training to improve their accuracy and that similar labo-
ratory experiments should be attempted. For further study,

Figure 5: DJI Phantom 4 Pro and control system.

Table 3: Yield calculation results.

Number
Structural plane equation parameter Structural plane information

A B C Dip direction (°) Dip angle (°) ,e length of the trace (m)
01 0.368 0.245 0.621 33.7 35.5 6.55
02 0.440 − 1.270 0.265 109.0 78.9 6.70
03 0.337 2.824 0.324 263.2 83.5 8.53
04 − 1.380 3,452 0.443 291.8 83.2 4.26
05 0.455 2.088 0.266 282.3 82.9 2.88
06 − 0.100 1.480 0.185 265.9 82.9 1.20
07 − 0.640 5.600 0.247 96.6 73.2 5.88
08 0.316 0.882 0.201 250.3 77.9 1.47
09 0.447 1.703 0.247 284.7 89.0 2.06
10 57.150 − 28.400 0.433 26.5 89.6 1.95

Advances in Civil Engineering 7



N

S

EW

0.00 ~ 1.50%

1.50 ~ 3.00%

3.00 ~ 4.50%

4.50 ~ 6.00%

6.00 ~ 7.50%

7.50 ~ 9.00%

9.00 ~ 10.50%

10.50 ~ 12.00%

12.00 ~ 13.50%

13.50 ~ 15.00%

Fisher
concentrations

% of total per 1.0% area

No bias correction
Max. conc. = 14.5857% 

Equal angle
lower hemisphere

22 poles
22 entries

Figure 6: Statistical cloud chart of the structure surface.

Oil shale
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Sandstone

Mudstone

Basalt

Gneiss

Figure 7: DDA model of the slope in the Fushun West Open-Pit Mine for numerical calculation and analysis.

Table 4: Mechanical parameters of the slope model.

Lithology Density
(kg·m− 3)

E
(GPa)

Cohesion
(MPa)

Friction
(°)

Oil shale 2100 16.5 3.5 26
Coal 1500 12.0 4.7 25
Sandstone 2300 15.2 20.0 19
Mudstone 2500 12.5 33.0 20
Basalt 2800 57.5 27.0 25
Gneiss 2800 38.2 32.0 29
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Figure 8: Cumulative displacements of the monitoring point in surveying the inclined hole: (a) surveying inclined hole 69002; (b) surveying
inclined hole 55026; (c) surveying inclined hole 74003.
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Figure 9: Continued.
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this method will be improved to solve the problems of tunnel
assessment and the failure mechanisms of different rocks
[40–42].

6. Conclusions

,is study aims to elucidate the problem of different degrees
of damage along a rock mass structural plane and numerical
model selection for analyzing slopes with multiple sliding
surfaces. Furthermore, a series of numerical simulations and
on-site monitoring data were used to study the mechanism
controlling different degrees of damage along a rock mass
structural plane.,e following conclusions have been drawn
from this study:

(1) A DSR-DDAmethod controlled by the displacement
threshold is proposed. ,e basic process of calcu-
lating the safety factor of a slope withmultiple sliding
surfaces by the DSR-DDA method is provided,
contributing a new method for slope-stability
analysis.

(2) ,e feasibility and calculation accuracy of the DSR-
DDA method are verified by the case of the classic
slope slider. ,e displacement threshold is 1mm,
and the dynamic strength of the rockmass is reduced
under different degrees of damage. Furthermore, the
heterogeneity of the rock mass structural surface
damage was analyzed.

(3) Based on the DSR-DDA method, the stability of
multiple sliding surfaces of the northern slope of the
FushunWest Open-Pit Mine was analyzed.,emost
dangerous slip surface and secondary slip surface
position were determined, proving that the slope is
prone to slipping. ,e results suggest that there is a
requirement of dynamic change in the model for
accurate slope surface stability analysis. ,e results
indicate that the failure mode of the slope was
traction sliding failure. ,e middle and lower oil
shales play a key role in the stability of the slope.
,erefore, the remaining oil shale cannot be con-
tinuously mined to avoid large-scale landslides and
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Figure 9: First failure process of the northern slope in the Fushun West Open-Pit Mine: (a) step 1.361× 106; (b) step 1.363×106; (c) step
1.365×106; (d) step 1.367×106.
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Figure 10: Second failure process of the northern slope in the FushunWest Open-Pit Mine: (a) step 1.892×106; (b) step 1.894×106; (c) step
1.896×106; (d) step 1.898×106.
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landslides along the pit-city boundary in the upper
part of the slope.
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