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Abstract: Retrogressive landslide is caused by the lower rock mass sliding, so that the upper part loses
support, is deformed, and starts to slide. In the process of highway construction, the incised slope often
leads to retrogressive landslide, and the determination of the damage range of retrogressive landslide
is of great significance for the control of the slope. Taking a highway retrogressive landslide in Hunan
Province as the research object, the particle flow discrete element is used to numerically simulate the
entire failure process of the slope. According to the complex geological conditions of the slope, the
rock mass of each part of the slope model is divided, the displacement of key parts of the landslide is
monitored, the whole failure process of the retrogressive landslide is simulated, and the lateral length of
traction instability is calculated through the stability theory of the sliding pull-crack failure slope. The
research shows that the incised slope is the root cause of the retrogressive landslide, and the rainfall is
the direct cause. When the retrogressive landslide is treated in engineering practice, the lateral length of
traction instability can be obtained according to the stability theory of the sliding pull-crack failure slope,
to realize the accurate judgment of the traction failure range of the sliding body.

Keywords: retrogressive landslide; progressive formation; rock slope; lateral length of instability

1. Introduction

Deformation types of landslides generally include retrogressive landslide, load-caused
landslide, and complex landslide [1,2]. Among them, retrogressive landslide is a process of
backward progressive failure [3-5]. Due to slope erosion, or artificial slope cutting, the slope
surface is deformed and unstable, and the lower rock mass first slides, and then gradually
forms cracks from bottom to top [6,7]. With the development of deformation, the rock
mass on the upper part of the slope loses support and slips [8]. Retrogressive landslides
mostly occur in sloped areas composed of sedimentary layers, fault zones, weathering
zones, and weak interlayers of rock and soil. The main sliding bodies are unconsolidated
layers, weak interlayers, or ancient landslides, creep bodies, etc. [9-11]. When building
expressways in mountainous areas, many sections of the road are constructed by removing
the foot of the slope. Due to the man-made destruction of the foot of the slope, retrogressive
landslides are easy to occur under the action of long-term natural forces (gravity forces).
As a geological hazard, retrogressive landslide has the characteristics of wide distribution,
high frequency, and great harm, which poses a major threat to engineering construction
and people’s property safety [12-14]. Many scholars have done a lot of research work on
retrogressive landslide [15-17]. Lin et al. [18] proposed a simplified numerical method for
the prediction of rainfall-induced retrogressive landslides, which can effectively reduce the
harm caused by retrogressive landslides caused by rainfall. Marko et al. [19] investigated
the Audru landslide in detail and studied the influence of various modeling parameters
on the overall slope stability. Lin et al. [20] carried out slope model experiments by filling
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an experimental flume with unsaturated fine sand and an artificial rainfall simulator and
summarized the mechanism of rainfall-induced retrogressive landslides. At present, the
research on retrogressive landslide generally uses indoor experiments or engineering
cases to carry out qualitative analysis on its failure mode [21-23]. In order to control
the retrogressive landslide and treat it [24-26], it is necessary to determine the instability
range of the retrogressive landslide. As the retrogressive landslide is sliding from top to
bottom, the slope will slip and crack to form numerous irregular slides. The reasons for
the formation of these sliders and the range of the number of sliders need to be further
studied. The length of the first sliding block formed by the retrogressive landslide is called
the lateral length of traction instability, which is the distance between the bottom instability
slip surface from the excavation surface to the trailing edge crack. In this paper, relying
on the actual highway retrogressive landslide, the particle flow discrete element is used to
analyze its failure mode, and the lateral length of traction instability is calculated through
the stability theory of the sliding pull-crack failure slope, and the traction instability range
of the retrogressive landslide is determined, and the influence of various rock parameters
on the lateral length of traction instability is analyzed. The technical flow chart is shown in
Figure 1.
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Figure 1. Technical flow chart.

2. Numerical Simulation of Landslide Failure Process
2.1. Geological Background

In May 2012, a rare continuous rainstorm occurred on the Luxi section of the Changde-
Jishou Expressway in Hunan Province. A landslide occurred on the left upper slope of the
K177 + 040~K177 + 115 section of the Changde-Jishou Expressway, as shown in Figure 2. A
large amount of soil covered the highway, resulting in serious traffic jams in both directions,
and major safety risks such as secondary landslides in the mountains and power cuts on
high-voltage lines [27]. After geological investigation, it was found that the landslide was a
retrogressive landslide [28,29], that is, the slope body showed a failure mode of segmented
decline when sliding.
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Figure 2. Geological map of the landslide section.

According to the 1:200,000 “Yeanling Regional Geological Survey Report” and geologi-
cal maps, the survey area is in the western part of the Maying Depression Basin in Yeanling,
mainly located in the southeast Hebei of the Luxe syncline. This area is in a mountainous
terrain [30-32], with a maximum altitude of 188 m, a road design elevation ranging from
147.5 to 148.8 m, a maximum height difference of more than 40 m, and a natural slope
between 25° and 30°. The vegetation distribution on the slope is relatively rich, mainly
shrubs [33]. The angle between rock strata tendency and the direction of the highway is
approximately 90 degrees. The panorama of the landslide is shown in Figure 3.

Figure 3. Landslide.

Mapping revealed the following lithologies:

(1) Quaternary sediments: up to 0.5 m gray-brown soil, widely distributed on the
hillside surface.
(2) Late Cretaceous: medium-thick layered argillaceous sandstone, calcareous mudstone,

and calcareous sandstone, etc. [34]. The calcareous sandstone and calcareous mud-
stone are alternately deposited, and there are weak interlayers of mud films with
different thicknesses between the layers. The interlayer lithology is strongly weath-
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ered mudstone or plastic clay, and the properties are poor. A detailed summary is
as follows:

Argillaceous sandstone: a thin-medium thick layer, with a huge thick layer of calcare-
ous cementation; fully weathered rock mass is mostly hard plastic clay, with a small amount
of strongly weathered rock mass locally, and the thickness is generally less than 0.5 m;
strongly weathered rock mass is purplish red, steep inclination joint cracks are developed,
the rock mass is broken, the rock quality is weak, and the thickness of this layer is generally
less than 6.0 m; moderately weathered rock mass is purplish gray, purplish black, the rock
mass is relatively complete, and the rock quality is relatively soft.

Calcareous sandstone: a thin-medium thick layered, calcareous cemented; fully weath-
ered rock mass is mostly brown-gray, with a small number of strongly weathered rock
blocks, and the layer thickness is less than 0.50 m; strongly weathered rock mass is brown-
yellow and brown, and the rock mass is relatively broken and soft; moderately weathered
rock mass is light gray-red, the rock mass is relatively complete, and the rock quality is
relatively soft.

The stratigraphic lithology division is shown in Figure 4.
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Figure 4. The stratigraphic lithology division.
2.2. PFC Introduction

There are many numerical methods for rock mechanics analysis [35-37], among which
the discrete element method is suitable for studying the dynamic characteristics of discon-
tinuous media. The particle flow method is a quantitative evaluation method based on the
framework of the discrete element model. Particle Flow Code (PFC) is a calculation soft-
ware developed by Itasca Company in the United States, including PFC2D and PFC3D. It
is particularly useful for simulating the operation and interaction of two-dimensional disks
or three-dimensional spheroid aggregates of any shape and size [38]. The PFC model [39]
simulates the movement and interaction of many finite-sized particles. The particles [40—42]
are rigid bodies with finite mass that move independently of one another and can both
translate and rotate. Particles interact at pair-wise contacts by means of an internal force
and moment. Contact mechanics is embodied in particle-interaction laws that update
the internal forces and moments. The time evolution of this system is computed via the
distinct-element method, which provides an explicit dynamic solution to Newton’s laws
of motion.
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Thanks to its general design, PFC can be easily customized and applied to a very broad
range of numerical investigations where the discrete nature of the systems is of interest. It
has been successfully used by many academic institutions and private companies around
the world for problems ranging from fundamental research on soil and rock behavior at the
laboratory scale to slope stability [43-45] and rockfall hazard mitigation [46], hydraulic frac-
turing, rock-tool interactions, bulk flow, mixing, conveying and compaction of aggregates
and powders, and blast furnace modeling, etc.

2.3. Meso-Calibration of Rock Materials

PFC differs from other methods in that the meso-parameters of the particle discrete
element model cannot be directly derived from the mechanical parameters obtained from
the physical test of rock materials [47-49]. For the meso-parameters of the rock material
particle flow model, it is usually necessary to compare the macro-mechanical parameters
(shear force parameters, elastic modulus, etc.) of the indoor physical test and the stress-
strain relationship [50]. In the particle flow software PFC2D, the numerical tests used for
the calibration of particle discrete element model parameters include a biaxial compression
test, an uniaxial compression test, a direct shear test, and a Brazilian splitting test, etc. In
the numerical simulation of retrogressive landslide, the meso-parameters of rock materials
are determined mainly through a direct shear test. The matching results are shown in
Tables 1-4.

Table 1. Strong weathered calcium argillaceous sandstone.

Simulation Parameters

Numerical Value

Normal stiffness 2.28
Linear method deform friction angle (°) 21
Linear method deform tensile strength (MP) 3.0
Linear method deform adhesion (MP) 3.0
Particle density (kg/m3) 2600

Table 2. Medium weathered calcareous mudstone.

Simulation Parameters

Numerical Value

Normal stiffness 2.0

Linear method deform friction angle (°) 21
Linear method deform tensile strength (MP) 248
Linear method deform adhesion (MP) 24
Particle density (kg/m?) 2600

Table 3. Medium weathered calcareous sandstone.

Simulation Parameters

Numerical Value

Normal stiffness 2.0

Linear method deform friction angle (°) 21

Linear method deform tensile strength (MP) 35

Linear method deform adhesion (MP) 35
Particle density (kg/m3) 2600

Table 4. Calcareous sandstone.

Simulation Parameters

Numerical Value

Normal stiffness 1.52
Linear method deform friction angle (°) 21
Linear method deform tensile strength (MP) 54
Linear method deform adhesion (MP) 54
Particle density (kg/m?) 2600
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2.4. Landslide Model Establishment

The CAD slope profile obtained from site investigation is converted into a file format
matching PFC, and imported into PFC2D, and modeled at the scale 1:1. Figure 5 is the
CAD slope profile (model of the highway case).

200. 00
195 00
190.00 / Real sliding surface

1asc0 Potential sliding surface
180. 00

14500
140,00
335° £25~27°

13300

2000

Figure 5. CAD schematic diagram of slope section.

Wall elements in PFC2D have two functions: (a) to keep the shape of the model
unchanged; (b) as a boundary condition. Walls in the slope model can be classified into
two types according to the above functions: one is to fix the shape of the entire model,
including a retaining wall, a highway, etc. The other is to limit the displacement of the
boundary ball (which will be removed later). The contact model of PFC2D can be divided
into: the Contact-Stiffness Model, the Slip Model, the Bond Model, and Alternative Models.
The Parallel-Bond Model in the Bond Model is a commonly used contact model when
simulating rock materials. As shown in Figure 6, the Parallel-Bond Model typically contains
parallel-bond elements, wire spring elements, and dampers. Once the maximum normal
or tangential stress on the bond exceeds the bond strength, the bond breaks off, and the
Parallel-Bond Model after fracture is equivalent to the Linear Contact Model.

Dashpot force (I"i ) not shown.

Linear force (F' ) linear elastic bonded
(no tension) and frictional. g J. 5.
Bond load (F and M), _

linear elastic & bonded.

F=F+F +F, M_=M

Figure 6. Schematic diagram of the Parallel-Bond Model.
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The meso-parameters of the obtained rock material are added to the model. At this
point, the particles in the slope model begin to move due to their mechanical properties. It
is necessary to reset the particle displacement and the contact force (moment) experienced
by the particles to 0 to re-equilibrium the model, so as to reduce the initial influence of the
model on the axial stress and strain calculation. The slope model is shown in Figure 7.

- Calcareous sandstone

Medium weathered calcareous mudstone

Strong weathered calcium argillaceous sandstone

- Sliding surface

- Medium weathered calcareous sandstone

125 m

Figure 7. Slope model.

The slope model is 125 m long and 65 m high, the foot of the slope is 88°, the dip angle
of bedding is 25°, and the total number of particles is 109,836.

2.5. Analysis of Landslide Failure Mode

The failure process is observed after the constraint wall is removed, gravity is added,
and the model is run for 100,000 steps.

At 37,500 time-steps, the slope begins to break, as shown in Figure 8. From the
grouping of particles in the model, it can be seen that the planting soil part on the upper
part of the slope and the strongly weathered calcium argillaceous sandstone began to slide
along the sliding surface, and two obvious tension cracks appeared. One appeared in front
of the slope, about 4.54 m away from the foot of the slope, which was the first part to crack.
The other appeared in the middle of the slope, and gradually expanded from the foot of
the slope. The overall displacement and velocity of the slope are small, which is due to the
artificial removal of the foot of the slope to form a free surface. Under the action of gravity,
the slope body undergoes shear creep in the direction of the free surface.

PFC2D continues to run, resulting in Figure 9. At this point, damage occurs in the
middle of the slope. With the increase of displacement, the middle part of the slope is
pulled and cracked into several blocks, and five pull-crack cracks penetrate the front and
middle part of the slope. The displacement of the slope gradually increases from top to
bottom, and the maximum displacement of particles in the lower part of the slope reaches
12.57 m. At this time, the rock mass on the upper part of the slope has not slipped yet. It can
be seen that the speed of particles in different parts is different, which is a ladder-shaped
distribution. The front particles of the slope body have a fast speed, constantly dragging
the rear particles, showing obvious displacement segmentation. This is because the lower
part of the slope slides downward due to the failure of particle adhesion, causing the upper
part of the particle to lose support and generate downward acceleration and kinetic energy,
pushing the particles in the front of the slope to continue to slide forward. It can be seen
that when the particle adhesion force is large, the rock mass will not fall completely apart
when a landslide occurs, but rather slides down as a coherent block.
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Figure 8. Displacement diagram in the early stage of slope collapse.
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Figure 9. Displacement diagram in the middle of the collapse.

In later time steps the upper part of the slope begins to destabilize, as shown in
Figure 10. At time-step 388 x 10° the displacement is further increased, and the central
rock mass was completely pulled off. At this time, a new crack appeared in the upper rock
mass, but it has not yet been pulled into multiple blocks. At the top of the rock mass a
longer crack appears along the sliding surface and increases in thickness. At this time, the
maximum displacement of rock particles is 19.926 m, and the sliding zone has basically cut
through with the overlying rock mass sliding along the underlying soft rock layer. Under
the self-weight stress, it fills the empty surface and is continuously piled up at the foot of
the slope.
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Figure 10. Displacement diagram in the later stage of collapse.

The numerical simulation of the slope was completed, and Figure 11 was obtained.
The slope has completely collapsed. The displacement of the upper particles is the largest,
and the displacement of the lower particles is relatively small. This is due to the sliding
of the rock mass at the front edge of the slope; shear failure occurs in the middle of the
slope, the rock mass at the rear edge loses its support and slides downward, and the stress
on the upper particles of the slope is greater than that of the lower particles, resulting in
a significant change in the displacement of the upper particles of the slope. At this time,
the rock mass at the front edge of the slide slides forward through the retaining wall to

the model highway. At this time, the maximum displacement of the rock particles reached
43.822 m.

Figure 11. Displacement diagram of complete failure of the slope.

This research demonstrates that the particle flow method has good applicability to
the simulation of the failure movement process of landslides. Due to the poor geological
conditions, the incised slope is the fundamental cause of landslide. Under natural condi-
tions, the slope composed of joints [51], cleavage, and weak interlayers in rock-soil has
a higher safety factor and is in a higher equilibrium and stable state. When the foot of
the slope is artificially incised, the shear stress and normal stress of the structural surface
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increase. The original “key block to resist sliding”, that is, the locking section, is destroyed
or cut off, resulting in the gradual reduction of the average cohesion force on the structural
surface. The original isolated and disordered instability areas no longer act alone but try to
penetrate the potential sliding surface in an orderly sliding and expanding manner. Finally,
when the sliding surface is completely penetrated, the sliding body quickly slides along
the sliding surface towards the air-facing surface, and the slope is unstable and damaged
as a whole, resulting in landslide disasters. Rainfall is the direct cause of landslide. Rainfall
has an important influence on slope damage. From early April to late May, the total rainfall
in the Luxi area reached 448 mm, and the rainfall reached a heavy rain state for 6 days.
It can be considered that the rock and soil in the slope were saturated at this time, and
the cohesion and internal friction angle were greatly reduced. Continuous rainfall caused
rainwater to infiltrate into various joint cracks in the slope body from the surface cracks of
the slope body, and continuously accumulated to form hydrostatic pressure [52,53]. The
hydrostatic pressure forced the joints to further crack, making rainwater accumulate further,
forming a vicious circle, and eventually causing landslides [54]. Rainfall also caused the
weight of the sliding body to increase and further slip deformation along the sliding surface.
Due to excavation, rainfall, and other reasons, the slip of the foot of the slope often made
the adjacent blocks lose part of the anti-sliding force, which led to stress concentration
and softening [55]. Climatic conditions cause the slope to be destroyed, but the geological
conditions of the slope are the root cause of the retrogressive landslide.

3. Determination of Lateral Length of Traction Instability and Analysis of Influencing Factors
3.1. Determination of Lateral Length of Traction Instability

During the construction of the slope, due to the effects of rainfall, the removal of lateral
constraints, blasting [56], and other factors, the rock mass structure in the local area of
the slope is destroyed, thereby reducing its mechanical index. The mechanical principle
is complex, and it is very difficult to describe this process accurately and completely.
Assuming that the bottom surface of the rock mass in layer i is a weak surface after the
slope is excavated, the rock mass of the slope will slide along this bottom surface. For
slopes whose excavation slope angle is greater than the dip angle of bedding, because of
the removal of material by excavation, the failure mode of the slope may be a complete
sliding failure along a certain level, or it may slide along certain levels. During the sliding
process, some joints in the rock mass are pulled apart, showing gradual sliding failure
from bottom to top. For the slope with the natural slope angle equal to the dip angle of
bedding, the slope calculation model shown in Figure 12 is established. Let the dip angle
of bedding be « and the excavation slope angle be B. The x-axis position of the coordinate
system is taken as the bottom surface of the studied block and changes with the change of
the studied block. The origin of the coordinate is located at the intersection of the bottom
surface of the studied block and the excavation surface. Let the origin of the coordinates
be A;, C is a point on the excavation slope, and the intersection of the vertical line and the
x-axis is B;. E is the apex angle of the slope and let its x and y coordinate values be xg and
Yo- F is any point on the bottom of the i-th layer. The distance from G to the origin of the
coordinate system is Lg. L is the width of the weakening area of the mechanical parameter,
that is, the length of the influence area of the incised slope is Ly. Ly is related to factors such
as construction methods, rock mass unloading, and weathering, and can be determined
according to engineering experience.
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Figure 12. Slope calculation model.

From previous research, it can be seen that in the process of slope slip failure, the range
of the part of the rock mass where the mechanical parameters of the rock mass decline
are limited, generally near the empty surface of the slope. Second, in this area, the closer
to the surface of the slope, the greater the magnitude of the decrease in the value of the
mechanical parameters of the rock mass. The further away from the surface of the slope, the
smaller the magnitude of the decrease in the value of the mechanical parameters of the rock
mass, and the closer it is to the value in the natural state. It can be seen from Figure 12 that
the mechanical parameters of point A are most affected, and the mechanical parameters
of point G are not affected, which is natural. In order to calculate the lateral length of
traction instability, three parameters need to be determined, namely friction coefficient,
cohesion, and tensile strength. For point F, let f; be the friction coefficient of the bottom
surface of the i-th layer, c; be the cohesion of the bottom surface of the i-th layer, and S;; be
the equivalent tensile strength of the rock mass above the bottom surface of the i-th layer.
The three mechanical parameters of point G are “S;;, f,; and cri”, and point A are “S,;;, f,;,
and c¢,;”. Assuming that the influence of the incised slope on the mechanical parameters of
rock mass decreases linearly, then the relationship between the distance x from point F to
the origin of the coordinate system and the mechanical parameters of point F is:

fi= kfix+ fri  0<x < Lo
! fpz' x> Ly
keix + ¢, 0<x< Ly
= {Fart > M
pi x> Lo
S, — ksix + Sy 0<x <Lg
i Spi x> Ly
In the formula, k;, k;, and ks; are the corresponding coefficients defined as:
_ f i*fri
B,
kei = g @

_ Spifsri

ki ==~
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If the first sliding part is the front triangle, the following relationships can be derived
for the triangle A;B;C from simple goniometry:

|A;Bj|= x
|BiC|= xtan(p — «)

Let Wy;pic be the weight of triangle A;B;C,

1_
WaBc = 2’7‘1‘11'31'"

B,»C‘ 3)

where 7 is the average bulk density of overlying strata on layer I in the formula.
On the pull-crack surface B;C, let F;; be the tensile force of the tensile strength of the
rock mass to the triangle A;B;C.
Fsi =[B;C|Syi )

On the sliding surface A;B;, F; is the tensile force of rock mass on the triangle A;B;C.
F,; is mainly composed of a friction coefficient and cohesion on the sliding surface.

Fji = Wy,p,c cos a?i + x-C; 5)

where f;, C; are the average friction coefficient and cohesion on the sliding surface.
Let Fp; be the sliding force of the triangle A;B;C:

Fp; = Wa,p,c-sina (6)

Add Equations (4) and (5) to obtain the total anti-sliding force of block A;B;C, denoted
as Fg;.

Fri = Fsi + Fgi =

BZ-C‘SH + Wy p.ccosa-F, + x-G; @)
If Fp; > Fg;, the landslide has occurred. If Fp; < Fg;, the landslide will not occur. If:
Fri — Fpi =0 8

The slope is in the limit equilibrium state, about to slide but not yet. The unknown
x in the equation at this time is the lateral length L of the traction instability, denoted as
Lpj;. Substituting Equations (1)—(7) into Equation (8) gives a univariate quadratic equation,
which can be solved:

2A1

9
— Agp++/AL,—4Ay Ay (Li > Lo) 9)
1

2A21

—App+y/A2,—4A1 Ay (Lyi < Lo)
1 =
Lpi =

In the formula:

Ay = Iytan(B — «) cos kg
Ap = %tan(ﬁ — ) (2ks; + 7y cosa-f,; — ysina) + %kci
Az =tan(B —a)-Syi + i
Ay = Iytan(p — a)-(cosa-fp; —sina)
Ap = jtan(B — a)[4S,; + T cosa(fri — fpi)Lo] + cpi
Az = 5(cri — cpi) Lo
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If the length of the first sliding part is long, the sliding block becomes a trapezoidal
shape, and the weight of the sliding block cannot be calculated according to the triangular
formula. The calculation formula for Lg; becomes:

—C1p+4/C2,—4C11Cy3
2 (Lui < Lo)

2A1

Ly =
Hi —Ca2+1/C2,—4C Co3 Lo > L
2Co; (Lyi > Lo)

(10)

In the formula:

Cn = %kfi'h7COSDC + %kci
Cpp = h(ks,‘ + 7 fri-cosa — %XOWCOS Oé-kfi - WSinD() + ¢y
Ci3 = %h(ZSri — XY fri* cOs & + xp7y sina)
Co1 = h7(fpi- cosa —sina)
Co = h[spi + 37Lo(fyi — fpi) cos & — 377xq- cos a-f; + 37x0- sina] + 3Lo(cyi — cpi)
Cos = ghyx0-Lo- cosa-(fpi — fri)

In the above formulas:

h—Trapezoidal height;

According to the “Design Instructions for Emergency Treatment of “5.25” Rainfall
Damage Project on Changde-Jishou Highway Luxi Interchange”, the width of the weakened
area of mechanical parameters L is taken as 6 m, and the average bulk density vy is taken as
2600 kg/m3. Under natural conditions, the equivalent tensile strength Spi is measured to be
0.1 kPa, the cohesion ¢,; of the structural surface is 17.5 kPa, and the friction coefficient f,; is
0.6. After being disturbed, the equivalent tensile strength, cohesion, and friction coefficient
have changed. After a series of measurements on the slope, the equivalent tensile strength
S,i becomes 0.07 kPa, the friction coefficient f,; becomes 0.38, and the cohesion c,; becomes
8.75 kPa. Substituting the above values into the formula, the calculation results:

Lyi=464m

In PFC2D, as shown in Figure 13, it can be seen that the lateral length L of traction
instability at the initial fracture is 4.54 m. It can be found that:

LHZ"&:’L

PFC2D 5.00

©2016 Rasca Consulting Group, Inc

Ball displacement_mag
Balls (109836)
2.5967€E+00
2 5000E+00

Figure 13. PFC2D rock mass displacement diagram.
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The lateral length of traction instability calculated by the formula is basically consistent
with the results of numerical simulation, which illustrates the correctness of the formula.
When the retrogressive landslide is treated in engineering practice, the lateral length of
traction instability can be obtained according to the stability theory of the sliding pull-crack
failure slope, and the slope instability range can be determined.

3.2. Analysis of Influence Factors on Lateral Length of Traction Instability

It can be seen from the above formula that the lateral length of traction instability
when the slope is damaged is affected by many factors, including the dip angle of bedding,
the friction coefficient, the bonding force, the tensile strength, and so on [57,58]. Analyzing
the influence degree of these factors is helpful to judge the size of the landslide and roughly
determine the range of slope instability in practical engineering. Based on this towed
landslide, the influence of S, fi, ¢pi, fri, and the dip angle of bedding on the lateral length
of the slope traction instability is analyzed in detail.

Figure 14 shows the later length traction instability as a function of Sy; (equivalent
tensile strength of rock masses above the i-th layer that are not affected by excavation).
It can be found that the curve is close to a straight line, which is a linear relationship.
The influence of Sy; on the lateral length of traction instability is relatively small, and it
decreases by 0.8 m for every 100 kPa length increase. When S); = 0 kPa, the lateral length of
traction instability is the largest, which is 4.65 m. When S),; = 480 kPa, the slope is in a state
of ultimate equilibrium.
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Figure 14. Influence of Sy; on the lateral length of traction instability.

Figure 15 shows the later length traction instability as a function of ¢); (the cohesion
of the bottom surface of the i-th layer that are not affected by excavation). It can be found
that when Cpi < 300 kpa, the curve is linear; when Cpi > 300, the larger the Cpis the faster the
lateral length of traction instability decreases, as shown in Figure 15. When ¢,; > 400 kPa,
the slope tends to be stable. When ¢;,; = 0 kPa, the lateral length of traction instability is the
largest, which is 4.71 m. ¢y, is also not the main factor affecting the lateral length of slope
traction instability.
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Figure 15. Influence of c,; on the lateral length of traction instability.

Figure 16 shows the later length traction instability as a function of f; (the friction
coefficient of the bottom surface of the i-th layer that are not affected by excavation) [59,60].
The curve is almost at a right angle, as shown in Figure 16. When f,; > 0.5, the curve is
relatively flat; when f,; < 0.5, the traction instability length increases sharply, and it reaches
73.5 m only when f,; = 0.47. This happens because the f,; is too small, resulting in the direct
instability of the slope, and the upper rock mass will slide along with the lower rock mass
of the slope without the phenomenon of segmented collapse. The lateral length of traction
instability measured at this time is meaningless.
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Figure 16. Influence of f,; on the lateral length of traction instability.

Figure 17 shows the later length traction instability as a function of f,; (the friction
coefficient of the bottom surface of the i-th layer most affected by excavation). The curve
can also be divided into two parts, as shown in Figure 17. When f,; < 0.35, the two are
linear; when f,; > 0.35, the larger the f,;, the faster the lateral length of traction instability
decreases. It can be seen that the two factors f,,; and f,; have a great influence on the lateral
length of traction instability.
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Figure 17. Influence of f,; on the lateral length of traction instability.

Figure 18 shows the later length traction instability as a function of the dip angle of
bedding. It is found that the lateral length of the traction instability increases exponentially
as shown in Figure 18. When the dip angle of bedding is less than or equal to 21°, the slope
tends to be stable; when the dip angle of bedding is greater than 30°, the slope will be
directly unstable, and the upper rock mass will slide together with the lower rock mass of
the slope, without the phenomenon of segmented collapse. The dip angle of bedding is the
most important factor affecting the lateral length of the traction instability.

30

25

20

The Lateral Length of Traction Instability (m)

20 21 22 23 24 25 26 27 28 29 30
Dip Angle of Bedding (°)

Figure 18. Influence of the Dip Angle of Bedding on the lateral length of traction instability.

The above results show that the dip angle of bedding is the most important factor affecting
the lateral length of the slope traction instability, followed by f,; and fpi, and the last is S and ¢;;;.
When roughly judging the range of slope instability in engineering practice, the main attention
should be paid to the dip angle of bedding, the friction coefficient of the i-layer surface under the
natural state, and the friction coefficient of the i-layer surface after the excavation are affected,
and the vulnerable areas are first reinforced after comprehensive consideration.

4. Conclusions

(1) The particle flow discrete element is used to simulate the complex geological con-
ditions of the slope, and the total failure process of the retrogressive landslide is
analyzed, and the mechanism of the slope failure is slip-pull crack according to pre-
vious research. The range of the first section of the slope is 4.54 m, that is, the first
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section of the slide area is located in the front 8.63% of the slope. This kind of slope
will be pulled and split into multiple blocks when it slips, and the lower part of the
slope will shift and cause the upper part to be unstable, and eventually slide along
the sliding surface. The particle flow method has good applicability to simulate the
failure movement process of the landslide.

(2) When the retrogressive landslide is treated in engineering practice, the lateral length
of the traction instability can be obtained according to the stability theory of the
sliding pull-crack failure slope, and the accurate judgment of the traction failure range
of the sliding body can be estimated.

(3) The dip angle of bedding and the coefficient of friction are the main factors affecting
the lateral length of the slope traction instability. In engineering practice, they should
be mainly paid attention to when roughly judging slope instability.
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