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Slope deformation and failure is an inevitable engineering problem in highway construction
and operation in mountainous areas. Its essence is a continuous–discontinuous gradual
failure process of slope under the action of unbalanced force. Slope deformation and
failure mechanism is the basis and key content of its emergency treatment and
comprehensive treatment. In this study, the continuous–discontinuous element method
(CDEM) and finite difference method are used to analyze the deformation mechanism and
support the effect of a scattered slope in the Biwei Expressway. The results showed that
the change in the local geological environment caused by roadbed excavation leads to
slope slippage along the surface and then pulls the upper rock mass gradually to produce
slippage failure, resulting in the stability gradually decreasing. The mechanism is traction
sliding–tensile cracking. The continuous–discontinuous element method can effectively
simulate the formation process of the main and sub sliding planes during excavation and
can better display the phenomenon of slope failure and gradual disintegration. The
emergency disposal of the gravity anti-sliding retaining wall in front of the slope can
effectively control further deformation and ensure temporary stability. In comprehensive
treatment, step-type slope excavation, gravity anti-sliding retaining wall, and anchor frame
beam are adopted to control the deformation and failure of slope and ensure long-term
stability. The numerical simulation results are consistent with the actual results, which
effectively explains the rationality of this study. The research results of this study can
provide some reference for the emergency treatment and comprehensive treatment of
slopes in mountainous areas and for the construction and operation of highways and other
infrastructure in mountainous areas.
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HIGHLIGHTS

1. The essence of slope instability is a continuous–discontinuous
progressive deformation and failure process of slope under
unbalanced mechanical conditions.

2. The slope has experienced a process of excavation–front part
sliding–traction–back part sliding–gradual disintegration.

3. The novel CDEM method can effectively simulate the process
of slope deformation, failure, and even disintegration.

4. The instability mechanism of the scattered slope in the
LK0+063-LK0+400 section of the Biwei Expressway is
traction sliding–tensile cracking.

INTRODUCTION

High and steep slopes are common alongmountain highways due
to subgrade excavation. Progressive slope movement or
catastrophic slope failure of highway slopes could potentially
cause severe safety problems to the construction workers and
damages to the adjacent property with associated fatalities
(Uribe-Etxebarria et al., 2005; Pantelidis, 2011; Shen et al.,
2019a). Slope instability and its related hazards have always
been the major issue that highway construction and
management departments must face (Liang and Pensomboon,
2010; Zhang et al., 2021). Therefore, ensuring the stability of the
slope is of vital significance to the safe construction and operation
of highways in mountainous areas (Ju et al., 2011; Xue et al.,
2015).

Some studies have systematically summarized the
characteristics, influence factors, classification, failure
mechanism, and mechanical model of slope based on a large
number of slope engineering cases (Huang, 2009; Shen et al.,
2019b; Zhang et al., 2019; Cui et al., 2021). Slope stability
evaluation methods are also proposed (Griffiths and Lane,
1999; Zheng, et al., 2005; Kang et al., 2009). Huang (2009)
investigated geological conditions, triggering factors, and
mechanisms of some typical large-scale landslides in southwest
China. Xue et al. (2018) analyzed the failure mechanism and
stabilization of a basalt rock slide with weak layers. Wei et al.
(2009) analyzed slope stability by the strength reduction and limit
equilibrium methods. Li and Xu (2015) proposed a slope stability
probability classification (SSPC) method to assess the stability of
rock slopes in the Yunnan province of China. Marques and
Lukiantchuki (2017) evaluated highway slope stability by
numerical modeling. Before slope excavation or treatment, the
deformation characteristics and failure mechanism should be
evaluated (Ma et al., 2018; Xue et al., 2018; Zhao et al., 2019),
while the stability and sliding force are usually first analyzed and
calculated and then followed by the design of corresponding
supporting measures (Singh et al., 2008; Zhao and Wu, 2014).
Zhao and Wu (2014) designed bolt support for slope
reinforcement based on the geographic information system.
Yuan-cheng et al. (2019) adopted a two-stage support to the
high fill slope. For complex slopes, the combined support system
of the gravity anti-sliding retaining wall and anchor frame beam
is widely used in mountainous slope treatment (Wei et al., 2012;

Duan et al., 2014; Su et al., 2015), and there are many successful
cases (Dong et al., 2010; Lin et al., 2020). The abovementioned
research results have important reference significance for the
further study of slope mechanism, emergency treatment, and
comprehensive treatment. In fact, the essence of slope instability
is a continuous–discontinuous process of gradual deformation
and even disintegration of the slope under the condition of
unbalanced mechanics (Li et al., 2009). It is advisable to study
its deformation and failure mechanism from the perspective of
continuous and discontinuous so as to provide a theoretical basis
for its treatment.

The Biwei Expressway is located in the mountainous area of
Southwest China, with a total length of about 125.5 km. The
expressway is designed with a width of 21.5 m, a speed of 80 km/
h, and four lanes in both directions. Due to the mountainous
terrain and complex geological conditions along the route, during
the excavation of subgrade in the LK0+063-LK0+400 section, the
right-side high slope is deformed and partially collapsed,
accompanied by many cracks. The internal structure is very
loose, which may cause large-scale landslides at any time. The
slope has undergone deformation and sliding several times and is
now in a scattered state. A scattered slope is a slope undergoing a
deformation–fracture–fragmentation process with a scattered
structure. Its failure is a continuous–discontinuous process,
which is the main difference from a normal landslide.
However, there are few research studies on scattered landslides
(Lai et al., 2005), especially the simulation and mechanism of the
deformation–fracture–fragmentation process. In this study,
combined with the actual slope, a continuous–discontinuous
element method is used to analyze the deformation
mechanism and the emergency response effect of the gravity-
retaining wall and finally explore the comprehensive treatment
effect by finite difference numerical simulation methods.

OVERVIEW OF STUDIED SLOPE
ENGINEERING

Geological Conditions
The project area is situated in the Yunnan-Guizhou Plateau with a
typical warm–humid monsoon climate. The precipitation in the
region ranges from 793.1–984.5 mm, with an average annual
precipitation of 851.6 mm. The subgrade slope is located in the
northern slope of the Miaoling Mountains, with an elevation of
2000–2060 m, a height difference of about 60m, and a slope angle of
20–25°. Surface water is generally developed with only streams.
Groundwater mainly contains bedrock fissure water existing in
the basalt structural plane and pore water in the Quaternary loose
accumulation layer, and both of them are supplied by atmospheric
precipitation. The landform type belongs to dissolution hills. Shrubs
on the slope surface are well-developed. The rock strata in the area
mainly consist of basalt and shale, dipping gently with little
topographic relief. The Quaternary loose overburden is distributed
in gentle slopes and valleys, which mainly comprise clay, silty clay,
and gravel. The Luozhou–Hezhang anticline and Yadu faults are
mainly geological structures in the area, and the Yadu faults are
inactive nowadays. Seismic intensity is Ⅵ degree.
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Deformation Characteristics of Slope
The umbrella pattern soil landslide is formed during subgrade
excavation with a height of 13 m (See Figure 1). The high shear
notch is developed on the front edge of the slope due to subgrade
excavation. Under continuous creep, the soil in the shear notch
area is squeezed out, slumped along the slope, and accumulated at
the foot of the slope. Two sliding planes are developed in the
slope, which is a step-shaped landslide. The main sliding body is
75 m long, 106 m wide, 4,654 m2 in area, 10 m in average
thickness, and 5.1 × 104 m3 in volume. The sliding direction is
195°, and the sliding angle is 25°. The shear outlet in front of the
slope is at the elevation of 2015 m and the upper edge sliding wall
at the elevation of 2051 m, resulting in a relative height difference
of 36 m (See Figure 2). The sub-sliding body is located at the
front of the slope, with an angle of 45°.

The upper edge deformation of the slope is serious, the overall
dislocation is 3–4 m (Figure 2B), and the tensile crack width is
2–3 m, forming the main sliding body (Figure 2). There is a
secondary sliding body in the front part of the main sliding body.
The angle of the secondary sliding plane is 45°. The sliding
distance of the sub sliding body is 7–8 m, which is higher than
that of the main sliding body (3–4 m).

The excavation profile has shown that the upper part of the
slope is the Permian Longtan Formation comprising clay rock
mixed with coal line and residual slope clay. The residual slope
clay is in a plastic-soft to plastic state with a thickness of 7–8m,
and the clay rock is completely weathered with a thickness of
1–10 m. The lower part of the slope is strongly weathered basalt,
which is cut by bedding or crossing structural planes with a
thickness of 5–10 cm, and the rock mass structure is very broken
and fragmented (Figure 2C). The upper layer is seriously mixed
with mud, mainly comprising fully weathered basalt mixed with
soft plastic clay.

Moreover, according to the interpretation results of high-
density electrical profiles and drilling data, the characteristics
of the sliding body, sliding zone, and sliding bed are obtained.

(1) The sliding body mainly comprises cohesive soil with a small
amount of gravel. Since, the slope mainly slides along the
interface between clay and basalt, the upper part mainly
contains clay with a loose structure. The lower part slides
along the fully weathered basaltic weak zone, so the sliding
body at the lower part of the east side is sandwiched with
3–5 m thick heavily weathered basalt. The rock mass has not
been disturbed, and the original structural characteristics
were kept to a certain extent. According to the

FIGURE 1 | Panoramic view of the slope in the section between
chainages LK0+063 ̴LK0+400.

FIGURE 2 | Interpretation results of theWerner section and deformation characteristics. (A): Secondary landslide trailing edge, (B): Themain landslide trailing edge,
(C): Slope rock structure.
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interpretation of high-density electrical profiles, the apparent
resistivity of this section is high (Figure 2), indicating loose
sliding soil with low water content.

(2) The front edge of the sliding zone is buried 5–6 m deep and
0.5–2 cm thick, which is gray–white and gray–yellow soft
plastic clay with good toughness. According to the core
characteristics of the borehole (zk02), it is considered that
the sliding zone is located 14.2 m underground, with a
thickness of about 10 cm, and its composition is
grayish–yellow clay. The west sliding zone is a black coal
line with high water content, while the east sliding zone is a
weak zone of fully weathered basalt with a thickness of 10 cm
and very low water content. According to the interpretation
of high-density electrical profiles, the water content along the
sliding zone is high, especially near the shear outlet of the
leading edge, and the apparent resistivity is quite different.
The apparent resistivity isoline at the sliding zone displays a
convex form (Figure 2).

(3) The sliding bed comprises grayish–yellow–grayish–black
carbonaceous shale and strongly weathered basalt, cut by
structural planes, and the rock mass is fractured. According
to the interpretation of high-density electrical profiles, the
apparent resistivity of the sliding bed is generally low, which
indicates that the rock mass integrity of the sliding bed is
poor and fractures are well-developed (Figure 2).

FORMATION MECHANISM

Internal Factors: Rock and Soil Structure
According to the excavation results, the lower part of the slope is
strongly weathered basalt with cataclastic structure, and the weak
structural plane with a thickness of 5–10 cm is developed inside,
with locally condensed calcareous basalt. Therefore, the overall
performance of the rock property is poor. The upper part is
claystone and carbonaceous shale with a coal line, dipping 150°

with an angle of 16°. First, the inclination of the rock layer is
opposite to the inclination of the slope, which is not conducive to
its stability. Furthermore, the carbon shale belongs to soft rock,
and the underlying strongly weathered basalt structure is broken,
so their physical and mechanical properties are poor, and their
contact interface is a weak structural plane. Under the action of
groundwater and in situ stress field, the contact zone is muddy,
which further reduces and weakens their physical and mechanical
properties and will become a potential sliding surface under the
long-term continuous creep. This unfavorable combination of
structural planes and the underlying rock soil structure with weak
structural planes are the internal causes of its instability.

Inducing Factors: Slope Instability Induced
by Subgrade Excavation
In the early stage, subgrade excavation was carried out according
to the slope ratio of 1:0.75–1:1, resulting in the height of leading-
edge free space reaching 13 m and forming a favorable free space
condition and high and steep slope. Moreover, the front edge of
the slope belongs to the anti-sliding section, and excavation will

seriously weaken the anti-sliding ability of the slope itself.
Therefore, the excavation first provides a good free space
condition for its sliding and second reduces the anti-sliding
resistance, inducing the sliding deformation of the slope along
the carbonaceous shale, tuffaceous basalt layer, and the interlayer
dislocation zone and finally shearing out from the leading edge.

Simulation Analysis of Slope Mechanism
Based on the CDEM
In fact, the essence of slope instability is a
continuous–discontinuous deformation and failure process of
the geological body under unbalanced mechanical conditions.
The continuum–discontinuum element method (CDEM),
proposed by Professor Li Shihai, is an explicit numerical
method for solving highly fused meshes and particles based on
the basic framework of generalized Lagrange equations. In this
method, the continuum algorithm and discontinued algorithm
are coupled, and the progressive failure process of the material is
simulated through the fracture of the block boundary and inside
the block. The numerical calculation model in the CDEM-
BlockdyNA consists blocks and interfaces between blocks
(Figure 3). Most of the finite element calculations involved
appear in blocks. Blocks can comprise single or multiple finite
elements, which are used to represent continuous physical
characteristics of materials such as elasticity and plasticity. The
common boundary between arbitrary blocks is called an interface.
The calculation of the interface is mainly based on discrete
elements, which is being used to express the discontinuous
physical characteristics of materials such as displacement and
impact. This method can not only simulate the elastic, plastic,
damage, and fracture process of materials under static and
dynamic loads but also simulate the movement, collision, flow,
and accumulation process of broken granular materials,
especially suitable for the whole process simulation of
progressive instability and failure of slope
deformation–fracture–fragmentation. Therefore, in this study,
the CDEM method is used to simulate the whole process of
scattered slope in the LK0+063-LK0+400 section of the Biwei
Expressway to discuss its instability mechanism. The
Mohr–Coulomb criterion and maximum tensile stress criterion
were adopted for numerical calculation, and the calculation
parameters are shown in Table 1.

Figure 4 shows the displacement nephogram of slope
deformation and failure process at different time steps.
According to Figure 4A, the excavation causes the front edge
of the slope to form a good airport condition and begin to slide in
the lower part of the slope, forming a sliding plane. Without
support, the sliding plane gradually extends backward and cracks
occur in the middle of the slope (Figure 4B). With the
development of the sliding plane inside and on the upper part
of the slope and the downward expansion of the crack in the
middle of the slope, the sub-sliding plane is gradually formed
(Figure 4C). The initial sliding plane develops further toward the
rear edge and top of the slope, and the main slip surface gradually
forms (Figure 4D). The numerical simulation results are
consistent with the actual slope, indicating that the numerical
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simulation results can effectively reflect the formation process of
the main sliding and sub-sliding plane during the excavation of
the slope.

Figure 5 shows the maximum principal stress nephogram of
slope deformation and failure process at different time steps.
According to Figure 5A, the maximum principal stress of the
slope gradually increases from top to bottom, which is generally
controlled by the stress field of the slope. The principal stress
direction near the surface is approximately vertical to the slope

surface and gradually turns downward to the vertical direction.
As the CDEMmethod is adopted, when the deformation between
element meshes is too large and failure occurs, the block changes
from a continuous state to a discontinuous state, and the related
calculation units will disintegrate (as shown in the white area in
Figure 5B). When the internal cracks of the slope are gradually
formed, the related rock and soil bodies inside the slope are
destroyed and disintegrated. Numerical calculation shows some
white spots or areas, and connecting these white areas is the

FIGURE 3 | Block and interface diagram of the CDEM (modified from Feng et al., 2017).

TABLE 1 | Numerical modeling parameters.

Stratum Natural density
γ (kN/m3)

Elastic modulus
E (kPa)

Poisson’s ratio
μ

Internal friction
angle φ

(˚)

Cohesive strength
C (kPa)

Clay mixed with gravel 19.0 10 0.33 15.5 20
shale 22.0 1,200 0.265 35 30
Strongly weathered basalt 23.0 900 0.25 40 15
Porphyry basalt 26.0 36,000 0.21 50 220

FIGURE 4 | Displacement nephogram of slope (unit:m). (A): t = 70,000 steps, (B): t = 80,000 steps, (C): t = 1,50,000 steps, (D): t = 2,50,000 steps.
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sliding plane of the slope (Figure 5B). Without support, the slope
is further deformed and disintegrated, and finally, two sliding
planes are formed (Fig. 5cd). At the same time, according to
Figure 5D, there are many white areas in the sliding body,
indicating that many cracks are developed in the sliding body.
The sloping structure is very loose and broken, close to the state of
granular, which is consistent with the actual situation.

The excavation formed an exposed surface with a height of 13m,
which destroyed the original equilibrium state of the slope and led to
a sharp adjustment of the stress state of the slope. The lower rock and
soil mass produced plastic yield, strain accumulation and unloading
looseness, and slippage along the open surface. The sliding of the
lower slope rock mass produces traction, which causes the upper
rock mass to gradually slip and destroy, and the stability gradually
decreases. When the tensile or shear plastic zone is extended to
complete penetration, the slope will lose stability. The softening and
lubrication of groundwater promote the occurrence and
development of sliding. In conclusion, the mechanism of slope
instability is the excavation process that weakens its anti-sliding
force and induces the generation of continuous creep along the
internal weak structural plane and the final shear out along the
leading edge. The mechanism is traction sliding–tensile cracking.

SLOPE EMERGENCY TREATMENT

The emergency disposal technology of slope (landslide) is
mainly a quick and effective disposal technology for sliding

body, which is a temporary disposal technology to prevent slope
instability or further deformation of slope body and gain time
for personnel evacuation and emergency deployment. It is an
important step in the emergency disposal process of landslide
geological disasters. Emergency rescue and disposal of landslide
geological disasters is usually carried out on the basis of
experience and in-site mapping without detailed investigation
data, mainly including emergency rescue and disposal of
dangerous situations and disasters, which is characterized by
temporary rapidity, small disturbance, strong pertinence, and
conservative scheme. At present, the slope of the K0+063~
LK0+400 section of the Biwei Expressway is in constant
creep deformation, and the rock and soil mass at the front
shear outlet is extruded and collapsed, which is in an unstable
state in the natural state. In case of adverse working conditions
such as earthquakes and heavy rainfall, the landslide may lose its
stability as a whole, endangering the construction and traffic
safety of the National Way 326. In order to ensure the normal
operation of roads and other infrastructure in the affected area
and the normal construction of the Biwei Expressway and
further provide time and space for comprehensive treatment
of these slopes, this study discusses the effect of adopting mortar
block stone gravity anti-slide retaining wall as an emergency
disposal measure. The anti-sliding retaining wall has the
characteristics of small disturbance and fast construction and
can be used as a part of subsequent treatment projects. The top
width of the retaining wall is 2 m, the wall height is 10 m, and the
back slope is 1:0.25. The specific effect analysis is as follows:

FIGURE 5 | Maximum principal stress nephoram (unit:Pa). (A): t = 70,000 steps, (B): t = 1,50,000 steps, (C): t = 2,00,000 steps, (D): t = 2,50,000 steps.
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Figure 6 shows the displacement trace and X-direction
displacement diagram after the retaining wall is applied.
According to Figure 6, after the retaining wall is applied, the
slope still has a sliding trend toward the surface, but the
displacement trace distribution is mainly concentrated on the
potential sliding plane. Meanwhile, the sliding surface is not
connected, indicating that the retaining wall as an emergency
treatment measure can effectively restrain the further
deformation of the slope and ensure temporary stability.

In order to compare and analyze the deformation
characteristics of the slope before and after the retaining
wall was applied, 10 displacement monitored points were
set on the sliding plane (see Figure 7 for specific layout) to
monitor the displacement characteristics of the sliding plane
under two situations. According to Figure 8A, before the
retaining wall is applied, the general characteristic of the
displacement of the measured points is that the
displacement of the measured points at the front edge of
the slope is larger than that at the rear edge, specifically
M1> M2> M3> M4> M5> M6> M7> M8> M10 > M9. The
monitoring results once again verify that the instability
mechanism of the slope is traction sliding–tensile cracking.
The displacement of the measured point M1 is the largest, with
a magnitude of up to 4.5 m. The displacement of measured
points M9 and M10 is the smallest, about 0.5 m. According to
Figure 8B, after the emergency measures of the retaining wall
are applied, the displacement of measured points on the sliding
plane is generally controlled, and there is no large
displacement measured point; especially the displacement of
measured points M1, M2, and M3 on the front edge of
landslide is effectively controlled. Among the ten measured
points, the displacement of the measured point M4 is the
largest, with a value of about 0.0014m, which is related to the
development of the sub sliding plane. The measured point M4
is located at the junction of the main sliding plane and the sub
sliding plane. In addition, there is a certain distance between
M4 and the retaining wall, so its suppression effect has a
certain loss, resulting in the displacement of measured point
M4 being larger than that of other points. The comparative

results show that the retaining wall can effectively control the
further deformation of the slope, ensure the temporary
stability of the slope, ensure the normal construction and
passage of related roads, and then provide time and space
for the comprehensive treatment of the slope, which is a good
emergency treatment measure.

SLOPE COMPREHENSIVE TREATMENT
AND EFFECT ANALYSIS

Slope Treatment Measures
Before treatment, the slope was in an unstable state. If the foot of
the slope is further excavated according to the previous slope ratio
(1:0.75–1:1), or there is heavy rainfall, the slope may be deformed
and further destroyed, causing widespread instability.

Combined with the current situation of the slope and related
construction conditions, the slope is re-excavated. The final
excavation height of the slope is 57.55 m. The re-excavation is
divided into six levels, and the first five levels are carried out
according to the height of 10 m per level. The detailed treatment

FIGURE 6 | Displacement trace and X-direction displacement diagram after the retaining wall is applied. (A): The trace of displacement, (B): X-displacement.

FIGURE 7 | Layout of monitoring points.
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for each level is as follows: the slope cutting and gravity retaining
wall are used for the first level, with a slope ratio of 1:0.75. The
slope cutting and anchor frame beam are used for the second
level, with a slope ratio of 1:1 and an anchor length of 5 m
(spacing 3 m × 3 m). The slope cutting and an anchor cable frame
beam are used for the third level, with a slope ratio of 1:1.25 and
an anchor cable length of 18–25 m (spacing 4 m × 4 m). The slope
cutting and anchor cable frame beam are used for the fourth level,
with a slope ratio of 1:1.75 and an anchor cable length of 25–30 m
(spacing 4 m × 4 m). The 5th–6th level slopes are cut at a ratio of
1:1.75 and supported by anchor frame beams with a length of
5–9 m (spacing 3 m × 3 m). For the anchor frame beam, the
anchor rod adopts a φ25 ribbed steel bar, and the frame beam is
0.3 m × 0.3 m in size, and C25 concrete is used for cast-in-place
construction. For the anchor cable frame beam, the anchor cable

comprises six strands with φ15.2. The frame beam is 0.6 m ×
0.6 m in size, and C25 concrete is used for cast-in-place
construction. At the same time, intercepting drains are set at
the outer edge of the slope and the load shedding platforms at all
levels. The slope treatment profile is shown in Figure 9.

Effect Analysis
Based on the abovementioned analysis, the slope deformation can
be effectively controlled by using the anti-sliding retaining wall as
emergency support. In this case, with comprehensive support, the
subsequent deformation of the slope and the deformation of the
supporting structure belong to plastic failure. Fast Lagrangian
Analysis of Continua 3D (FLAC3D) adopts an explicit
Lagrangian algorithm and mixed-discrete partition technology,
which can accurately simulate the plastic failure and flow of

FIGURE 8 |Monitoring diagram of displacement of measuring points before and after applying the retaining wall. (O stands for the original state without supports,
and the US stands for under support by gravity anti-sliding retaining well.). (A): None-support, (B): Gravity anti-sliding retaining wall supporting.

FIGURE 9 | Treatment profile for the slope.

Frontiers in Earth Science | www.frontiersin.org May 2022 | Volume 10 | Article 8949238

Gao et al. Slope Deformation Mechanism and Treatment

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


materials. It can simulate three-dimensional structural
mechanical properties and plastic flow of soil, rock, and other
materials. At the same time, the FLAC3D program also provides
structural elements (such as anchor rods, anchor cables, etc.) to
simulate slope reinforcement, making it easy to evaluate the
support effect. Therefore, the FLAC3D program is selected to
analyze the comprehensive support effect of the slope. Based on
the existing deformation and failure characteristics of the slope,
the slope model before and after treatment is established using the
numerical software FLAC3D. Rock and soil mass is considered
elastoplastic materials in PLAC3D, and the failure of material
follows the Mohr–Coulomb yield criterion. At the same time,
constraints are imposed on the model. Horizontal displacement

constraints in the X direction are imposed on both sides of the
model. Only vertical displacement is allowed, but horizontal
displacement is not allowed. The upper surface is free, and the
lower surface is fixed. Concerning the parameters in Table 1,
numerical modeling is carried out for the slope before and after
treatment. The modeling results are shown in Figures 10–12.

The deformation of the slope does not converge before
treatment (Figure 10A). Under the condition of sliding and
squeezing at the trailing edge of the sliding body, the leading
edge of the sliding body deforms most, forming a shear outlet,
which will lead to sliding instability. If the treatment is carried out
according to the changed design, there will be a small
deformation at the upper part of the slope, with a value of

FIGURE 10 | Slope displacement nephogram before and after treatment. (A): Before treatment, (B): After treatment.

FIGURE 11 | Minimum principal stress nephogram before and after treatment. (A): Before treatment, (B): After treatment.

FIGURE 12 | Maximum shear strain increment nephogram before and after treatment. (A): Before treatment, (B): After treatment.
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4 cm (Figure 10B), which can be effectively controlled. The
comparison between the two conditions shows that slope
deformation can be effectively controlled under the treatment.

Deformation and failure of the slope will lead to the change of
principal stress in the slope. The soil stress concentration near the
potential sliding plane at the bottom of the slope body is obvious
before treatment (Figure 11A). After treatment according to the
design change, the stress concentration at the bottom of the slope
is eliminated, and the stress distribution is relatively uniform
(Figure 11B).

The sliding plane or potential sliding plane of the slope can be
reflected by the maximum shear strain increment. An obvious shear
strain increment zone is formed at the bottom of the slope before
treatment, that is, the sliding plane runs through the trailing edge of
the slope from the leading edge, and the shear strain increment near
the shear outlet of the leading edge and the trailing edge is the largest
(Figure 12A). The sliding plane can be divided into the main sliding
plane and secondary sliding plane along the shear strain increment
zone. The main sliding plane runs through the bottom of the whole
sliding body, and the secondary sliding plane is from themiddle step
to the front edge of the sliding body. After treatment, only the rear
edge of the slope has a shear strain increment zone, and there is no
obvious shear strain increment zone in the middle and lower part of
the slope, which proves that the sliding plane is not completely
penetrated (Figure 12B). The analysis of shear strain increment
shows that the treatment can inhibit the formation of a slope sliding
plane and ensure that the slope will not form through the sliding
plane. The treatment effect is obvious.

In summary, numerical modeling results show that the slope
was unstable before treatment and will slide after further
deformation. After the comprehensive treatment mentioned
above, the analysis of slope deformation, stress, and potential
sliding plane shows that the slope deformation is effectively
controlled. The stress is relatively uniform, and the formation
of the sliding plane is restrained, indicating that the treatment
effect is obvious. The slope will be in a stable state after treatment.

CONCLUSION

(1) The slope has experienced a process of excavation–front part
sliding–traction–back part sliding– gradual disintegration. At
present, the internal cracks of the slope are developed,
making its structure very loose and broken in a scattered
state. There are two sliding planes on the slope, and its
current condition is unstable. If it is not been treated in time,
further deformation will lead to its overall instability.

(2) The numerical simulation results of the CDEM reappear in the
formation process of the main sliding plane and sub-sliding

plane during the excavation of the slope, and the sub-sliding
plane is formed earlier than the main sliding plane, revealing
the instability mechanism of the slope is traction
sliding–tensile cracking. It also shows that the CDEM is
suitable for the whole process simulation of progressive
instability and failure of slope
deformation–fracture–fragmentation.

(3) Retaining the wall as an emergency treatment measure can
effectively restrain the further deformation of the slope and
ensure temporary stability.

(4) The comprehensive treatment with the gravity anti-sliding
retaining wall + anchor cable (rod) frame beam can
effectively control the deformation of the slope and ensure
its long-term stability. In addition, it has the characteristics of
flexible setting, cost-saving, and reliable technology and is
widely used in slope prevention and control along with
mountainous areas.
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