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Deformation mechanism and
dynamic stability of the subgrade
landslide considering evolution
of friction-cohesion in slip zone

Yingxiang Deng, Mengdi Zhao, Tao Luo* and Yunwen Zhou

Department of Civil Engineering, School of Architecture, Jiangxi Institute of Applied Science and
Technology, Nanchang, Jiangxi, China

The excavation of high-speed subgrade has formed a large number of subgrade
landslides, which have always been a potential threat to highway traffic, and
the stability of landslides has an important impact on ensuring the normal
operation of highways and traffic safety. In this paper, the on-site engineering
geological investigation of a high-speed subgrade landslide is carried out, and
the ring shear test is carried out by taking soil samples from slip zone, and
the evolution relationship between the friction angle and cohesion in slip
zone soil with shear displacement is analyzed by using the Moore-Coulomb
theory, and the dynamic evolution law of the shear strength of slip zone soil
is revealed. Combined with the typical residual thrust model and the finite
element numerical model, the deformation failure mechanism and dynamic
stability of the landslidewere systematically analyzed. The following conclusions
were drawn: The landslide slid again under the inducement of rainfall and
gravity, and the overall performance was collapse-slip failure. The friction angle
in slip zone soil shows the attenuation trend of the logistic model, and the
cohesion shows the attenuation trend of the power function model. With the
continuous deformation of landslide, the deformation displacement of landslide
gradually showed an increasing trend, and the deformation of the slip zone
gradually penetrated from the leading edge and the trailing edge, and the
simulation results were basically consistent with the results of the landslide
field investigation. With the increase of landslide displacement, the stability of
landslide gradually decreases from the peak stability, and finally maintains the
residual stability, which is between 1.07 and 1.08. Monitoring and early warning
measures should be carried out at any time in the later stage. The landslide
stability evaluation has an important safety early warning effect on the normal
operation and traffic safety of the expressway.
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1 Introduction

With the rapid development of China’s transportation planning, more and more
highways have been built. Due to the continuous excavation of subgrade in themountainous
area, a large number of subgrade landslides have been formed, which threaten the safety and
operation of the highway at all times (Li and Xie, 2013). Therefore, the stability of subgrade
landslides has always attracted much attention (Sarkar et al., 2021). Under the influence of
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continuous rainfall in mountainous areas, the strength of slip zone
in landslide is constantly weakening, which leads to the gradual
decline of the stability of the landslide, and the strength of the
slip zone affects the stability of the landslide at all times (Liu and
Yang, 2011; Chen et al., 2016). The cracks formed by the dry-wet
cycle will further reduce the strength of the landslide slide zone
(Yang et al., 2024a; Yang et al., 2024b). Therefore, it is of great
practical significance to study the stability of subgrade landslide
from the perspective of the strength of slip zone soil.

In terms of the strength of slip zone soil, the research mainly
focuses on two aspects. On the one hand, it is mainly the influencing
factors of the shear mechanical properties of slip zone, including
the influence of moisture content (Thaw et al., 2025; Nian et al.,
2013), shear rate and over-consolidation ratio (Li and Yang, 2018)
on the strength of slip zone. On the other hand, it is mainly
the study of strain softening characteristics (Hua et al., 2025; Liu
and Chen, 2015) and peak residual strength (Wang et al., 2020;
Chen and Liu, 2014) of slip zone soil, that is, the strength of slip
zone soil needs to go through five processes during the shearing
process: pore shearing, elastic deformation, plastic hardening, strain
softening and residual strength. In addition, some scholars have
established a shear constitutive model based on statistical damage
theory to quantitatively describe the strain softening relationship
of the strength of slip zone soil (Zou et al., 2024; Luo et al., 2022),
and proved that the proposed constitutive model based on Wei-
bull function distribution has the best fitting effect. The above
studies only study the variation law of the strength of slip zone
soil, but do not deeply analyze the essential characteristics of the
strength of slip zone soil. In fact, the strength of slip zone soil
is the result of cohesion and friction between the soil particles
(Geng et al., 2023; Wang et al., 2024).

In terms of landslide stability, it is mainly divided into
two aspects: limit equilibrium and finite element analysis. The
calculation method of limit equilibrium method is simple and
convenient, and has been widely used in practical engineering
calculations. At present, the calculation of landslide stability is
mainly realized by the improved residual thrust method (Zou et al.,
2020; Yan et al., 2022; Zou et al., 2023a; Zou et al., 2023b), the
improved slice-division method (Su et al., 2022; Wu et al., 2019)
and the improved vector summethod (Yan et al., 2024). In contrast,
the finite element method is more accurate, but it is difficult to be
widely used. At present, the finite element numerical simulation
combined with the strength reduction method is used to accurately
calculate the stability of the landslide (Chen et al., 2019; Yu, 2020).
It can be seen that the calculation of landslide stability has been
relatively mature, which can be said to provide method support for
the calculation of landslide stability in this paper.

It can be seen that at present, the evaluation of landslide
stability by the strength of slip zone soil is mainly to quantitatively
evaluate the dynamic stability of landslide by establishing the shear
constitutive relationship of slip zone soil. However, the constitutive
model is still too idealistic and cannot well describe the complex
stress-strain relationship of the actual landslide. In fact, the essence
of strength weakening is the attenuation of cohesion and internal
friction angle of slip zone soil. Therefore, studying the deformation
failure and dynamic stability of landslide from the perspective of the
evolution of friction angle and cohesion in slip zone can more truly
reveal the deep mechanism of landslide deformation evolution. At

present, there is a lack of research on the deformation and stability
evaluation of landslides based on the evolution of friction angle
and cohesion.

In this paper, a high-speed subgrade landslide is taken as the
research object, the on-site engineering geological investigation is
carried out, the soil samples of slip zone are taken and ring shear test
of slip zone soil is carried out to analyze the mechanical properties
of slip zone soil, and then the evolution results of friction angle
and cohesion in slip zone soil are obtained. Secondly, based on
the actual variation law of friction angle and cohesion, combined
with the Moore-Coulomb formula, the dynamic evolution law of
shear strength of slip zone soil is revealed. Finally, combined with
the typical residual thrust model and finite element numerical
model, the dynamic evolution stability of landslide is compared and
calculated, and the deformation evolution mechanism of landslide
is revealed.

2 Basic engineering geological
characteristics of landslide

A high-speed subgrade landslide is located in Wutuan Town,
Chengbu Miao Autonomous County, Shaoyang City, Hunan
Province (Figure 1a), with an elevation of 507∼511 m at the
front edge of the landslide, an elevation of 640 m∼661 m at the
trailing edge (Figure 1b), and the terrain is generally high in the
west and low in the east, with a slope of 12°∼30° and a maximum
slope of 55°, and a river passes through the front edge of landslide.
The landslide area is mainly Quaternary Holocene accumulation
(Qh

del) gravel, block stone, alluvial (Qh
al) pebbles and silty clay, and

the underlying bedrock lithology is mainly Neoproterozoic Nanhua
Changan Formation (Nh

1c) sandy slate.There is a fault in the ditch at
the front edge of landslide, and the fault occurrence revealed by the
borehole near landslide is about 277°∠45∼78°. Affected by faults, the
underlying rock mass of the landslide body is relatively fragmented-
broken, and the measured occurrence of sandy slate strata is
255°–308°∠43°–81°. The peak seismic acceleration in landslide area
is 0.05 g, the characteristic period of the ground motion response
spectrum of the Class II site is 0.35 s, and the basic seismic intensity
of the site is in the VII degree zone. The groundwater depth in
the landslide area varies from 0.5 to 27.6 m, and the main types of
groundwater are loose rock pore water and bedrock fracture water.

The longitudinal length of the landslide accumulation is about
320 m, the transverse width is about 230 m, the total area is about
3.5∗104 m2, the total square volume of the landslide accumulation is
about 30∗104 m3, and the potential main sliding direction is about
95°, which has caused the river to be diverted. The landslide body is
a Quaternary Holocene landslide accumulation layer (Q4

del), which
is mainly composed of boulders and gravel and cohesive soil. The
content of block stone and gravel is about 55%–75%, and the rest
is silty clay, and the gravel is formed by the weathering of strongly
weathered sandy slate, which is angular, and the gradation is general,
and the clayey soil is plastic-hard plastic, and the overall color is
mainly earthy yellow and yellow-brown, and the thickness of the
slide body is about 2.0∼30.0 m. The slip zone is located at the
interface between the sandy slate and the overburden, and the mud
and softening phenomena are obvious, and the soil is plastic, and
the water content is high, which is silty clay.The sliding bed is thin ∼
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FIGURE 1
Engineering geological characteristics of landslide. (a) Location of the landslide; (b) Plan of the landslide; (c) Profile 2-2’ of the landslide; (d)
Photographs of the landslide site.
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TABLE 1 Basic physical parameters of slip zone soil.

Natural
density
ρ(g/cm3)

Specific
gravity of

soil
particles Gs

Natural
moisture
content
w(%)

Plastic limit
wp

Plasticity
index
Ip

Void ratio e Saturation
Sr

Dry density
ρd (g/cm

3)

1.98 2.71 18 22.1 25.2 0.62 0.88 1.82

medium thick layered sandy slate, and the rock mass is broken. The
bedrock has a slope to steep dip joint, with an occurrence of 80°∠80°,
which is controlled by the joint, and the slope rock mass is easy to
collapse along the joint plane, and the collapse accumulation slides
along the slope under the action of heavy rainfall and gravity, and
at the same time drives the sliding of the broken rock mass below.
Under the unfavorable slope structure and lithological combination
conditions, the re-formation of sliding is induced by rainfall and
gravity, and the evolution mechanism of slope deformation in the
landslide area is collapse-slip. Driven by the infiltration of rainfall
in the later period and the steep dipping rock mass on the trailing
margin, the landslide may continue to migrate to the front margin
again. Ultimately affect traffic jams and cause unnecessary losses.

3 Shear mechanical behavior of slip
zone soil

3.1 Slip zone soil

The slip zone soil sample was taken from a high-speed subgrade
landslide of about 511∼661 m on the right side near the K51 +
450∼K51 + 680 section of a proposed highway route in Hunan,
and the block soil sample was taken by the borehole sampling
method, and the sampling borehole number was HPZK2-3, and the
sampling depth was about 22.5∼23.0 m. The test soil samples are
yellowish, grayish-brown, plastic, and have high water content, and
are identified as typical silty clay in the field, as shown in Figure 1c.
The basic physical properties of silty claymeasured by the laboratory
basic physical properties test are shown inTable 1, indicating that the
silty clay has high saturation and plasticity.

3.2 Ring shear test

Figure 2a shows the instrument for this ring shear test, which
provides amaximum axial pressure of 4 kN, amaximum shear stress
of 1,000 kPa, and a maximum shear rate of 32 mm/min.The cutting
box is a ring boxwith an inner diameter of 70 mm, an outer diameter
of 100 mm and a height of 20 mm. The specimen specification
required for this ring shear test is annular, as shown in Figure 2b.
Both the shear stress and the normal stress can be measured by a
sensor installed in the pressurization system, and the data obtained
from the test can be transmitted to the computer through a fully
automatic acquisition device.

Firstly, the slip zone soil sample was dried at 105°C for more
than 8 h, and then passed through a 2 mm sieve after crushing, and
the part less than 2 mm was taken from it, and the corresponding

moisture content was calculated according to the dry density and
the volume of the shear box to obtain the required target moisture
content state, and then sealed with a polyethylene plastic bag for
more than 24 h. Considering the actual situation of the project, the
dry density of the soil sample is consistent with the undisturbed soil
with the moisture content, that is, the remolded silty clay sample
with a dry density of 1.82 g/cm3 and a natural moisture content of
18% is prepared for ring shear test, and the ring shear test scheme
is shown in Table 2.

3.3 Test results

The shear test of 45 mm displacement was carried out on each
slip zone soil sample, and after shearing to about 20 mm, the
shear stress began to remain stable and unchanged, and it can be
considered that the shear of slip zone soil has basically entered the
residual strength state, and the specific results are shown in Figure 3.
At the beginning of the test, slip zone soil enters the elastic
deformation stage under the small shear displacement, and
immediately reaches the peak strength state, which is due to theweak
ability to resist the elastoplastic deformation with slip zone soil, and
the yield deformation occurs under the action of small shear. Then,
slip zone soil enters the post-peak strain softening stage, and then
enters the residual stage, and the shear to the residual state of slip
zone soil is to obtain the residual strength of slip zone soil, and the
test results also show that the residual strength is almost constant.
With the increase of normal stress, the shear strength of slip zone
soil also increases, which indicates that the normal stress has an
inhibition effect on soil shear.

3.4 Analysis of test results

Based on the four sets of shear strength-shear displacement
curves and combined with the mol-Coulomb strength equation,
the evolution curves of friction angle and cohesion with shear
displacement in slip zone soil can be arbitrarily obtained. The shear
displacement at any place corresponds to the four shear strengths
under the condition of four normal stresses, and the linear fitting of
the shear strength and normal stress can be realized by the Coulomb
formula, as shown in Figure 4.

Figure 5 shows the internal friction angle as a function of shear
displacement. With the increase of shear displacement, the internal
friction angle increases first and reaches the peak, indicating that
the friction between soil particles in the slip zone resists shear
deformation in the soil, and the soil exhibits the characteristics of
plastic hardening. After reaching the peak, the internal friction angle
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FIGURE 2
Ring shear test of slip zone soil. (a) Ring shear test apparatus; (b) Ring shear box.

TABLE 2 Ring shear test scheme of silty clay.

Test Natural moisture content Consolidation stress (kPa) Normal stress (kPa) Shear rate (mm/min)

RDS1-1

18% 800

100

1.2
RDS1-2 200

RDS1-3 300

RDS1-4 400

gradually decays until it stabilizes in the residual state, and with
the continuous advancement of the shear deformation process, the
soil structure is completely destroyed, and finally the shear strength
is maintained only by the friction between the particles, and the
soil shows the characteristics of strain softening. Here, the peak
internal friction angle is 18.85°; The residual internal friction angle
is 13.47°. In order to quantitatively evaluate the variation trend of
the internal friction angle with shear displacement in the sliding
zone soil, the Logistic function model was used for fitting, and the
results of Figure 5 showed that the fitting degreewas as high as 0.988,
and the fitting effect was good, indicating that the attenuation law
of the internal friction angle was in line with the Logistic function
change relationship.

Figure 6 shows the internal friction angle as a function of
shear displacement. With the increase of shear displacement, the
cohesion of the soil in the sliding zone is increasing rapidly, which
indicates that the cohesion of soil particles in the sliding zone is
resisting the external shear of the soil. After reaching the peak,
the cohesion of the sliding zone soil decreases, indicating that the
original stress structure in the sliding zone soil is continuously

destroyed during the shearing process until the structural property
is completely lost. The peak cohesion of the slip zone soil was
40.475 kPa, and the residual cohesion was constantly decreasing.
In order to quantitatively evaluate the attenuation law of cohesion
in the slip zone, the power function model was used for nonlinear
fitting, and it can be seen from the results of Figure 6 that the
fitting degree is 0.94, and the fitting effect is good, indicating that
the attenuation law of cohesion obeys the power function change
relationship.

3.5 The evolutionary law of shear strength
in slip zone

In general, the results of the change of internal friction angle
and cohesion are first increased and then decayed. Considering
that the internal friction angle and cohesion essentially represent
the strength of the soil and have nothing to do with the shear
evolution process of the soil, the plastic hardening process before the
peak internal friction angle and the peak cohesion is appropriately
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FIGURE 3
Shear evolution curves of slip zone soil. (a) Normal stress 100kPa. (b) Normal stress 200kPa; (c) Normal stress 300kPa; (d) Normal stress 400kPa.

corrected, and the correction results are shown in Figures 5, 6.
Correspondingly, according to the evolution fitting curve of friction
angle and cohesion in the slip zone soil, combined with the

Moore-Coulomb formula, the shear strength curve of the slip zone
soil under the action of arbitrary normal stress can be obtained.
Firstly, according to the evolution model of friction angle and
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FIGURE 4
Calculation process of cohesion and internal friction angle (Liu and Chen, 2014). (a) Obtaining of data points; (b) Fitting of cohesion and internal
friction angle.

FIGURE 5
Evolution results of friction angle in slip zone soil.

FIGURE 6
Evolution results of cohesion in slip zone soil.

cohesion in the soil of the sliding zone, as shown in Equation 1 and
Equation 2:

tan(φ) =
{
{
{

0.342,u ≤ 5mm;

0.237+ 0.116/(1+ (u/9.75)2.83),u ≥ 5mm;
(1)

c =
{
{
{

40.475,u ≤ 2mm;

44.36∗ u(−0.189),u ≥ 2mm;
(2)

Secondly, by substituting Equation 1 and Equation 2 into
Equation 3, the dynamic variation model of shear strength of slip
zone soil can be obtained:

τ = c+ σn tan(φ) (3)

According to the above steps, the shear strength of the
sliding zone soil under normal stress of 100 kPa, 200 kPa, 300 kPa,
400 kPa, 500 kPa and 600 kPa was plotted with shear displacement,
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FIGURE 7
Dynamic evolution of shear strength of slip zone.

as shown in Figure 7. With the increase of normal stress, the
shear strength increases, the attenuation amplitude of shear strength
from peak strength to residual strength increases, the longer the
strain softening state lasts, the greater the deformation needs to be
constant, and the peak strength decays to the residual strength needs
to experience greater displacement. The above process can obtain
the shear strength value of slip zone soil through shear displacement
under arbitrary normal stress, which lays a foundation for the study
of landslide dynamic stability from the perspective of strength.

4 Landslide stability calculations

4.1 Landslide stability calculation process

Based on the dynamic variation curve of shear strength of the
sliding zone obtained by the Moore-Coulomb theory, combined
with the typical residual thrust method (Song and Xu, 2012), the
improved mechanical model of landslide stability is established.
In addition, the finite element numerical calculation model of the
landslide was established by using the Geo-studio finite element
software, and the dynamic stability evaluation of the landslide
was compared and studied. The specific solution is divided into
two aspects and the calculation process of landslide stability
is shown in Figure 8.

The improved mechanical model of landslide stability: 1) The
basic geometric parameters of the strip are obtained by the strip of
the sliding body, including the width of the strip li, the volume of the
strip V i, the inclination angle αi at the bottom of the strip, and the
effective average gravity γ and gravity W i of the strip. 2) under the
static equilibrium condition of any bar i along the direction of the
vertical sliding surface, the normal stress σni of the vertical sliding
surface of the bar and the partial gliding force T i along the sliding
surface are obtained; Based on the shear strength curve of the sliding
belt based on the mol-Coulomb strength criterion under different
normal stress conditions, the dynamic value of the shear strength of
the shear belt at the bottom of the i block with shear displacement
is obtained, and the dynamic anti-slip force value Ri of the i block
along the sliding surface is obtained. 3) the difference between the
sliding force T i of any block i and the anti-sliding force Ri after the

strength reduction is used to obtain the recursive equation of the
residual thrust of the i block of the landslide, see Equations 4, 5;
4) Set the reduction factor Fr, and then solve the residual thrust
of each block in turn, so that the residual thrust of the last block
is equal to or close to 0, that is, the landslide stability calculation
converges.

Numerical calculation model of finite element: 1) Establish a
two-dimensional finite element numericalmodel of landslide, assign
material parameters of sliding body and bedrock, set boundary
conditions, and mesh the model; 2) The friction angle and cohesion
weakening value in the soil in the slip zone were selected as the
corresponding representative landslide deformation conditions to
assign the strength parameters of the slip zone, and the numerical
simulation analysis of landslide deformation and failure was carried
out. 3) The contour of the landslide deformation evolution result
and the dynamic stability coefficient of the landslide are stopped
until the stability coefficient of the landslide remains stable,
indicating that the calculation of the stability of the landslide is
convergent.

4.2 A mechanical model of landslide
stability based on the evolution of friction
angle and cohesion

Based on the dynamic evolution model of mol-Coulomb
strength and the typical residual thrust method, a computational
mechanical model of landslide stability with dynamic changes of
internal friction angle and cohesion force is established. With the
change of shear displacement, the friction angle and cohesion in
the slip zone also change, and the shear strength will also weaken,
so the landslide thrust and stability calculated by the model will
have a dynamic evolution. The 2–2 section of the landslide was
selected as the typical section for strip calculation. Taking any bar
i as the research object for specific analysis, as shown in Figure 9,
according to the overall force balance condition along the
sliding surface of any bar i, the residual thrust Pi of any
bar i is:

Pi = Pi−1 cos(αi−1 − αi) +Wi sin αi − τsili/Fr (4)
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FIGURE 8
Flow chart for the calculation of landslide dynamic stability.

where Pi-1 is the residual thrust of bar i-1; αi-1 and αi represent
the horizontal dip angles of the bottom sliding surface at bar i-1
and i, respectively, and the inclination angle of the sliding surface
of the reverse warping section is negative. W i is the weight of
strip i, and severe γi is taken as natural severity. Fr is the strength
reduction factor, also known as the safety factor for landslide
stability calculation, it is the critical value for a landslide to maintain
the ultimate equilibrium state; τsi is the shear strength of the
sliding zone at the bottom of the bar, which can be obtained
from the dynamic evolution model of mol-coulomb strength. li
is the length of the bottom of bar i; hi is the average height
of bar i.

From the static equilibrium condition perpendicular to the
bottom of bar i, it can be seen that the normal stress at the bottom
of bar i becomes:

σni =
Pi−1 sin(αi−1 − αi) +Wi cos αi

li
(5)

4.3 Landslide applications

In the landslide stability analysis, it is generally considered that
the landslide speeds do not detach and overlap with each other,
that is, the horizontal displacement of each block is equal by default
(Zhang andWang, 2010), that is, the displacement between adjacent
blocks satisfies as shown in Equation 6.

ui−1 cos αi−1 = ui cos αi (6)

whereui andui-1 are thedisplacementsofbar and i-1, respectively, and
αi and αi-1 are the inclination angles of bar i and bar i-1, respectively.

4.4 Numerical simulation comparison

The 2–2 section of the landslide was selected as the typical
geological section, and the two-dimensional numerical calculation
model of the landslide was established by the Geo-Studio finite
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FIGURE 9
Force diagram of slide mass.

FIGURE 10
Numerical calculation model.

element software, as shown in Figure 10. According to the spatial
structure of the landslide, the landslide is divided into three
materials, the ideal elastoplastic model is used for the sliding body
and the sliding belt material, and the ideal elastic model is used
for the bedrock sliding bed. In order to accurately reveal the
deformation and failure of the landslide, the mesh near the slip
zone material was further subdivided, and a total of 6482 grid
elements and 6541 grid nodes were divided. According to the
results of indoor physical and mechanical tests and geotechnical
engineering investigations, the physical and mechanical calculation
parameters of each layer of the numerical calculation model are
comprehensively determined, as shown in Table 3.

In order to accurately and comprehensively reveal the results
of landslide deformation evolution, the internal friction angle and

cohesion weakening values of six groups of slip zone soils were
selected as the corresponding representative landslide deformation
conditions for numerical simulation analysis, and the specific
scheme is shown in Table 4.

5 Results

5.1 Evolution results of shear strength
distribution of slip zone

With the evolution of landslide, the shear displacement of
slip zone also shows a trend of weakening in space. In order
to quantitatively reveal the weakening degree of the strength of
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TABLE 3 Mechanical parameters of the finite element numerical model of landslide.

Landslide
structures

Material
composition

Internal
friction angle

(°)

Cohesion c
(kPa)

Gravity
(kN/m3)

Elastic
modulus E

(kPa)

Poisson ratio
u

Slide mass Crushed stones and
blocks

22 28 19 40 0.35

Slip zone Silty clay — — 18.5 20 0.2

Bedrock Sandy slate 40 45 27 45 0.4

TABLE 4 Simulating conditions.

Condition Friction angle of slip zone (°) Cohesion of slip zone c (kPa) Shear displacement u (mm)

(a) 18.85 37.874 1

(b) 18.85 30.714 5

(c) 16.33 27.549 10

(d) 14.96 26.706 15

(e) 14.04 26.073 20

(f) 13.41 23.752 30

FIGURE 11
Evolution results of dynamic distribution of shear strength in slip zone.

slip zone, the relationship between the strength of the bottom
of slide mass and the shear displacement was calculated and
analyzed. Figure 11 shows the spatial distribution of slip zone
strength at each position at the bottom of the landslide and the
variation with shear displacement.

Spatially, from the trailing edge to the front edge of the landslide,
the strength distribution of slip zone generally shows a pattern of
first increasing and then decreasing, and the strength of slip zone
is the highest at 139.6 m. In the middle part of the 139.6 m sliding
body, the thickness of slidemass is the deepest, reaching amaximum
depth of 10.9 m, extending to the front edge and the trailing edge,
the thickness of slide mass is about thin, and the buried depth of slip
zone is shallow.The deeper the slip zone is embedded, the greater the

normal stress, and the greater the shear strength of slip zone, and vice
versa. It is worth noting that the strength of the leading edge of slip
zone increases abruptly, which is due to the reverse warping of the
dip angle of slip zone, which increases the normal stress of slip zone,
resulting in an increase in strength.

In terms of time, the strength of slip zone showed a gradual
trend.With the increase of landslide displacement, the peak strength
of slip zone gradually decays, and the strain softening begins to occur
in slip zone, which gradually tends to be stable after about 25 mm,
and remains in their respective residual strength states.

With the continuous increase of landslide displacement, the
shear strength at each slip zone is strained and softened and
attenuated to different degrees, and the deeper the buried depth of
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FIGURE 12
The evolution process of landslide deformation displacement. (a) c=37.874kPa and φ=18.85°; (b) c=30.714kPa and φ=18.85°; (c) c=27.549kPa and
φ=16.33°; (d) c=26.706kPa and φ=14.96°; (e) c=26.073kPa and φ=13.94°; (f) c=23.752kPa and φ=13.41°.

the slip zone, the greater the normal stress of the upper sliding body,
and the faster the shear strength attenuation of the slip zone.

5.2 Evolution results of landslide
deformation and failure process

By means of numerical simulation, the different attenuation
values of friction angle and cohesion in slip zone are taken as
the deformation conditions, and the deformation displacement of
the landslide and the maximum shear strain increment of slip
zone are taken as the evaluation indexes, and the deformation
evolution mechanism of the landslide is analyzed through dynamic
calculation. The trailing edge of the landslide.

Figure 12 shows the evolution contour of landslide deformation
under different shear displacement conditions.With the attenuation

of the strength index of slip zone, the deformation evolution of
the landslide gradually intensifies. When the shear displacement
of slip zone is 1 mm, the deformation of the landslide is mainly
manifested in the leading edge and the trailing edge, and the middle
part is almost not deformed.With the increasing shear displacement,
the friction angle and cohesion in slip zone are continuously
attenuated, and the deformation of the landslide is intensified, and
the deformation of the leading and trailing edges of the landslide
extends to the middle part. When the shear displacement reaches
30 mm, the friction angle and cohesion in slip zone are stabilized in
their respective residual states, and the landslide produces an overall
sliding.The simulation results show the deformation of the front and
trailing edges, and then extend the deformation to themiddle sliding
body, which is consistent with the deformation and failure signs of
the collapse of the trailing edge due to the steep slope and the slip
of the leading edge due to river erosion and cutting. The simulation

Frontiers in Earth Science 12 frontiersin.org

https://doi.org/10.3389/feart.2025.1650860
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Deng et al. 10.3389/feart.2025.1650860

FIGURE 13
Evolution of the maximum shear strain increment. (a) c=37.874kPa and φ=18.85°; (b) c=30.714kPa and φ=18.85°; (c) c=27.549kPa and φ=16.33°; (d)
c=26.706kPa and φ=14.96°; (e) c=26.073kPa and φ=13.94°; (f) c=23.752kPa and φ=13.41°.

FIGURE 14
Stability evolution of landslide.

results can accurately reveal the deformation evolution process of
the landslide.

Figure 13 shows the incremental evolution of shear strain
in slip zone under different deformation states of the landslide.

As shown in Figure 13, with the attenuation of friction angle
and cohesion in slip zone, the shear failure of slip zone is
gradually penetrated. The shear strain increment of slip zone has
a good correspondence with the deformation and displacement
evolution state of the landslide. When the shear displacement is
1 mm, the shear strain of slip zone is sporadically distributed
at the leading and trailing edges of the landslide, and the
shear strain in the middle of the slip zone is not penetrated,
so the leading edge of the landslide shows traction slip, and
the trailing edge of the landslide shows stacked deformation.
With the increasing shear displacement, the shear strain of the
slip zone expands from both sides to the middle, and the
landslide gradually shows a trend of gradual failure. When the
shear displacement reaches 30 mm, the shear strain is integrated
through, and the landslide manifests as overall deformation
and failure.

5.3 Evolution results of landslide dynamic
stability

The improved stability computational mechanical model and
finite element numerical calculation model were used to obtain
the dynamic stability of the landslide, respectively. Figure 14 shows
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the evolution of landslide stability as a function of displacement.
As shown in Figure 14, the stability calculated by the two models
has the same evolutionary law and the difference is small, and
both gradually decrease from peak stability to residual stability.
In the initial sliding state of the landslide, the peak stability
of the landslide is 1.25, with the increase of the landslide
displacement, the strain of slip zone begins to soften, the strength
is gradually weakened, the anti-sliding force of the landslide
gradually decreases, and the stability of the landslide gradually
decreases from the peak; when the strain softening phenomenon
of slip zone is over, the shear strength of slip zone is stable at
the respective residual strength, and the landslide is gradually
stabilized in the residual state, and the residual stability is between
1.07 and 1.08.

The residual stability of the landslide is between 1.07 and
1.08, indicating that the landslide is currently in a basically
stable state. The stability of the landslide changes from time
to time, and it is possible to slide again in the later stage of
the landslide under the induction of a combination of rainfall
infiltration, river erosion at the front edge and steep slope at the
back edge. Therefore, the trailing edge of the landslide should be
appropriately cut and the leading edge of the landslide should
be diverted. In addition, necessary measures such as monitoring
and early warning should be carried out irregularly in the
later stage, especially in the high incidence of the local rainy
season, so as to prevent large-scale landslide sliding under heavy
rainfall infiltration conditions and ensure the normal operation of
highway traffic.

In this study, the samples in slip zone soil were screened
with coarse particles, and the fine particles were retained. In its
actual state, the slip zone soil is accompanied by a large number
of coarse grains. Therefore, the shear strength of slip zone soil
tested by the ring shear test is obviously weaker than that of
the actual slip zone soil, and the calculation results of landslide
stability are also low. Therefore, the ring shear test in situ can be
carried out in order to obtain a more accurate shear strength of
slip zone soil and accurately analyze the stability evaluation of the
landslide.

6 Conclusion

In this paper, the on-site engineering geological investigation
of a high-speed subgrade landslide is carried out, the soil
samples of the slip zone are taken, the ring shear test is
carried out, and the dynamic model of the strength of the
slip zone with the change of internal friction angle and
cohesion is established by combining the Moore Coulomb
theory. Secondly, the dynamic model of sliding belt strength
was combined with the typical residual thrust method to
establish an improved computational mechanical model of
landslide stability. Finally, the finite element model of the
landslide was established by using the Geo-studio finite element
software, and the deformation evolution mechanism of the
landslide with the weakening of the friction angle and cohesion

in the slip zone was analyzed. The following conclusions
are drawn:

(1) The deformation and failure evolutionmechanism of landslide
is revealed. Through the on-site engineering geological
investigation, it is shown that the slip shows a collapse-
figure slip failure. The numerical simulation results show that
with the increase of sliding displacement, the deformation
displacement of the landslide gradually increases and expands
from the leading edge and trailing edge to the middle, and
the shear strain of the slip zone gradually penetrates from
the leading edge and the trailing edge deformation, which
is consistent with the phenomenon revealed by the field
engineering geological investigation.

(2) The results of the attenuation of the shear strength of the slip
belt are obtained. The friction angle in the soil in the slip
zone shows a law with the attenuation of the logistic model,
and the cohesion force shows a law with the attenuation of
the power function model. The strength of the sliding belt
gradually decreases in the middle and the front and back
edges, and the strength of the sliding belt is the highest at
119.4 m, and the distribution on both sides of the front and
trailing edges decreases gradually. With the evolution of the
landslide displacement, the strength values of each slip zone
show strain softening, and finally stabilize at their respective
residual strengths.

(3) The evolution results of landslide dynamic stability were
evaluated. With the increase of landslide displacement, the
stability of the landslide gradually decreases from the peak
stability to the law of their respective residual stability, and
the difference between the stability calculated by the two
mechanical models is small.
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