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Water and Hydropower Engineering Investigation, Design and Research, Kunming, China

Landslides and geological disasters occur frequently in themountainous areas of
northwest China, seriously threatening people’s life and property of the region.
In this study, we investigated the Lijie Beishan landslide as a typical case and
combines the results of on-site geological surveys to conduct two-dimensional
and three-dimensional numerical simulations of the landslide, evaluating its
stability under self-weight, rainfall, and earthquake action. By analyzing the
generalized shear strain, displacement, and stability coefficient of the landslide,
it is determined that the stability of the landslide shows a decreasing trend under
static, rainfall, and earthquake conditions. Landslides exhibit tension controlled
failure modes under normal static and rainfall conditions, and translational
failure modes under earthquake conditions. Compared with static and rainfall
conditions, landslides have the largest volume and sliding distance under
earthquake conditions. By combining the transfer coefficient method and the
simplified Bishopmethod, a comparative analysis was conducted on the stability
of the landslide. It was found that the stability coefficients under different
working conditions were consistent with the simulation results, which verified
the reliability of the simulation results. The research results of this paperwill assist
in clarifying the development mechanism of this type of landslides and provide
valuable references for the stability evaluation of landslides in the northwest
mountainous areas.
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1 Introduction

Landslide hazards are characterized by sudden occurrences and complex causes,
resulting in extensive devastation and harm (Tian And Lan, 2023; Flentje And Chowdhury,
2018; Wang et al., 2018; Huang et al., 2024a). Landslides not only destroy land
resources and engineering structures, but also lead to catastrophic mountain collapses
(Luo et al., 2021; Shah et al., 2023; Huang et al., 2024b). It has been studied that the key
triggering factors of landslide include rainfall (Bogaard and Greco, 2018; Conte et al.,
2022) and seismic (Chen et al., 2021; Chang et al., 2023). Generally, the stability of

Frontiers in Earth Science 01 frontiersin.org

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2024.1470083
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2024.1470083&domain=pdf&date_stamp=2024-09-12
mailto:demonzhangyg@163.com
mailto:demonzhangyg@163.com
mailto:geozl2024@126.com
mailto:geozl2024@126.com
https://doi.org/10.3389/feart.2024.1470083
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/feart.2024.1470083/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1470083/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1470083/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1470083/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1470083/full
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Yang et al. 10.3389/feart.2024.1470083

FIGURE 1
Location and field situation of Lijie Beishan landslide.

slopemay change under the action of the above factors, even leading
to the occurrence of landslide.

Over the last decades, threemain research approaches to address
the slope stability and landslide failure mechanisms, i.e., analog,
coefficient transfer, and numerical simulation, are well-accepted and
extensively applied. Due to a limited number of tests and the adverse
impact of subjective factors, the analog method, which manipulates
geological or mathematical models to build the stability analysis,
demonstrates an unmitigated flaw in accurate representation of
actual strength parameters (Süzen and Kaya, 2012; Tsangaratos
and Benardos, 2014; Lombardo and Mai, 2018; Huang et al., 2024c;
Huang et al., 2024d). To further investigate the stability state of
the slope under different rainfall conditions, Ye et al. (2018) built

a 1:100 scale analog model that was verified with field survey
results, and they identified three kinetic stages of sand slope,
i.e., dry sand, wet sand, and water-sand flow. Besides, the limit
equilibrium method is a well-established approach for engineering
applications to analyze slope stability (Bi et al., 2012; Xiao, 2019;
Zhang et al., 2021), and it can accurately calculate the stability of
landslides under clear geological conditions. Gao et al. (Gao Y. et al.,
2023)used the transfer coefficient method to evaluate the landslide
stability. The calculated results showed the slope is unstable under
rainstorm, which is agree with the numerical simulation results. In
recent years, the high-performance computing techniques and the
numerical simulation method allow for the visual observation of
deformation and stress distribution in the potential sliding area of
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FIGURE 2
Field investigation photos of Lijie Beishan landslide (A) Cracks at the rear edge of H1-1 landslide; (B) Cracks of H1-2 landslide; (C) Cracks in the forest on
the east side of the H2 landslide; (D) The leading edge of H6 landslide; (E) The H4 landslide surface has slipped; (F) The rear wall of H5 landslide.

the slope through model analysis (Jiao et al., 2013; Zhou et al., 2019;
Zhang et al., 2020), and they have been widely employed in slope
stability analysis to investigate the failure mechanism of landslides.
By constructing a well-designed numerical model and analyzing
stress concentration within the landslide body, it is possible to infer
the position of sliding surface and the degree of deformation, thus
providing further verification of the stability status of landslide
deposit. Therein, many advanced numerical techniques have been
emerged to predict the run-out distance and the evolution of
landslide, such as the smoothed particle hydrodynamics method
(SPH) (Tayyebi et al., 2022; Gao L. et al., 2023), the material point
method (MPM) (Troncone et al., 2023; Troncone et al., 2022), and
the coupled Eulerian-Lagrangianmethod (CEL) (Wang et al., 2021),
etc. To incorporate the influence of moisture content into landslide
stability analysis, Liu and Su (2023) proposed a new simulated
approach considering the influence of moisture content. An
USDFLD subrountine of ABAQUS program was used to evaluate
the landslide stability of Azhuoluo slope. The results indicated
that this proposed double strength discounting method reflected
major features of landslide instability. Meanwhile, Ma et al. (2021)
proposed a novel approach for seismic landslide stability analysis
and numerical simulation to investigate the effect of earthquakes on
landslide stability. Therein, the explicit finite element method was
utilized to study the stability and failure process of a 2D landslide
model based on the ABAQUS platform. The simulated factor

of safety and sliding distance of the landslide under earthquake
condition indicated that dynamic-mechanical properties and the
ground motion response were the critical influencing factor for
seismic landslide stability.

However, when analyzing the stability of landslides, the research
methods used were single, and the reliability of stability evaluation
was low in the past. This paper will use two-dimensional and three-
dimensional numerical simulations, transfer coefficient method,
and simplified Bishop’s method (Xiao, 2019) to comprehensively
analyze the stability of Lijie Beishan landslide under self-weight,
rainfall, and earthquake, explore the failure mechanism of the
landslide, and develop a quantitative evaluation plan for landslide
stability. This study will contribute to improving the comprehensive
evaluation method of landslide disasters in the mountainous areas
of Northwest China, and provide theoretical references for the
investigation of landslides induced by rainfall and earthquakes.

2 Overview of the Lijie Beishan
landslides

2.1 Geological background

The research area located in Zhouqu county, Longnan city
of China, is one of the regions in most severely affected by
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FIGURE 3
Comparison between theoretical prediction and experimental data of the dynamic stress-strain relationship of the loess. (A) Theoretical prediction (B)
Experimental results.

TABLE 1 Mechanical parameters of the soil in landslide zone.

Type Index Condition Real values Experimental values

Loess

γ (kN/m3)
Dry 17.1 17.5

Saturated — 19.5

c (kPa)
Dry 33 17.1

Saturated 16 --

φ (°)
Dry 32 22.8

Saturated 31 —

Landslide debris soil

γ (kN/m3)
Dry 15.6 14.9

Saturated — 18.4

c (kPa)
Dry 28 8.9

Saturated 13 —

φ (°)
Dry 33 19.6

Saturated 33 —

Bed rock Elastomer

TABLE 2 Design response spectrum for site bedrock.

Exceeding probability βm T0 T1 Tg C

100 2% 2.5 0.04 0.1 0.60 1.0

landslides. The most typical geological hazards in this area is
the Lijie Beishan landslide, which is located in a heavily uplifted
region of Neogene period and it’s six sliding behaviors were

recorded between 1997 and 2018 (Liu et al., 2024). This study
area is near the active fault zone of the Bailong river and has
experienced frequent geological tectonic activities (see Figure 1).
Field surveys demonstrate that the landslide area is located
in the middle and upper parts of Beishan mountains, with a
rear elevation of 2,547 m and a front elevation of 1742 m. It
consists of a complex landslide system that includes a previous
landslide that has been deformed, an ancient landslide body,
an active landslide body currently exhibiting deformation and
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FIGURE 4
Landslide geological model, material partition, and meshing, (A) Stratigraphic division: 1-1’ profile of the landslide, (B) Meshing: 1-1’ profile of the
landslide, (C)The geological model: 1-1’ profile of H1.

damage, and a potential landslide area showing clear signs of
deformation prior to the complete penetration of the slip surface.
The landslide can be divided into seven blocks based on its
deformation characteristics, rock layer distribution, topographical
conditions, and sliding direction (Figure 1). The top layer of
the landslide primarily consists of the H1 area of the old
landslide, which includes the range of the old landslide as
well as the H1-1 and H1-2 landslides where clear deformation
signs are apparent. However, complete sliding has not taken
place. The secondary landslides primarily belong to the H2-H7
landslides, which are characterized by significant deformation
and a larger area of influence. Each landslide exhibits distinct
characteristics and intricate interrelationships. This landslide has
an ongoing high probability of reactivation and seriously threatens
the people’s lives and property in Beishan village and Lijie town in
this region.

2.2 The triggering factors of landslide

The study area is situated in the Zhouqu-Wudu seismic subzone,
which is known for its intense tectonic movements. The presence
of steep mountains and well-developed river valleys in the region
suggests a long-term uplift process and multiple tectonic events.
More importantly, on the many accumulation zones generated by
landslides in the fault region during their process of development
(Qi et al., 2021), as shown in Figure 1. Also, occurrences of
landslides in this area are primarily influenced by major faults,
which have played a crucial role in the formation of ancient
landslides. Consequently, fault activity leads to the slope’s rock and
soil disintegration and the formation of minor folds and secondary
faults. The intersection of various faulting and folding orientations
further exacerbates the fragmentation of rock formations, which
create favorable conditions for the occurrence of geological hazards.
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FIGURE 5
Meshing of the 3D landslide.

The large amount of stockpils found in the field survey confirms
that this landslide should be categorized as a deposit landslide, as
shown in Figure 2. The upper layer of the slope comprises loose
gravelly soil with exposed rock and soil, enabling the infiltration
and flow of surface water. In contrast, the lower layer consists
of fractured shale debris that is significantly influenced by fault
structures and sliding disturbances. This lower layer is highly
fragmented and possesses poor engineering properties, which
makes it highly susceptible to sliding. The lithology of these
formations plays a crucial role in the initiation and progression
of landslides. The landslide has underwent long-term creep.
Local villagers have extensively engaged in slope cutting for
road construction, house building, and land reclamation, with
unregulated discharge of domestic sewage. This continuous erosion
causes an increasing collapse area on the gully edge, leading to
loss of support and subsequent collapse of the upper block. As
residential areas and structures continuously evolve, the locations
prone to instability and sliding also change. Meanwhile, human
impact on the ecological environment is an important factor
in inducing landslides along with engineering construction.
Inappropriate land use is another reason for the increased
impact of landslide disasters (Qi et al., 2021). The deformation
traces of landslides investigated in recent years are shown
in Figure 2.

3 Numerical analysis of landslide
stability

This paper uses two-dimensional (2D) and three-
dimensional (3D) numerical simulation methods to study
the stability of landslides under static conditions, rainfall
conditions, and seismic conditions, as well as the displacement
changes after sliding. The two-dimensional simulation mainly
analyzed the main sliding profile 1-1, while the three-
dimensional simulation analyzed the overall failure mode of the
landslide.

3.1 Principles of numerical simulation
calculation

This study uses the finite element software ABAQUS for
computational analysis. The model adopts the Hardin-Drnevich
backbone loading curve model, which is able to predict the
relationship between the dynamic modulus and the damping ratio
of soil with dynamic strain. The dynamic shear modulus and the
damping ratio of soil can be expressed as functions of dynamic shear
strain, as the following Equations 1, 2:

G
Gmax
= 1

(1+ g
gref
)

(1)

G
Gmax
=
( γ
γref
)

(1+ γ
γref
)

(2)

where G and Gmax are the dynamic and initial shear moduli of the
soil,D andDmax are the damping ratio and its maximum value of the
soil, γ is the dynamic shear strain of the soil, and γre f is the reference
shear strain (γre f = τmax/Gmax). Generally, γ is taken in a generalized
shear strain form, which relates the shear modulus and the damping
ratio of the soil to the generalized shear strain during dynamic
processes. Based on viscoelastic theory, a viscoelastic constitutive
model is constructed by the parallel combination of damping and
spring elements (Zhu et al., 2021), as the following Equation 3:

{
{
{

σii = Kεv + 2Gεii + ηK ̇εv + 2ηG ̇εii
σij = 2Gεij + 2ηG ̇εij

, (i, j = 1…3, i ≠ j) (3)

whereK andG are the bulk and shearmoduli of the soil, respectively.
ηG = GD/π f, ηK = GD/π f, ηG and ηK are the dynamic viscosity
coefficients during shear and volumetric deformations, respectively,
f is the natural frequency of the structure. A program for calculating
the dynamic constitutive relationship of the loess is developed using
the Visual Fortran language, and the model is imported into the
ABAQUS finite element calculation software using the VUMAT
subroutine interface.

To validate the applicability of this model, a four-node reduced-
integration element is employed to calculate the shear stress-strain
relationship of the element, which is then compared with the
experimental test data of the loess and the crushed rock soil of
the Beishan landslide body. The top horizontal degree of freedom
of the element is constrained, and a sinusoidal acceleration time
history curve (peak acceleration of 0.04 g) is applied horizontally
at the bottom of the element. Note that the above parameters were
determined by the authors after extensive experiments based on the
trial-error method. The loess has a maximum shear stiffness Gmax =
29.2 MPa, a maximum damping ratio Dmax = 0.159, and a reference
shear strain γre f = 0.03. It can be seen that the dynamic constitutive
model of the loess established based on the Hardin-Drnevich
backbone loading curve can effectively simulate the stress-strain
relationship with hysteresis loop shape of the soil subjected to cyclic
loads (cyclic loading-unloading process), as shown in Figure 3.

The strength reduction method determines the factor of safety
(Fs) by reducing the shear strength parameters, which can be
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FIGURE 6
Results for the landslide in a critical sliding state and after landslide sliding failure (Fs = 1.03). (A) Generalized shear strain for the landslide in a critical
sliding state (B) Displacement for the landslide in a critical sliding state (C) Generalized shear strain after landslide sliding failure (Fs = 1.03) (D)
Displacement after landslide sliding failure (Fs = 1.03).

expressed as the following Equation 4:

c f =
c

SRF
,φ f = arctan(

tan φ
SRF
) (4)

where c and φ are the original cohesion and internal friction angle
of the slope soil, respectively, c f and φ f are the cohesion and internal
friction angle of the slope soil after reduction, respectively, and SRF
is the strength reduction factor.

The reduction coefficient for a sudden increase in slope
displacement (the inflection point of the relationship curve between
the reduction coefficient and the maximum displacement of the
slope) is determined as the Fs, and the corresponding maximum
displacement is regarded as the sliding failure displacement of
landslide instability.

The comprehensive trial calculation is based on the qualitative
evaluation of deformation characteristics of the landslide and the
stability state of the current situation. Considering the change
in physical and mechanical properties of the rock and soil in
the landslide area, the inversion formula can be expressed as the

following Equations 5, 6:

c =
Fs∑Wi sin αi − tan f∑Wi cos αi

L
(5)

φ = arctg(
Fs∑Wi sin θi − cL

∑Wi sin θi
) (6)

where φ is the internal friction angle of the soil in sliding zone (°), C
is cohesion of the soil in sliding zone (kPa), Fs is the factor of safety
given according to the calculation condition, L is the total length of
the sliding zone (m).

The height of the slope is 1,060 m with a landslide ratio of 1:2.
The calculation parameters of the landslide soil are: Elastic modulus
E = 100 MPa, Poisson’s ratio v = 0.25, and the influence of dilation
angle is not considered.The static load step Gravity (static, General)
is defined, and the gravitational acceleration g = 9.81m/s2 is applied.

The simulations are conducted based on normal static, rainfall,
and seismic conditions. The static condition only considers the self-
weight, while the rainfall condition considers the influence of self-
weight, strength weakening, and saturated capacity. Since the soil is
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FIGURE 7
Displacement during the landslide failure process. (A) 25 s (B) 40 s (C) 60 s.

nearly saturated after rainwater infiltration, the matric suction and
the shear strength of the soil decreases. Therefore, the soil strength
parameters are reduced by 5% based on empirical experience, and
the rainfall conditions are calculated and analyzed. The seismic
condition considers the influence of gravity and seismic acceleration,
where the seismic waves are artificial synthetic seismic waves. The
bedrock peak acceleration with a 100-year exceedance probability
of 2% is used.

3.2 Numerical models and operating
conditions

3.2.1 2D numerical simulation
First, the rainfall and seismic conditions are given. 1) Under

heavy rainfall condition, the superficial cover layer of the slope is
calculated based on the saturated unit weight (the cover layer is fully
saturated). Since the soil is nearly saturated after rainfall infiltration,
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TABLE 3 Inversion value of strength parameters of landslide soil.

Type Index Experimental values Inversion values

Loess
c (kPa) 17.1 17.0

φ (°) 22.8 23.4

Completely weathered limestone residual layer
c (kPa) — 3.5

φ (°) — 28.0

Stone
c (kPa) — 10.0

φ (°) — 31.2

Bed rock Elastomer

FIGURE 8
The curve of horizontal displacement (A) and variation of horizontal velocity (B) of the sliding body during the landslide process.

thematric suction decreases, leading to a reduction in shear strength
(Cheng et al., 2024). Based on the strength reduction method (Liu
and Su, 2023) and previous research experience (Siahkouhi et al.,
2024; Mirnyy and Sidorov, 2016; Lizhong et al., 2024), the soil
strength parameters are reduced by 5% for calculation and analysis
(Sarkar and Chakraborty, 2021).The relativemechanical parameters
obtained from previous field investigations and laboratory tests
are summarized in Table 1. Note that the above parameters are
obtained and calculated in strict accordance with the relevant
experiment standards (https://www.astm.org/). (2) Under seismic
condition, artificial synthetic seismic waves are used. The peak

ground acceleration of rock with a 2% exceedance probability in a
100-year return period is used to obtain the dynamic amplification
factor β(T) as the following Equation 7:

β(T) =

{{{{{{{{{{
{{{{{{{{{{
{

1, T ≤ T0

1+ (βm − 1)
T−T0

T1 −T0
, T0 ≤ T ≤ T1

βm, T1 ≤ T ≤ Tg

βm(
Tg

T
)
c

, Tg ≤ T ≤ 6.0

(7)
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FIGURE 9
Results for the landslide in a critical sliding state and after landslide sliding failure (Fs = 0.95). (A) Generalized shear strain for the landslide in a critical
sliding state (B) Displacement for the landslide in a critical sliding state (C) Generalized shear strain after landslide sliding failure (Fs = 0.95) (D)
Displacement after landslide sliding failure (Fs = 0.95).

where T is the response spectrum period, βm is the maximum
value of the response spectrum, Tg is the characteristic
period of the response spectrum, C is the response spectrum
attenuation coefficient, and the maximum value of the seismic
influence coefficient is amax = 0.92. The characteristic parameters
are listed in Table 2.

Thereafter, the above parameters are used to study the
deformation stability and failure process of the landslide under
normal static, rainfall, and seismic conditions. A 2D plane strain
method is adopted to evaluate and analyze the landslide. The
landslide body adopts reduced integration elements (C3D8R), with
a total of 7,712 nodes and 3,722 elements, as shown in Figure 4.
The seismic waves are input from the bottom and sides of the
landslide model in both horizontal and vertical directions, and
the sides are set as non-reflective boundaries. The failure mode
and process of the landslide are analyzed using a 2D finite
element method.

3.2.2 3D numerical simulation
This section aims to analyze the basic patterns of deformation,

stability, and failure process of the landslide body under normal
static, rainfall, and seismic conditions. The landslide is analyzed
as a 2D plane strain problem, and the reduced integration

elements (C3D8R and C3D4) are employed for simulations of the
landslide body. There are a total of 283,725 nodes and 272,510
elements, as shown in Figure 5. Under seismic condition, seismic
waves are input from the bottom of the landslide model in
both the horizontal and vertical directions with non-reflecting
boundary conditions on the sides. The stability, failure mode, and
failure process of the landslide are analyzed using a 3D finite
element method. The calculation follows the sign conventions in
continuum mechanics, where stress is positive in compression
and negative in tension. Displacement is given as a composite
vector displacement (which is always positive, ignoring lateral
and vertical components). The sliding surface of the landslide
is determined based on the generalized shear strain (localized
strain region).

3.3 Results and analysis of numerical
simulation

3.3.1 2D numerical simulation
3.3.1.1 Static condition

The stability analysis results of the landslide are presented
in the form of generalized shear strain and displacement
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FIGURE 10
Displacement during the landslide failure process. (A) 25 s (B) 40 s (C) 60 s.

nephograms. The generalized shear strain reveals the potential
sliding surface of the landslide, while the displacement
determines the sliding distance of the landslide. Figures 6A, B
shows the results obtained through strength reduction analysis
when the landslide is in a critical sliding state. Figures 6C, D
presents the displacement results for determining the Fs
of the landslide (after sliding failure). Figure 7 depicts the

displacement nephograms during the landslide failure process.
Based on the field monitoring results, it is determined
that the overall H1-1 main profile is quasi-stable under
normal static condition with signs of localized deformation.
Assuming a Fs of 1.03, the strength parameters of each
soil layer are back-estimated and rounded to integers, as
shown in Table 3.
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FIGURE 11
The curve of horizontal displacement (A) and variation of horizontal velocity (B) of the sliding body during the landslide process.

The stability analysis results of the landslide are presented in
the form of generalized shear strain and displacement nephograms.
The generalized shear strain indicates the potential sliding surface
of the landslide, while the displacement contributes to determining
the sliding distance of the landslide.Thedisplacements and velocities
during the failure process are extracted to plot the displacement and
velocity transformation curves, as shown in Figure 8. The results
indicate that the sliding failure initially occurs at the rear edge of
the landslide. After the sliding failure at the rear edge, the front edge
of the landslide also starts to slide. Under normal static condition,
the maximum deformation of the landslide body is 0.78 m when the
landslide is in a critical sliding state, while that is 87 m when the
landslide is in an unstable sliding state. Therefore, a traction-type
landslide is identified for normal static condition, where the sliding
surface is predominantly along the residual layer of weathered gray
sandstone.

3.3.1.2 Rainfall condition
Figures 9A, B shows the results obtained through strength

reduction analysis when the landslide is in a critical
sliding state. Figures 9C, D shows the displacement results
for determining the Fs of the landslide (i.e., sliding failure
occurs). The results indicate that the final Fs of the landslide
under rainfall condition considering strength reduction
is 0.95.

Figure 10 shows the displacement nephograms during the
landslide failure process. The displacements and velocities during
the failure process are extracted to plot the displacement and

velocity transformation curves, as displayed in Figure 11.The results
indicate that the sliding failure initially occurs at the rear edge
of the landslide. After the sliding failure at the rear edge, the
front edge of the landslide also starts to slide. Under rainfall
condition, the maximum deformation of the landslide body is
0.33 m when the landslide is in a critical sliding state, while that
is 1,687 m when the landslide is in an unstable sliding state.
Therefore, the failure mode of the landslide under rainfall condition
is characterized as a tension-controlled type, where the sliding
surface ismainly along the weathered residual layer of the tuffaceous
limestone.

3.3.1.3 Seismic condition
Figures 12A, B illustrates the results obtained through

strength reduction analysis when the landslide is in a critical
sliding state. Figures 12C, D shows the displacement results for
determining the Fs of the landslide (i.e., sliding failure occurs).
The results indicate that the final Fs of the landslide under seismic
condition considering strength reduction is 0.93.

Figure 13 shows the displacement nephograms during the
landslide failure process under seismic condition.Thedisplacements
and velocities during the failure process are extracted to
plot the displacement and velocity transformation curves, as
depicted in Figure 14. The maximum deformation of the landslide
body is 7.64 m when the landslide is in a critical sliding state,
while that is 1764 m when the landslide is in an unstable
sliding state. Therefore, the failure mode of the landslide under
seismic condition is characterized as a translational type, with
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FIGURE 12
Results for the landslide in a critical sliding state and after landslide sliding failure (Fs = 0.93). (A) Generalized shear strain for the landslide in a critical
sliding state (B) Displacement for the landslide in a critical sliding state (C) Generalized shear strain after landslide sliding failure (Fs = 0.93) (D)
Displacement after landslide sliding failure (Fs = 0.93).

multiple sliding surfaces. It primarily slides along the weathered
residual layer of the tuffaceous limestone and the bottom of
the gravelly soil layer during the early and late stages of the
earthquake. Comparisonwith static condition and rainfall condition
shows that the maximum deformation of landslide body when
the landslide is in critical sliding state is the largest, then
rainfall condition and static condition in that order. However,
the above law does not apply in the case of a critical sliding
state.

Following this approach, the calculated extreme values of
stability for various slope profiles can be obtained under static,
rainfall, and seismic conditions, as shown in Table 4. The critical
sliding state (CS) and unstable sliding state (SF) are measured using
the maximum deformation (m) andmaximum sliding distance (m),
respectively.

3.3.2 3D numerical simulation
The final stability analysis results of the landslide under

different conditions are shown in Figures 15A–D–17A–D–––D–D,
which are presented in the form of generalized shear strain

and displacement nephograms. The results indicate that the
determined Fs values of the landslide considering strength reduction
under static, rainfall, and seismic conditions are 1.04, 0.98, and
0.96, respectively, showing a decreasing trend. As for the failure
process, the displacement results of the landslide under different
conditions are illustrated in Figures 15E–H–17E–H–––H–H.
Under normal static condition, the maximum deformation of
the landslide body is 36.1 m when the landslide is in a critical
sliding state, while that is 1,412 m when the landslide is in an
unstable sliding state. Under rainfall condition, the maximum
deformation is 53.94 m in the critical sliding state and 1,658 m
in the unstable sliding state. Under seismic condition, the
maximum deformation is 38.26 m in the critical sliding state
and 2081 m in the unstable sliding state. Comparison with
static condition and rainfall condition shows that the maximum
deformation of landslide body when the landslide is in critical
sliding state is the largest, then rainfall condition and static
condition in that order. It is interesting that the max deformation
of greatest under the rainfall condition, followed by seismic
condition and normal static condition ini that order. However,
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FIGURE 13
Displacement during the landslide failure process. (A) 25 s (B) 40 s (C) 60 s.

the above phenomenon is also confirmed by 2D numerical
simulation results, as shown in section 3.3.1. A trustworthy
explanation is that rainfall conditions change the strength

parameters of the geotechnical body of the slope, making the
slope more susceptible to deformation and sliding under rainwater
infiltration.
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FIGURE 14
The curve of horizontal displacement (A) and variation of horizontal velocity (B) of the sliding body during the landslide process.

4 Discussion

4.1 Limit equilibrium analysis of Lijie
Beishan landslides

4.1.1 Calculation methods and operating
conditions

As two significant and easily-applied approaches for slop
stability analysis (Xiao, 2019; Zhang et al., 2017), the transfer
coefficient method and the simplified Bishop method are used to
quantitatively evaluate the stability of each model under static,
rainfall, and earthquake conditions. The possible locations of shear
and the most hazardous sliding surfaces for H1, H2, H3, H4,
and H5 have been identified based on the principles of cross-
section calculation and block division, as well as the findings
from field surveys. However, it is not possible to determine the
potential locations of shear and backward sliding for H6 and H7.
Therefore, the calculated profiles are based on the automatic search
results of shear location and backward position (Jia et al., 2024;
Shi et al., 2023). There is no overlap between the different landslide
blocks, and the cross-sections are divided by considering factors
such as the terrain, block positions, and division principles, as
demonstrated in Figure 18.

The stability of colluvial landslides with broken sliding surfaces
is evaluated by the transfer coefficient method. This method is
applied to calculations of H1, H2, H3, H4, H5, and H7 , which is
expressed as the following Equations 8–12:

K =
∑n=1

i=1 ((Wi ((1− rv)cos ai −A sin ai)) tanfi + ciLi)∏
n−1
j=1 yj +Rn

∑n−1
i=1 ((Wi ( sin ai +A cos ai) +TDi)∏

n−1
j=1 yj) +Tn

(8)

whereK is the stability factor,Wi is theweight of the i-block (kN/m),
ci is the cohesion of the i-block (kPa), φi is the angle of shearing
resistance of the i-block (°), Li is the length of the i-block (m), A is
the earthquake acceleration, rv is the ratio of pore water pressure,
which is not calculated in this case because the local water content
of the sliding body has not yet formed a uniform water level.

Rn = (Wn ((1− rv) cos an−A sin an))  tan ϕn +Cn Ln (9)

Tn = (Wi(sin ai +A cos ai) +TDi) +TDn (10)

∏n−1
j=1

yj = yiyi+1yi+2⋯⋯yn+1 (11)

where yi is the transfer coefficient (j =1) when the residual sliding
force of the i-block is transferred to the (i+1)-block:

yj = cos(ai − ai+1) − sin(ai − cosi+1) tan fi (12)

The simplified Bishop method that evaluates the stability of the
colluvial landslide with a single plane or arc sliding surface is applied
to the calculation of H6, as the following Equations 13, 14:

K =
∑(Cb+W tan j) 1

mδ

∑W sin θ
(13)

mδ = cos θ+
sin θ ⋅ tan j

K
(14)

whereK is the stability factor of the residual sliding force calculation
of the whole sliding body, b is the length of the single block (m),W is
theweight of the single block (KN), θ is the angle between the gravity
line of the block and the radius of the midpoint passing through the
bottom of the block, C and φ are the cohesion and internal friction
angle, respectively, Since no groundwater is identified in the slope
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TABLE 4 Extreme values of slope stability.

Fs Condition Values Fs Condition Values

H1-1

1 1.03
CS 0.78

H4

1 1.03
CS 0.70

SF 87 SF 119

2 0.95
CS 0.33

2 0.95
CS 0.33

SF 1,687 SF 1,687

3 0.93
CS 7.64

3 0.93
CS 7.64

SF 1,764 SF 1,764

H1-2

1 0.99
CS 2.88

H5

1 1.03
CS 4.75

SF 984 SF 1,688

2 0.92
CS 0.27

2 0.95
CS 1.00

SF 1,065 SF 1,799

3 0.89
CS 1.38

3 0.93
CS 4.95

SF 1,183 SF 1,293

H2

1 0.95
CS 1.76

H6

1 1.03
CS 5.77

SF 1,428 SF 121

2 0.93
CS 1.52

2 0.95
CS 5.22

SF 1,534 SF 182

3 0.88
CS 2.56

3 0.93
CS 4.64

SF 1,519 SF 290

H3

1 0.95
CS 9.20

H7

1 1.03
CS 6.10

SF 336 SF 1,643

2 0.93
CS 1.70

2 0.95
CS 3.96

SF 1,655 SF 1,597

3 0.88
CS 7.14

3 0.93
CS 6.10

SF 1,588 SF 1,643

area, the groundwater hydrodynamic pressure is not considered in
the calculation Pwi.

Calculation conditions: 1) Self-weight, 2) Self-weight +
rainfall, and 3) Self-weight + earthquake. Rainfall intensity: the
rainfall intensity recurrence period is 100 years. Earthquake load
standard:the seismic fortification intensity in Zhouqu County is 8°,
the design basic seismic acceleration is 0.20 g, and the design seismic
group is the third group. Furthermore, After analyzing the test
results of the current samples, parameters of samples collected from
neighboring sites, and combining them with the back-calculation of
the physical andmechanical parameters of the soil under the current

conditions, the calculated values are used as the comprehensive
values for the soil investigation of this study, as shown in Table 5.

4.1.2 Results of stability analysis
The stability factor value used to determine the stability state of

landslide are the most crucial factor that prompted several authors
to use it to classify the slope stability and evaluate the landslide
disasters (Kamal et al., 2023; Huang et al., 2018). The stability state
of landslides can be classified into four categories based on the
stability factor. K < 1.00, 1.0 ≤ K < 1.05, 1.05 ≤ K < 1.15, and K ≥
1.15 indicates that the slope is unstable, slightly stable, essentially
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FIGURE 15
Generalized shear strain and displacement in the critical sliding state and the sliding failure state under static condition (the Fs is 1.04), and
displacement during the landslide failure process under static condition. (A) is the generalized shear strain in the critical sliding state under static
condition. (B) is the displacement in the critical sliding state under static condition. (C) is the generalized shear strain in the sliding failure state under
static condition. (D) is the displacement in the sliding failure state under static condition. (E–H) is the displacement during the landslide failure process
under static condition of 10 s, 20 s, 30 s and 50 s respectively.
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FIGURE 16
Generalized shear strain and displacement in the critical sliding state and the sliding failure state under rainfall condition (the Fs is 0.98), and
displacement during the landslide failure process under rainfall condition (A) is the generalized shear strain in the critical sliding state under rainfall
condition. (B) is the displacement in the critical sliding state under rainfall condition. (C) is the generalized shear strain in the sliding failure state under
rainfall condition. (D) is the displacement in the sliding failure state under rainfall condition. (E–H) is the displacement during the landslide failure
process under rainfall condition of 10 s, 20 s, 30 s, and 50 s respectively.
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FIGURE 17
Generalized shear strain and displacement in the critical sliding state and the sliding failure state under seismic condition (the Fs is 0.96), and
displacement during the landslide failure process under seismic condition (A) is the generalized shear strain in the critical sliding state under seismic
condition. (B) is the displacement in the critical sliding state under seismic condition. (C) is the generalized shear strain in the sliding failure state under
seismic condition. (D) is the displacement in the sliding failure state under seismic condition. (E–H) are the displacement during the landslide failure
process under seismic condition of 10 s, 20 s, 30 s, and 50 s respectively.
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TABLE 5 Calculated values of the soil in landslide sliding zone.

Type Index Condition Recommended value Applicability

Aeolian loess (Q3
eol)

Gravity γ (kN/m3)
Dry 17.5

H6

Saturated 19.5

Cohesion c (kPa)
Dry 16.9

Saturated 16.4

Angle of shearing resistance φ (°)
Dry 22.7

Saturated 21.6

Gravel silty soil (Q4
2del)

Gravity γ (kN/m3)
Dry 15.6

H1, H4

Saturated 19.0

Cohesion c (kPa)
Dry 13.1

Saturated 12.7

Angle of shearing resistance φ (°)
Dry 19

Saturated 18.7

Clay-containing gravel soil (Q4
1del)

Gravity γ (kN/m3)
Dry 14.9

H1, H2, H3, H4

Saturated 18.4

Cohesion c (kPa)
Dry 10.1, 13.1

Saturated 9.7, 12.5

Angle of shearing resistance φ (°)
Dry 30.9, 24.9

Saturated 30.1, 24.4

Residual slope gravel soil (Q4
2del)

Gravity γ (kN/m3)
Dry 16.9

H5, H7

Saturated 18.4

Cohesion c (kPa)
Dry 5.0

Saturated 4.7

Angle of shearing resistance φ (°)
Dry 29.3

Saturated 28.4

stable, and stable, respectively. Based on the back-calculated soil
parameters, typical profiles corresponding to each landslide body are
selected for stability calculations. The results are listed in Table 6.

4.2 The difference between limit
equilibrium method and numerical
simulation method

The safety factor calculation results of the transfer coefficient
method and numerical simulation method both show that the

landslide is in an unstable state. The comparison of slope safety
factors under the three working conditions is shown in Figure 19.
From Figure 19, it can be seen that the safety factor calculation
results of the twomethods are basically consistent, with a calculation
error of less than 0.5. The transfer coefficient method is used to
calculate the sliding surface given by the on-site investigation results,
while the finite element method is used to calculate the landslide
terrain and material strength. The calculation principles of the
two methods are different, which leads to subtle differences in the
division of sliding surfaces and the calculation results of safety
factors. In conclusion, the landslide exhibits a tension-controlled
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TABLE 6 Stability results of the landslide.

Type Calculation
conditions

Stability
factor

Stability
condition

Type Calculation
conditions

Stability
factor

Stability
condition

H1-1

1 1.003 Understable

H4

1 0.983 Unstable

2 0.936 Unstable 2 0.904 Unstable

3 0.88 Unstable 3 0.886 Unstable

H1-2

1 1.026 Understable

H5

1 1.001 Understable

2 0.927 Unstable 2 0.920 Unstable

3 0.897 Unstable 3 0.922 Unstable

H2

1 0.998 Unstable

H6

1 1.077 Quasi-stable

2 0.942 Unstable 2 0.971 Unstable

3 0.921 Unstable 3 0.991 Unstable

H3

1 1.001 Understable

H7

1 1.058 Quasi-stable

2 0.920 Unstable 2 0.966 Unstable

3 0.922 Unstable 3 0.973 Unstable

failure mode under normal static and rainfall conditions, while it
exhibits a translational failure mode under seismic condition. The
above results are in good agreement with the findings of the field
survey. As shown in Figure 19, there are visible tensile cracks at
the trailing edge of the landslide. Also, it is interesting that the
shaking table tests carried by Feng et al. (2024). Indicated that the
slope exhibits less stability and many cracks after rainfall, and the
development of cracks and the potential sliding surfaces of landslide
remained consistent under the seismic condition. It exhibits a
translational failure mode controlled by the seismic condition.More
importantly, the Fs is the lowest under seismic condition, indicating
a higher susceptibility to instability during seismic. Under seismic
condition, the landslide has two sliding surfaces along the interface
between the loess and the weathered residual layer and the interface
between the gravelly soil layer and the bedrock. The landslide has
the largest volume and the largest sliding distance under seismic
condition compared to the other two conditions.The above findings
are in good agreement with the findings of Yunus et al. (2023)’s
study, which built the scaling relationship to determine the volume
of landslide based on pre- and post- event LiDAR elevation models
for 2018 Hokkaido-lburi seimic epicentral region. Similar results
have been demonstrated by Valagussa et al. (2021) and Wang et al.
(2023). The calculation results of the two methods in this article
show high consistency, and the above two methods show that the
landslide is in an unstable state.

4.3 Comprehensive evaluation of stability

The investigation of the landslide indicates that it has undergone
years of creep deformation. The local rainstorm and domestic

water have a great impact on the landslide. The interaction
between continuous precipitation and drainage erosion and human
engineering activities is intensifying the deformation of the
landslide. The current trend is in an unstable state. Under extreme
climatic conditions such as rainstorm, the landslide is in an unstable
state as a whole, whichmay lead to overall shear slip. Meanwhile, the
results obtained from the coefficient transfer method and numerical
modeling are also in good accordance with the findings of field
observation. These two approaches employed in combination with
traditional tools and filed investigations, as well as the relationship
among the findings from the above methods, are helpful for probing
the stability state of the slope under the rainfall and seismic
conditions (Xu et al., 2018). Hence, Comprehensive evaluation of
slope stability under complex conditions can be attempted by
considering the advantages of multiple methods and combining
them to form a comprehensive evaluation method to reveal the
stability of landslides and predict the intensity of landslide hazards.

5 Conclusion

In this study, we presented a comprehensive evaluation of Lijie
Beishan landslide based on slope stability analysis and numerical
simulation under static, rainfall, and seismic conditions. 2D and 3D
numerical modelling were used to reproduce the failure process of
this landslide. The coefficient transfer method and the simplified
Bishop method are used for verification analysis.

The old landslide (H1) and secondary landslide (H2-7) are
spread throughout the Lijie Beishan landslide region. Progressively
increasing rainwater, intense tectonic movements driven by the
Zhouqu – Wudu seismic subzone and high-intensity human
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FIGURE 18
Cross-sections for quantitative evaluation of landslide stability. (A) Sliding surface position of H1-1 profile. (B) The sliding surface position of H1-2
profile. (C) Position of sliding surface of H2 profile. (D) The sliding surface position of H3 profile. (E) The sliding surface position of H4 profile. (F) Sliding
surface position of H5 profile. (G) Sliding surface position of H6 profile. (H) The sliding surface position of H7 profile.

engineering activities (e.g., road construction, buildings, drainage
ditches) are the key factor that triggered the landslide disaster.

The 2D numerical simulation results indicate that Fs of landslide
considering strength reduction under static, rainfall, and seismic
conditions are 1.04, 0.98, and 0.96. The maximum deformation for
the critical sliding state and the unstable sliding state is 36.1 m
and 1,412 m, 53.94 m and 1,658 m, 38.26 m and 2081 m. The 3D
numerical simulation results indicate that final Fs of landslide under
normal static, rainfall and seismic conditions is 1.03, 0.95 and
0.93 for Lijie Beishan landslide, respectively. The landslide will be
unstable sliding state when the maximum deformation of landslide
body reaches 87 m, 1,687 m and 1764 m. The calculation results of

The coefficient transfer method and the simplified Bishop method
are consistent with the numerical simulation results.

Lijie Beishan landslide exhibits a tension-controlled failure
mode under normal static and rainfall conditions, while it
exhibits a translational failure mode under seismic condition.
The landslide has the largest volume and the largest sliding
distance under seismic condition compared to the other two
conditions.

With increased geologic and human engineering activities, the
area may create more unstable slopes in the future under the
influence of climatic factors such as precipitation. Although the
stability of the landslide was well evaluated with the help of the
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FIGURE 19
Comparison of safety factor calculation results. (A) Calculation conditions 1 (B) Calculation conditions 2 (C) Calculation conditions 3.

method proposed in this paper, and then limited by the complex
and variable geological conditions and the limitations of various
methods. In the future, it is necessary to comprehensively consider
the advantages of a variety of methods, and combine them to form
a comprehensive evaluation method for revealing the stability of
landslides and predicting the intensity of landslide disasters, which
can try to comprehensively evaluate the stability of slopes under
complex conditions.
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