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ABSTRACT

The physical and mechanical properties of the rock body at the foot of the slope are prone to deterioration
under water-rock action, which affects the stability of the slope body. Accurate understanding of the
damage mechanism of anticlinal rocky slopes in reservoir area under the condition of" deterioration of the
rock body at the foot of the slope is the key to the reasonable evaluation of stability. In this paper, the main
lithological characteristics of the anti-dipping rocky slopes in the reservoir area and the distribution
characteristics of slope height, slope angle and inclination angle of the rock layer are investigated as the
research object, and the deformation and damage characteristics and laws of the rock body are obtained.
Numerical simulation of anticline slopes was carried out using GDEM mechanical analysis software based
on the discrete element method of continuous medium mechanics. It is found that the upper and middle
parts of the slope where the invert body is located in the studied engineering example have deep tensile
cracks and shallow surface block tipping damage, while the middle and lower parts show deep bending
deformation, and there is a gradual transition zone in the contact between the deformed rock layer and the
bedrock. As the distance between the cave and the basement increases, the rock layers gradually tilt towards
the Yellow River from the north-east to the north-west, with the rock layers at the base of the cave tilting
between 340° and 350°. The inclination of the rock layer in the example slope is 76°, and the main rupture
surface of the slope, i.e. the location of the largest bending moment of the rock layer, has a small inclination
angle with the horizontal plane. The slope angle is 48°, and the sum of the angles of the slope angle and
the inclination angle of the rock layer is obviously larger than 117°, and the slope will be deformed and
damaged, which is consistent with the value of the conditions for the slope to be deformed and damaged.

Keywords: dip damage; discrete element method; GDEM; numerical simulation

1. Introduction

Over the past 10 years, in the face of complex geological disasters, China's capacity for disaster prevention
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and mitigation has continued to improve, the construction of a comprehensive disaster prevention capacity
system has been constantly improved, scientific and technological support and leadership have been rapidly
enhanced, and monitoring and early warning have been significantly strengthened. Nevertheless, China is
still one of the countries with the most serious geologic disasters and the most threatened population in
the world. China's annual losses due to the three major geohazards, namely landslides, landslides and
mudslides, amount to nearly 30 billion yuan, and such losses are increasing geometrically with the progress
of large-scale engineering construction and resource development in China [ 1-37. With the increasingly
serious situation of rock slope collapse in China, the state attaches great importance to geological disasters,
and has promulgated and introduced a series of laws and countermeasures. Under the new situation of
disaster prevention and mitigation, the government has put forward the policy of "putting prevention first
and combining prevention and resistance", insisting on the unity of normal disaster reduction and
abnormal disaster relief, shifting from post-disaster relief to pre-disaster prevention, from single disaster
to comprehensive disaster reduction, and from disaster loss reduction to disaster risk reduction, so as to
comprehensively promote the comprehensive prevention and control of natural disasters in the whole
society [4-67.

Whether from the point of view of human life safety or economy, slope destabilization accidents will
bring extremely bad influence for people. Therefore, for the study of slope stability, it is necessary to
correctly understand its destabilization mechanism, explore and improve the slope theory, and manage
potentially unstable slopes in a timely and reasonable manner, so as to continuously improve the ability
and level of disaster prevention and mitigation, and to ensure the safety of the people's lives and properties
[7-97]. However, due to the large range of slopes, it is very labor-intensive and inefficient to study their
stability by experimental methods. In this case, it is particularly important to study the slope stability by
numerical simulation [10-117. After the 1980s, with the progress of computer technology and
experimental means, not only to make the mechanical properties of the rock body more in-depth research,
but also in the study of slopes on the application of a variety of complex numerical analysis methods, and
supplemented and perfected the mechanical model of slope damage, for different types of slopes to put
forward a variety of stability calculation methods [ 12-137]. With the help of big data and discrete element
simulation methods, scholars can simulate or reproduce the complete process of slope slippage from the
sprouting of tiny cracks in the rock body, merging, expansion, interaction between rock blocks, to the
accumulation of debris, which is very important for accident prevention, disaster prediction, and necessary
for the protection of people's lives and properties [ 14-157.

This paper introduces the simulation method of GDEM numerical model, and selects engineering
examples and uses GDEM to model and analyze the anticlinal rocky slopes. For the selected example of
anticline laminar slate slope on the left bank of a reservoir, the UDEC numerical model is constructed to
simulate the deformation and damage process of the slope, and compared with the actual damage of the
slope to verity the accuracy of the deformation and damage characteristics of the numerical simulation test
of the slope. The ten factors affecting the stability of the slope were analyzed by single-factor sensitivity
analysis, and the orthogonal test scheme was designed for multi-factor sensitivity analysis, and the two
were combined to obtain the best sensitivity analysis results. Finally, discrete element simulation is used
to investigate the intrinsic mechanism of rocky slope damage and the way forward for prevention and
control applications.

2. Overview

With the rapid development of China's economy, more and more human activities have aggravated the
rocky slope instability accidents, which not only caused huge economic losses, but also seriously threatened
the national life safety. Literature [ 167 establishes a geological model for layered excavation of thin slopes
based on the discrete element method, and takes the rocky high slopes in the southwest quarry of Inner
Mongolia Taiping Mining as the experimental object, and verifies through simulation and analysis that
the established model can effectively analyze the bending and tipping damage mechanism of the high-order
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rocky slopes. Literature [17] verified through simulation experiments that the combined/hybrid finite-
discrete-element method (FDEM) can eftectively simulate the rocky slope failure process, and confirmed
the promising application of the proposed method of gpgup parallelized FDEM simulation of the high
rocky slope failure process by using the strength discount method (SRM) for rocky slope stability studies
and applications. Literature [ 1587 used the continuous-discontinuous element method (CDEM) to carry out
a series of numerical simulations of waveform characteristics, amplitication effect, equivalent fracture ratio,
etc. on weakly interbedded rocky slopes, and the experimental results showed that the acceleration
waveform characteristics and the amplification coefficient of the peak ground displacement had a better
correspondence with the dynamic damage process of landslides, which is an important significance for the
in-depth understanding of the formation mechanism of weakly interbedded rocky landslides and the
prevention and control of this kind of landslide disaster. This finding is of great significance in
understanding the formation mechanism of weakly interbedded rock landslides and preventing such
landslide disasters. Literature [197] used a combined finite-discrete element method to simulate the
progressive damage process of rocky slopes from initiation, movement to deposition, and verified the
accuracy and robustness of the proposed method through numerical experiments, which can predict the
whole process of rocky slope damage and provide technical support for understanding the damage
mechanism of rocky slopes and assessing the potential risks. Literature [207 evaluated the damage
mechanism of inclined slopes using multiscale study and discrete element model, and experimental analysis
was conducted using the Chao Chao Lake area in Taiwan as the inclined slopes, and the numerical
simulation results proved the feasibility of the methodology, which is helpful for civil engineers in
evaluating the stability of the inclined slopes and for the relevant authorities in planning disaster mitigation
strategies. Literature [217] emphasizes the hazardousness of rocky slope damage, and establishes an
analytical model of jointed rocky slope based on Finite-Discrete-Element Method (FDEM), and numerical
test confirms the accuracy and scientificity of the established model, which can effectively understand the
damage mechanism of jointed rocky slope and accurately predict the damage process, which is of certain
reference value for the research of the safety of jointed rocky slopes. Literature [ 227 used the engineering
of Shuichang open-pit mine as an example to study the damage mechanism of jointed rocky slopes using
the discrete element method, and found that the overall damage of slopes was dominated by shallow local
tension damage and wedge-shaped damage.

3. Mechanical analysis of tipping damage

Therefore, in the mechanical analysis of the dumping deformation of the rock slope of the random structural
plane, according to the geometric characteristics of the reverse dip layered rock slope, the mechanical model
of the "cantilever superimposed beam" is established, and its structure is shown in Figure 1. The left figure
is a simplified diagram of the "superimposed cantilever beam" model, and the right figure is a simplified
diagram of the stress of a single beam. In the figure, | is the beam length, h is the beam width,

a(0<a<90°) is the rock dip angle, 0, and O'rll are the normal stresses on the upper and lower

superimposed surfaces of the beam, respectively, and 7, and r. are the shear stresses on the upper and

lower superimposed surfaces of the beam.
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Fig. 1. mechanical model analysis diagram

The model assumes that the value of €, ¢ is the same between each rock layer level, and the positive
and shear stresses between the levels are uniformly distributed. Therefore, the rock mass undergoes

dumping deformation is determined by the fact that the dumping moment M_ is greater than the anti-

dumping moment M under the self-gravity and the initial ground stress, i.e:
M; >M, (1)
Referring to the analytical model, equation (1) can be written as.
M, ~M, = [ (0, - o) )xdx+ = Gl L' (7, +7)dx >0
7= R—.[O(O'H—GH)X X+§ COSa—E J-O(rn+2'n) X > (2)
The judgment of rock folding is:
o, >[o.] (3)

where GT,[Ur] is the externally acting tensile stress and the tensile strength of the structural surface of

the rock formation, respectively. According to the Moore-Cullen damage criterion, it can be obtained:

M. -M, 7, -7,
o, = W +IO{ - jdx (4)

Where: W-moment of inertia of the material interface.

Because:
_ 2
b e o g
So:
ar:?;]l—zz an—a;)—hﬁa”)ltango+%003a—%lc (6)

According to the above analysis, the mechanical mechanism of dumping deformation damage is that
under the action of various external forces, the dumping moment of rock body is larger than the anti-
dumping moment, which is mainly manifested as bending deformation damage in the early stage of
development, and when the tensile stress of the rock body gradually increases and exceeds the tensile
strength of the rock body, the side slope will be fractured and damaged.

According to the development process and stage of dumping deformation, as well as its macroscopic
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aspects of the manifestation and mechanical analysis, the mechanical mechanism of each stage of dumping
deformation is analyzed as follows.

3.1. Bending deformation stage

Due to this stage is still the early stage of dumping deformation, from the dumping level of tilt-slip
misalignment derived from the layer within the rock plate tensile effect is weak, does not have the basic
stress conditions to produce interlayer tensile deformation, so usually does not occur macroscopic tensile
rupture, only occur between the rock layer of the shear misalignment, as shown in Fig. 2, basically does
not produce obvious tensile rupture of the rock within the layer, the rational nature of its plastic continuity
of the nature of the deformation should be [237.

‘ =aN

Fig. 2. interlayer tension deformation

3.2.  Tilt-a-bend deformation stage

With the further development of the rock body dumping deformation, along the structural surface of the
shear effect gradually intensified, resulting in the layer tensile effect gradually tends to be strong, the
interlayer rock layer is subjected to more and more large tensile stress. When the gradual cumulative

increase in tensile stress reaches or exceeds the tensile strength of the rock layer, that is, o7 >[o7],

accompanied by the rock layer between the layers of the mechanism of a mutual misalignment, the rock
layer produces tensile rupture or tensile deformation along the existing structural surface, and its
mechanical properties are still plastic continuous deformation.

Rock body dumping a bending deformation stage is not only manifested along the level of shear slip,
and along the level of tensile deformation as shown in Figure 3, the rock body within the layer to produce
macro-tension rupture.

R &

Fig. 8. Shear tensile fracture
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s.s. Bending-fracture rupture stage

With the further development of rock body dumping deformation, the dumping deformation develops to
the stage of bending-fracture rupture, at this time, the inclination angle of the rock layer turns to a larger
one, and the rock layer, in addition to the strong shear slip along the level, also undergoes tensile shear
damage along the nodal cleavage surface. The slope rupture situation changes to significant tensile shear
rupture or dip-slip shear displacement, and shows significant shear development characteristics as shown
in Figure 4. Its mechanical property is discontinuous brittle rupture.

In essence, this type of bending-folding fracture surface has tensile and shear properties, i.e., along the
rupture surface has begun to develop into a tensile-shear stress concentration zone controlling the stability
of the slope body, and there is a tendency to develop to the tensile stress concentration zone at the trailing

edge of the slope body.

Fig. 4. CDEM calculation flowchart

3.4.  Slope slip destabilization and damage stage

When the inclination angle of the rock layer turns to be very large, the rock body undergoes strong fracture
and tensile deformation, and the bending-fracture surface formed in the early stage is connected, forming
a through tensile rupture zone inclined to the outside of the slope, and the rock body above the rupture
zone is separated from the underlying deformed bedrock and undergoes integral slip. This is in line with
the force structure characteristics of landslides.

In fact, because the rock mass in the study area develops multiple groups of random structural surface
joints, the influence of random structural surfaces is significant in the above four destructive processes.
During its deformation, due to the influence of random structural surfaces, and the difference in the
connectivity and fracture spacing of each group of structural surfaces, resulting in the diftference in the
mechanical properties of each group of structural surfaces, during the deformation of the inclined slope,
the deformation of the rock mass will track the mechanical properties of the structural surfaces or the
structural surfaces of its poorer mechanical properties, under the effect of the self-gravitational force of the
rock mass. In the process of dumping deformation, under the action of self-gravity of the rock body, the
deformation of the rock body will trace the mechanical properties of the structural surfaces with poorer
properties or the most unfavorable combination of structural surfaces, and the most unfavorable
combination of structural surfaces will be used as the bottom surface for the deformation of dumping.

4. Numerical simulation of anticlinal rocky slopes under degraded conditions at the
foot of slopes

For the numerical simulation of anticlinal rocky slopes, the GDEM mechanical analysis software based on
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the continuous-discontinuous numerical analysis method is selected in this paper. This software is a
commercial software with independent intellectual property rights in China developed by the Institute of
Mechanics of the Chinese Academy of Sciences and Beijing Jidao Chengyan Technology Co. Its core theory
is based on the discrete element method (CDEM) of continuous medium mechanics. Due to the use of GPU
parallel computing technology, the software has excellent performance in terms of calculation speed and
calculation scale. In this paper, BlockDyna, one of the block dynamics modules, is used to simulate the
deformation and damage characteristics of slopes under footing degradation conditions. Through the
fracture of the internal and boundary of the block unit, it simulates the progressive destruction process of
the continuum to discontinuity of the rock layer of the anticlinal rocky slope, which can better reflect the
damage, deformation and destruction of the anticlinal slope and the subsequent series of mechanical
behaviors.

4.1.  Feasibility study of GDEM

4.1.1.  Model Composition. In GDEM software, the block is composed of one or more finite element cells,
which characterize the continuous medium properties such as elasticity, plasticity, damage, etc., and the
boundary of the block is calculated using the discontinuous eigenstructure for the discrete element
calculation, and the interface characterizes the discontinuous medium properties such as fracture, slippage,
collision, etc. of the material. For anti-dip rocky slopes, the internal slope blocks are calculated using the
continuum principal, the discontinuous deformation between the unit blocks is mainly realized by springs,
and the interaction force between the springs is borne by the normal and tangential spring picks, and the
interlayer cracking and rock sliding of anti-dip rocky slopes are simulated by the fracture of the springs.
The rock mass can undergo finite displacement and rotation, and the intermediate contact force is zero
when the mass separates. The setup is able to simulate the state of force, strain and displacement of the
rock and soil body of the slope under static or dynamic loading.

The numerical model in GDEM constitutes a computational model composed of blocks and interfaces
between blocks, which involves most of the finite element calculations appear in the block, the common
boundary between any block is called the contact surface, the contact surface in the relative displacement
of the solid unit is not greater than the set value, through the spring connection to transter mechanical
information, for the virtual interface; in the mutual displacement of the solid unit is greater than the set
value, the spring between the unit breaks, and the contact surface is the virtual interface. If there is no
collision contact without force transfer, it is a real interface.

4.1.2.  Computational principles. The finite element method is used within the block cell to compute the
stress-strain state solution. By displaying the solution, the nodal force can be derived from the nodal
displacement without forming the overall stiffness matrix, only the cell stifthess is required. The nodal
torce of the cell itself is calculated at each iteration step by Eq. 7 and this nodal force is assigned to the

corresponding node of the cell. Where {F¥ is the nodal force vector of cell i, {U} is the nodal

displacement vector of cell i and [K]S is the cell stiffness matrix of cell i [247.

{F} =[KIH{u} (7)

The spring forces of the normal and tangential springs at the contact interface of the block are calculated
as shown in equation (3). Where F' denotes the normal force of the Jnd spring, F. denotes the
tangential force of the ] th spring, Knj, KSj denotes the normal and tangential stiffness of the ] th spring,

and Adrf and Adsj denote the normal and tangential displacements of the ] th spring.

Fl=—KJxAd/
(8)

FJ=-KJxAd/
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The Mohr-Coulomb strength-breaking criterion was used to correct the spring force in the above
equation as shown in Equation 9, where T is the tensile strength, C is the cohesive force, and ¢ is the
angle of internal friction.

If —F)>TF'=F'=0
If F)>F)xtangp+c (9)
F)=F)xtanp+c,c=0

In the CDEM method, the Lagrangian energy system is used to establish the expression of the
governing equations as shown in 10 as the core of the computation, and the explicit Eulerian forward
difference method is used to solve the problem, in which the degree of equilibrium of the system's forces is
mainly characterized by the unbalance rate [257].

d oL, oL
a(a)"‘a—ul—Qi (10)

where U,V, denotes the generalized coordinates, L denotes the energy of the Lagrangian system, and

Q, is the work done by the non-conservative forces. The core governing equations of the method can be

abbreviated as shown in Eq. 11:
MU +Cu+Ku+K.u, +Cu, =F (11)

where U,U,U is the acceleration matrix, velocity matrix, and displacement matrix of all nodes in the cell;

U, and U, are the relative displacement matrix and relative velocity matrix on the virtual crack;

M,C,K,K,,C, and F are the cell mass matrix, the cell damping matrix, the cell stiffness matrix, the

contact surface stiffness matrix, the contact surface damping matrix, and the node external load matrix,
respectively.

4.1.8.  Solution flow. The computational flow of the CDEM method is shown in Fig. 5, which adopts the
time-range based dynamic relaxation technique for displaying the iterative computation, and has been
widely used in the fields of geotechnical engineering blasting, coal seam mining, karst tunnels, and down-
dip slopes. Its use in solving the displacement, block rotation and deformation damage of anticlinal rocky
slopes has obvious advantages.
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Fig. 5. CDEM calculation flowchart

In this section, GDEM mechanical analysis software is used as a tool to conduct centrifugal modeling
tests on soft and hard interlayered anticlinal rock slopes. The simulation of the evolution of the slope under
different centrifugal acceleration, such as interlayer cracking and rock fragmentation, has the theoretical
and tool basis to study the complex mechanical behavior of the slope rock layer from the continuum to the
discontinuity progressive destruction, this study is feasible.

4.2.  GDEM numerical modeling

4.2.1.  Numerical model test design. Investigation of a large number of instability anticline slopes found
that the conditions of slope inclination deformation are inclination and slope angle are not less than 30°,
and the slope with the sum of inclination and slope angle in the range of 80°~130° is more prone to
inclination deformation. Huang Runchu et al. believe that the inclination instability of anticline rocky
slopes occurs when the angle of the inclination of the slope is more than 30° and the inclination of the rock
layer is more than 45°. Combined with the relevant geological data of the investigation area of the reservoir
area of the project example, orthogonal tests were carried out for the influencing factors of lithology, slope
angle 7 inclination of rock layer @ and thickness of rock layer t , and a numerical model of the
anticlinal slope in the reservoir area was established by using the mechanical analysis software of GDEM.
The representative sandstone and sandy mudstone in the reservoir area of the project example were
selected as the hard rock and soft rock prototypes, and the lithological combinations of the anticlinal slope
were studied as hard rock, soft rock, and soft-hard interlayer, and the inclination angle & was selected as
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45°, 60°, and 75°; the slope angle B was selected as 45°, 50°, 60°, and 70°% and the thickness of the rock
layer U was selected as 1m and 2m, with a total of 72 groups of numerical experiments.

4.2.2.  Model Size and Mechanical Parameter Settings. When using GDEM-BlockDyna simulation, it is
necessary to consider various aspects such as mesh division, rock and interface ontology, and material
parameters [ 267]. When the mesh dissection of the rock mass is carried out, the meshes are all defaulted to
triangular meshes with a size of 1m in order to ensure good computational efficiency and accuracy. The
numerical model is built according to the actual anti-dip rocky slope dimensions, and the external
dimensions of the model are the same, except for the different conditions of the slope model, such as the
dip angle &, the slope angle B and the thickness of the rock layer U Due to the wide distribution of
soft and hard interbedded slopes formed by mud and sandstone interbedded or thick sandstone interbedded
with mudstone in the reservoir area of the project example, this paper takes sandstone as the hard rock
prototype and sandy mudstone as the soft rock gland type, and establishes numerical generalization models
of anticlinal slopes with different slope structures. The slope model is 130m long and 70m high, with a net
slope height of 40m from the top of the slope to the foot of the slope. The bottom boundary of the model
y -way velocity is fixed to 0, the two side boundaries are fixed X-way velocity is 0, the top of the model
and the air space are free boundaries, and the gravity load is set to 9.8m/s™  After the self-balancing
calculation is finished, the corresponding physical and mechanical parameters of the rock layer and level of
the slope are given to the operation, and the system defaults the solid imbalance rate to 1X1O_5, and the
calculation achieves the set imbalance rate convergence, and then exits the elasticity solving automatically,
and then enters the calculation of the fracture principal structure. Numerical simulation needs to consider
the solid unit and the virtual interface of the ontological model at the same time, the rock material of the
anticlinal rocky slope is hard rock and soft rock, relative to the contact surface between the rocks, the
strength of the rock solid unit is high, therefore, in the simulation of the rock solid unit adopts the linear-
elastic ontological model, and the contact surface between the blocks adopts the Mohr-Coulomb brittle
fracture ontology.

The mechanical parameters of hard rock and soft rock and the parameters of joint surface in numerical
simulation are taken from the research of sandstone and sandy mudstone in the reservoir area of He
Chunmei and Kang Jintao engineering examples, and the model is combined with the model for calibration.

4.2.8.  Setting of rock degradation at the foot of the slope. Combined with the results of related water-
rock degradation tests, the simulation of reservoir water level rise and fall several times led to the foot of
the slope rock body degradation triggered by the instability of anticlinal rock slopes. Huang Bolin et al.
concluded that the development of rock layers and large structural surfaces is an important cause of rock
degradation, which determines the spatial distribution of rock degradation. Therefore, in this study, the
spatial distribution of the deterioration of the rock mass at the foot of the slope in the model is simplified
and set as follows: the physical and mechanical properties of the rock mass at the foot of the slope along
the downward region of the level are deteriorated under the action of dry and wet cycles. In the
deterioration setup, the rock layer at the foot of the slope is firstly set up according to the result after one
dry-wet cycle; if the slope is deformed and damaged, the subsequent deterioration will not be applied one
by one; if the slope is not destabilized, the rock body at the foot of the slope continues to be deteriorated
according to the physico-mechanical parameters of the dry-wet cycle one by one. After 15 dry-wet cycles,
the strength parameters of hard rock and soft rock were basically completely degraded.

4.8.  Overview of Project Example Slopes

This paper takes the left bank of Bailongjiang Shuiboxia Reservoir, the left bank of the dam site location
of the anticlinal laminated slate slope as an example, constructs the UDEC numerical model to simulate
the deformation and damage process of the slope, and compares it with the actual damage of the slope, and
then verifies the accuracy of the deformation and damage characteristics of the numerical simulation test
of the slope.
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4.3.1.  Geological generalization model. Based on the profile of the slope damaged by the dumping
collapse of Shuiboxia Reservoir, a numerical model is established and numerical simulation is carried out
to analyze the dumping deformation and damage evolution engineering and damage morphology of the
slope, analyze the deformation and damage displacement of the slope and the displacement cloud to judge
the deformation and damage morphology of the slope, and then verify the accuracy of the simulation test
of the simple model by comparing it with the actual damage form of the slope.

The UDEC numerical simulation model of anticlinal laminar rocky slope is established based on the
slope profile of ShuiPoXia Hydropower Station dumping collapse area, and the simple model of slope before
deformation is established, and the slope shape of the example slope is shown in Fig. 6, and the upper rock
layer in the example case is in the state of bending and stacking to the critical surface, and compared with
the slope before destruction, the rock layer at the top of the slope is bending and deforming downward
along the slope surface; the slope surface is deformed due to the bending and deformation of rock layer in
dumping. The rock layer at the slope surface is extruded and uplifted to the air surface due to the bending
and deformation of the rock layer by dumping, and the rock layer position extends to the air surface
compared with that before the deformation; the rock body at the foot of the slope will be damaged and fall
down to the air surface due to dumping, and the rock body at the foot of the slope is thus missing. In order
to establish the slope model before deformation and damage, it is necessary to raise the top of the slope,
recover the rock body on the slope surface inward, and make up the rock body at the foot of the slope in
the direction of the slope surface, so as to establish a simple linear slope model before the slope damage as
shown in Figure 6.
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Fig. 6. Numerical model of the collapse slope

4.3.2.  Numerical modeling. Establish a simple slope model and set up the model boundary conditions,
the right boundary position of the model is the top of the slope, the bottom boundary of the front edge of
the slope is the width of the river, the x-direction (horizontal direction) of the left and right sides of the
model is fixed to zero, the Y-direction (vertical direction) of the bottom of the model is fixed to zero, and
the top of the model and the direction of the overhanging surface is the free boundary plane, so that the
model is deformed and moved only in the top and the direction of the overhanging surface. The uplifted
multi-deformation random fissures are preset in the rock layer, so that the rock layer can generate rupture
surfaces and undergo tilting and bending deformation.

The slope rock body is slate, depending on the slope as a whole is a homogeneous laminated rock body,
the wide-body unit of the rock layer is modeled by Mohr-Coulomb (elastic-plastic) model; the structural
surface unit of the rock layer is modeled by the continuous yielding model. The slope angle of the slope
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face in the slope dumping collapse area is about 48°, the inclination angle of the rock layer is 76°, the
modeled slope height is 206m, the length of the slope is 217m, and the width of the reservoir in front of
the slope is 261m. Ten monitoring points are set up on the slope, five monitoring points are uniformly set
up at the slope surface, respectively numbered JC1~JC5, and five monitoring points are uniformly set up
inside the slope at a horizontal distance of 10m from the slope surface, respectively numbered JC6~JC10,
which are used to record the deformation and damage characteristics of the surface of the slope and the
inside of the slope, and then reflect the deformation and damage process of the slope and the location of the
internal rupture. The locations of the monitoring points are shown in Figure 7.

IC4

o O O O 0O 0O

Fig. 7. Numerical model of the collapse slope

Model parameters for numerical simulation The rock body of the slope is slate, and the parameters of
the rock body were determined by uniaxial compression test and Brazilian splitting test, the density of the
rock body is 2600 kgm-3, bulk modulus is 7.4 GPa, shear modulus is 3.8 GPa, cohesion is 12 MPa, tensile
strength is 12 MPa, and the angle of internal friction is 45 °, and the normal phase of the level stifthess of
5.5 GPam-1 and shear stiftness of 7 GPam-1, cohesion of 0.08 MPa and internal friction angle of 35°.
Numerical analysis of the example model is carried out by discrete element numerical simulation software
UDEC, to establish the graph of change in slope shear force and the graph of change in deformation
displacement of slope monitoring points, to analyze the evolution process of deformation and damage of
the slope through the graph of change in slope shear force, and to analyze the characteristics of deformation
and damage of the slope at each location through the deformation displacements of the slope surface and
the broken inside, as well as the process of deformation and rupture of the slope inside. According to the
damage morphology of the slope compared with the actual damage morphology of the slope, and then
verify the accuracy of numerical simulation.

5. Analysis of slope deformation and damage mechanisms

5.1.  Ageing deformation law of dumped body

The evolution of the dump body is a process of continuous evolutionary development of the geologic
history, thus showing the temporal regularity of the dump. Figure 8 shows the deformation characteristics
of the rock layers of the dump body, where (a) is the first profile and (b) is the second profile.

The inclination angle of the rock layer on the surface of the slope decreases with the increase of elevation,
the inclination angle is less than 30° above 2940m, which is seriously dumped, and the degree of dumping
decreases from top to bottom, and the inclination angle of the rock layer under 2800m is the bedrock
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production, and the degree of dumping of the slope decreases with the increase of elevation from top to

bottom.
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Fig. 8. The deformation characteristics of the dumping body

At the same time the accumulation effect of dumping is also manifested from the elevation from the top
to the bottom, and the angle of inclination is shown in Fig. 9. The upper and middle part of the slope where

the dumped body is located is damaged by deep pulling cracks and shallow surface block dumping, while

the middle and lower part of the slope shows deep bending deformation, and there is a gradual transition

zone in the contact between the deformed rock layer and the bedrock.
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Figure 10 shows the dip change above 2940m versus below 2800m. Figure 11 shows the yield-distance
variation curves of the flat rock layers, where (a) is PD42 and (b) is PD52 performance.

At the same elevation, the dip of the rock layer is more serious in the shallow part of the slope, and
gradually decreases in the deeper part of the slope. The inclination of the rock layers in the upper and
middle part of the slope varies with distance, and the pattern is as follows: the inclination of the rock layers
is less than 30° between 12 and 35 m from the entrance of the cave, and less than 48° between 25 and 70
m inside the cave, with some parts of the rock layers being horizontal, while the inclination of the rock
layers begins to increase after 75 m. The rock layers become normal bedrock in the depth of the cave to
about 90 m, and the angle of inclination is steeper, at about 73°. As the distance from the cave increases,
the bedrock gradually tilts towards the Yellow River from the north-east to the north-west, with the base
of the cave tilting between 340° and 850°.
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Fig. 11. The curve of the distance of the formation
5.2. One-factor sensitivity analysis of rocky slope stability

5.2.1.  Rock cohesion. The cohesive force of rock mass was chosen to be 80kPa, 90kPa, 100k Pa, 110kPa,
120k Pa, 130kPa for numerical calculation, and the values of safety coefficients corresponding to the
different cohesive forces of rock mass were obtained, and the relationship between the cohesive force of
rock mass and the safety coetticient of the slope is shown in Fig. 12.

The relationship between rock cohesion and slope safety factor is shown in Fig. 12. From Fig. 12, it can
be clearly seen that the larger the rock cohesion is, the larger the slope safety factor is, which represents
the higher safety of the slope, and when the rock cohesion is slowly increased from 80kPa to 130kPa, the
slope safety factor is also slowly increased from 1.075 to 1.155, and the sensitive value of rock cohesion is
s 0.178.
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5.2.2.  Angle of friction within the rock mass. Six groups of 38°, 40°, 42°, 44°, 46° and 48° were selected
tfor numerical calculation, and the relationship between the angle of internal friction of the rock body and
the slope safety coefficient is shown in Fig. 13.

When the angle of internal friction in the rock body slowly increases, the safety coefficient of the slope
shows an increasing trend, indicating that the larger the angle of internal friction in the rock body is, the
higher the safety of the slope is. When the angle of friction in the rock body slowly increases from 38° to
48°, the slope safety coefticient also slowly increases from 1.068 to 1.139, and the sensitivity value s of the
influence factor of the angle of friction in the rock body is found to be 0.296.
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5.2.3.  Upper Sliding Surface Cohesion. The upper sliding surface cohesion was numerically calculated
by choosing six groups of 10k Pa, 20k Pa, 30k Pa, 40k Pa, 50k Pa and 60k Pa. The influence of the upper
sliding surface cohesion on the slope safety coefficient is shown in Fig. 14.

Figure 14 reflects that the upper slip surface cohesion has less influence on slope stability, when the
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upper slip surface cohesion increases from 10kPa to 60kPa, the increase in slope safety coefficient is very
small and almost negligible, and the sensitivity value of the upper slip surface cohesion as an influencing
tactor s is 0.019.
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Fig. 14. The safety coefficient of the slope of the slope

5.2.4.  Angle of internal friction of the upper sliding surface . The friction angle of the upper slip surface
was chosen to be 10° 20°, 30°, 40°, 50°, 60° for numerical calculation, and the relationship between the
friction angle of the upper slip surface and the slope safety factor is shown in Fig. 15.

Figure 15 reflects that the upper slip surface friction angle on the slope stability of the influence of small,
when the upper slip surface friction angle slowly increased from 10 ° to 60 °, the increase in the slope safety
tactor is very small, almost negligible, the upper slip surface friction angle of the influence of the factor of
the sensitivity value s for 0.057.
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5.2.5.  Adhesion and cohesion in the lower slip surface. The relationship between the lower slip cohesion

and the slope safety factor is shown in Fig. 16.

When the lower slip surface cohesion is bigger, the slope stability is better, when the lower slip surtace
cohesion is slowly increased from 10kPa to 60kPa, the slope safety factor is also slowly increased from
1.038 to 1.148, and the sensitivity value s of the influencing factor of lower slip surface cohesion is found

to be 0.112.
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5.2.6. Angle of internal friction of the lower sliding surface. The relationship between the internal
friction angle of the lower slip surface and the slope safety factor is shown in Fig. 17. Figure 17 reflects
that the larger the angle of internal friction in the lower slip surface, the better the slope stability, when
the angle of internal friction in the lower slip surface slowly increases from 21° to 31°, the slope safety
coefficient slowly increases from 0.963 to 1.227, and the sensitivity value s of the influencing factor of the
angle of internal friction in the lower slip surface is found to be 0.674.

1.25
e

-

1.20
®

/

—_—
—_
(9]

[l

1.05

%

Safety factor

1.00 -

0.95¢

0'90 1 1 1 1 1 1
21 22 23 24 25 26 27 28 29 30 31

Lower sliding Angle (°)

Fig. 17. The internal friction Angle and safety of the lower sliding surface



APPLIED RESEARCH ON ROCKY SLOPE DAMAGE MECHANISM AND 2241

5.2.7.  Inclination of upper slip surface. The relationship between the inclination angle of the upper slip
surface and the slope safety coefficient is shown in Fig. 18. Figure 18 reflects that the slope stability with
the increase of the upper slip surface inclination shows a trend of first decrease and then increase, the upper
slip surface inclination from 30 ° slowly increased to 80 ° in the process of slope safety coefticient first from
1.058 to 1.015, at this time the upper slip surface inclination of 40 °, the slope stability is the worst, and
then with the upper slip surface inclination increased to 80 °, the slope safety coefticient slowly increased
to 1.083, numerically, the overall change range of the influencing factor to find the upper slip surface
inclination is very small, the slope stability of the upper slip surface inclination of the upper slip surface
inclination of the upper slip surface inclination of the slope stability is the worst. 1.083, from the numerical
point of view, the overall change range of the slope safety coefficient is very small, and the sensitivity value
s of the influence factor of the inclination angle of the upper slip surface is 0.119.
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Fig. 18. The upper sliding Angle and slope safety coefticient

5.2.8.  Inclination of lower slip surface. The relationship between the inclination angle of the lower slip
surface and the slope safety factor is shown in Figure 19. From Figure 19, it can be clearly seen that the
larger the lower slip surface inclination, the overall slope safety coefficient shows a decreasing trend, the
lower slip surface inclination from 0 ° to 10 ° changes in the process of the safety coefficient changes are
very small, in the process from 10 ° slowly increased to 30 °, the slope safety coetticient slowly from 1.257
to 0.811, to find the lower slip surface inclination of the influence of the factor of the sensitive value of s is
0.376.
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5.2.9.  Slope angle. The relationship between slope angle and slope safety factor is shown in Figure 20.

Figure 20 reflects that with the increase of slope angle, the overall slope stability shows a decreasing trend,
the slope angle increases from 50° to 70° in the process of slope safety coefficient change is very small,
from 70° to 90° in the process of slope safety coefficient decreases from 1.056 to 0.612, to find the slope
angle of the influence of the factor of the sensitivity value s is 0.883.
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5.2.10. Slope height. The relationship between slope height and slope safety factor is shown in Figure 21.
From Fig. 21, it can be seen that the higher the slope height, the worse the slope stability, when the slope
height slowly increases from 60m to 110m, the slope safety coefficient slowly decreases from 1.232 to 0.791,
and the sensitivity value s of the influencing factor of slope height is found to be 0.829.
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Previously, the sensitivity value of the ten influencing factors has been found out, and its size represents
the size of the degree of stability of the affected slopes, and the above ten sensitive values are organized as
shown in Table 1. From the comprehensive analysis of the data in the table, the following conclusions can
be drawn: under the two-plane sliding damage mode, the sensitivity values of the influencing factors are
as follows in descending order: slope angle, slope height, lower slip surface internal friction angle, lower
slip surface inclination, rock internal friction angle, rock cohesion, upper slip surface inclination, lower slip
surface cohesion, upper slip surface internal friction angle, and upper slip surface cohesion.

Table 1. Sensitivity of each influencing factor

Influencing Rock Inner friction Angle | Upper sliding surface | Upper sliding | The lower sliding surface
factor cohesion of rock cohesion Angle is cohesive
Sensitive
0.178 0.296 0.019 0.057 0.112
value
) Under
Influencing . - . i
fact Sliding Upper sliding Angle Bottom dip Slope Angle Slope height
actor
Angle
Sensitive
0.674 0.119 0.376 0.883 0.829
value

5.8.  Multifactor sensitivity analysis of rocky slope stability

According to the idea of orthogonal design, assuming that there is no interaction between each factor, a
10-factor 3-level orthogonal table can be chosen to prepare the test. Table 2 shows the calculation results
of orthogonal test, and Table 3 shows the extreme difference analysis of each factor. Where A~J are rock
cohesion, rock internal friction angle, upper slip surface cohesion, upper slip surface internal friction, lower
slip surface cohesion, lower slip surface internal friction, upper slip surface inclination, lower slip surface
inclination, slope angle, and slope height, respectively.

In the column of range R, the values from large to small are [, J, H, B, A, I, C, E, G, D, and the larger
the range, the more sensitive the impact on the target, and the smaller the range, the less obvious the
impact on the target, which means that in the calculation factors affecting the stability of the slope, the
sensitivity degree is as follows from large to small: slope angle, slope height, lower sliding surface
inclination angle, rock body friction angle, rock mass cohesion, lower sliding surface internal friction angle,
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upper sliding surface cohesion, lower sliding surface cohesion, upper sliding surface inclination, upper
sliding surface internal friction angle.
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Table 2. Orthogonal test results

Test A B C D E F G H I J Safety factor
1 80 87 21 22 19 22 40 0 59 71 1.16
2 80 37 21 22 19 22 40 0 59 71 0.81
3 80 37 21 22 19 22 40 0 59 71 0.46
4 80 37 21 22 19 22 40 0 59 71 0.88
5 80 37 21 22 19 22 40 0 59 71 0.51
6 80 37 21 22 19 22 40 0 59 71 1.45
7 80 37 21 22 19 22 40 0 59 71 0.56
8 80 37 21 22 19 22 40 0 59 71 1.57
9 80 37 21 22 19 22 40 0 59 71 1
10 110 45 40 26 39 25 58 14 73 90 0.8
11 110 45 40 26 39 25 58 14 73 90 0.86
12 110 45 40 26 39 25 58 14 73 90 0.85
13 110 45 40 26 39 25 58 14 73 90 0.87
14 110 45 40 26 39 25 58 14 73 90 1.01
15 110 45 40 26 39 25 58 14 73 90 0.88
16 110 45 40 26 39 25 58 14 73 90 091
17 110 45 40 26 39 25 58 14 73 90 0.96
18 110 45 40 26 39 25 58 14 73 90 0.93
19 140 47 61 29 61 29 79 30 89 109 0.73
20 140 47 61 29 61 29 79 30 89 109 1.1
21 140 47 61 29 61 29 79 30 89 109 1.03
22 140 47 61 29 61 29 79 30 89 109 1.25
23 140 47 61 29 61 29 79 30 89 109 0.85
24 140 47 61 29 61 29 79 30 89 109 0.84
25 140 47 61 29 61 29 79 30 89 109 1.1
26 140 47 61 29 61 29 79 30 89 109 0.88
27 140 47 61 29 61 29 79 30 89 109 1.19




2246 NIU ET AL.

Table 3. Differential analysis

Factor
A B C D E F G H I J

K1 8.47 8.13 8.58 8.72 8.64 8.44 8.91 9.71 11 10.3

Ke 8.78 8.95 8.87 8.9 8.93 8.98 9.02 9.81 8.7 8.28

Ks 9.88 9.58 9.16 8.97 9.03 9.23 8.69 7.6 6.91 8.04
Differential

k1 0.92 0.89 0.93 0.96 0.95 091 0.98 1.06 1.21 1.12

k2 0.94 0.97 0.97 0.99 0.98 0.99 0.98 1.02 0.95 0.92

ks 1.03 1.03 1.01 0.98 0.98 1.01 0.96 0.84 0.76 0.88
Aberration R 0.09 0.13 0.07 0.01 0.04 0.07 0.02 0.21 0.44 0.23

Sensitivity size [>J>H>B>A>F>C>E>G>D

5.4.  Analysis of numerical simulation results

5.4.1 Example simulation of deformation damage evolution process. Through the UDEC discrete element
numerical simulation of the slope the maximum shear force changes with the simulation as shown in Figure
22, it can be seen that with the number of computing steps of the simulation, the magnitude of change of
the maximum shear force change of each monitoring point of the slope changes, and through the amount
of change of the shear force can be divided into four phases of the damage evolution process of the slope:
linear elastic deformation stage, deformation of the initial stage, the deformation of the deformation
accelerated stage and the dumping of deformation damage Stage.

The maximum change in shear force of the deformation damage of anticlinal laminar rock slope is divided
into four stages: linear elastic deformation stage, deformation initial stage, deformation acceleration stage
and overturning deformation damage stage. Before the slope simulation runs to 60000 steps, the maximum
shear force of the slope increases rapidly, but the displacement change of each monitoring point is basically
zero at this time, the whole slope rock layer is in linear elastic state, the slope is in linear elastic deformation
stage, at this time, the mechanical strength of the rock layer has not reached the limit, the rock is constantly
compressed but basically no deformation, the slope is in a stable state.

In the simulation run to 60000 steps after the rock layer began to occur small deformation, rock layer in
the role of the force, the rock layer resistance strength to reach the limit, the magnitude of change of the
slope shear force gradually smooth, the rock layer to the critical surface of the reverse creep occurs in the
rock layer occurs a small deformation.



APPLIED RESEARCH ON ROCKY SLOPE DAMAGE MECHANISM AND 2247

NN
S
1

—_— N
oo O
T T

Deformation

Initial phase of acceleration stage /

Linear elastid ~deformation

deformation el Dumping
W deformation
s
- M/W stage.

(o)}

—
n

—
()
T

Maximum shear force (MPa)
o
¥

70 100 1000
Simulate the number of steps (10,000 steps)

S N BN
EE

Fig. 22. Example Slope dump deformation failure process shear force is hierarchical

Figure 23 shows the displacement curve of dumping damage. From Figure 23 can be seen in the slope
of each monitoring point displacement changes can be seen, the slope top position displacement change is
the largest, followed by displacement changes in the amount of growth of the monitoring point is the slope
back and lower monitoring points, the slope in the occurrence of the initial stage of the deformation of the
dumping of the slope slope slope top position began to the critical surface of the bending deformation, the
slope displacement changes in the largest range of rock layers in the top of the slope at the distribution of
the triangle. Slope into the initial deformation stage of the rock layer occurred a small displacement
deformation, the rock body began to bend deformation, in the position of the rock bending moment is the
largest in the rock layer began to produce small cracks and gradually extended to the through the rock
layer of the tendency to develop, but and the rock layer is not completely destroyed to produce damage to
the fissure, the slope as a whole is still in a stable state.
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Fig. 23. Dumping destroys the displacement curve

In the slope simulation run to 600000 steps, the rate of change of the slope shear force increased
significantly, indicating that the slope inside the rock layer dumping deformation damage intensified, the
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rock layer deformation displacement increased, but the deformation displacement of the slope inside the
lowest monitoring point basically does not change, which can be seen that the slope inside the rock layer
dumping deformation damage generated by the rupture surface of the location of the surface and the
horizontal plane has a certain angle. Part of the slope bending rock layer at the maximum bending moment
of the internal fissure through the fracture fissure, the rock layer are beginning to rapid deformation
rupture, the slope into the deformation of the accelerated stage, the back of the slope to produce tensile
fissures, the slope rock layer of the fissure gradually expansion and extension and regional through the
back edge of the slope tension fissures also gradually expand and downward extension of the slope, the
degree of rock layer dumping and bending is constantly increasing, the displacement of the slope is
gradually increasing the amplitude of the change.

The simulation runs to 8000000 steps, the internal rupture surface of the slope passes through, the
trailing edge tension fissure and the internal rupture surface of the slope passes through, the slope enters
into the stage of deformation and destabilization, the maximum rate of change of the shear force of the
slope increases again, the internal rupture destabilization of the slope, the rock layer above the rupture
surface is tilted to the direction of the critical surface to break and produce fissures to form a secondary
rupture surface, and the damaged rock mass collapses to the destruction of the critical surface. The slope
enters the stage of deformation and destabilization.

5.4.2 Characteristics of deformation and damage of anti-dipping laminated rocky slopes in Shuipo Gorge.
The variation curves of displacement changes at each monitoring point of the slope after penetration of the
rupture surface are shown in Fig. 24. Where (a) is JC1 to JC5, (b) is JC6 to JC10.

It can be seen that the change amount of the monitoring points at the horizontal plane of the slope
bottom is very small, indicating that the rock layer at the bottom of the slope is basically in a stable state
and will not be deformed when the slope undergoes deformation damage by tipping, and the deep rock
body of the slope is in a stable state. Because of the slope rock layer inclination angle is large so the slope
rupture surface and the horizontal plane of the scream is small, the upper part of the slope rock layer of the
deformation damage displacement change amount is larger, slope surface JC4 monitoring point
displacement change amplitude is obviously larger than the broken inside JC9 monitoring point, indicating
that the slope surface of the lower part of the location of the displacement change amplitude is larger, with
the slope monitoring point location about to the upper part of the slope slope surface and the slope
monitoring point of the amplitude of the change are closer to each other.
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Fig. 24. Displacement cloud map of each monitoring point on the slope

5.4.3 Comparison of Numerical Simulation and Example Slope. The slope damage form after simulation of
dumping deformation damage is compared with the actual deformation damage form of the slope, through
the numerical simulation results of the slope, it can be seen that the deformation damage mode of the slope
is dumping-fracture-block dumping deformation damage, and its deformation damage form is basically the
same as the actual damage form of the slope, the front end of the rock body of the slope is dumping damage
and falling, and the secondary rupture surface falls out of the surface, and the upper part of the secondary
rupture surface is curved and deformed and stacked to stabilize the slope. Deformation stacking stability,
the formation of the upper slope face angle is smaller slope foot angle is larger slope shape, and the actual
slope shape is basically the same. From this, it can be inferred that the rock layer inside the slope is in a
stable state at present, but there are rupture cracks inside the slope, which are very likely to be damaged
again under the influence of external conditions.

By establishing the actual damage profile of the slope, as shown in Figure 25. The lower part of the rock
layer of the slope was damaged and dropped to form a damage surface with a large slope angle, the upper
part of the rock layer of the slope was bent and deformed and stacked together to form a stable state; the
rock layer of the sound part of the bottom of the slope basically did not undergo bending deformation and
the inclination angle of the rock layer was basically unchanged, and the change rule of the deformation
displacement rule of the monitoring point of the bottom horizontal plane of the slope was basically the
same as that of the simulation, and the degree of bending of rock layer of the position of the lower
monitoring point JC4 and JC9 can be seen. The bending degree of the rock layer at the monitoring point
JC4 is obviously larger than that at the monitoring point JC9 inside the slope, indicating that the damage
degree of the rock layer at the lower slope surface is obviously larger than that of the rock layer inside the
slope.

The inclination angle of the rock layer of the example slope is 76°, so the main rupture surface of the
slope, i.e., the location of the largest bending deformation moment of the rock layer of the slope, has a
smaller inclination angle with the horizontal plane. The slope angle is 48° and the sum of the angle
between the slope angle and the inclination of the rock layer is obviously larger than 117°, and the slope
will be deformed and damaged, which is consistent with the value of the conditions for deformation and
damage of the slope. In the simulation, it is determined that the slope undergoes dumping-fracture-block
deformation damage when the sum of the angle between the inclination of the rock formation and the slope
angle is less than 120°, the slope undergoes dumping-bending-fracture deformation damage under the
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condition of the angle value and is more than 120° and less than 150°, and the slope undergoes dumping-
reflexive deformation damage under the condition of the angle value and is more than 150°.
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Fig. 25. Example slope profile view
6. Conclusion

Based on the basic principles of tipping damage mechanics and discrete element, this paper analyzes the
time-dependent deformation law of tipping body, single-factor and multi-factor sensitivity analysis of rocky
slope stability, and numerical simulation results for the selected engineering examples. The conclusions
are as follows:
1) The inclination angle of the rock layer on the surface of the slope decreases with the increase of the
elevation, the inclination angle is less than 80° above 2940m, which is seriously tilted, and the degree of
tilting decreases from top to bottom, and the inclination angle of the rock layer under 2800m is bedrock
yielding, and the degree of tilting of the slope decreases with the elevation from top to bottom.
2) Among the factors affecting slope stability, the sensitive degree is slope angle, slope height, lower slip
surface inclination, rock body internal friction angle, rock body cohesion, lower slip surface internal friction
angle, upper slip surface cohesion, lower slip surface cohesion, upper slip surface inclination, upper slip
surface internal friction angle, in descending order.
3) The magnitude of change in displacement at the lower location of the slope surface is greater, and the
magnitude of change in the slope surface and in-slope monitoring points is closer as the location of the
slope monitoring point is approximately toward the upper part of the slope.

The modeling analysis of anticlinal rocky slopes using this software can reasonably and better reflect
the deformation damage of slopes, which is helpful to study the damage mechanism of anticlinal rocky
slopes under the conditions of deterioration of the foot of slopes.
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