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Abstract

Large landslides can involve the multiple failures of regional slopes. To understand the
effect of lateral thrust caused by the failure of one slope on its surroundings, the failures of
two adjacent highway slopes in Guangdong Province, China, were investigated in detail.
The interactive failure processes and landslide morphological characteristics of the two
slopes were first analyzed based on the on-site investigation. Then, a plane mechanical
model of a large-scale slope was established to evaluate the significant influence of the
lateral thrust generated by the west slope acting on the east excavated slope. Furthermore,
the extrusion effect of the west slope was modelled under the alternate excavation
disturbance and rainfall by transferring the thrust forces onto the interface elements, and
the induced failure mechanism and instability mode of the east slope under lateral thrust
were reproduced numerically. The results show that the compression-shear failure occurred
at the middle and rear slope bodies because of the lateral thrust, which led to the formation
of a thrust landslide and the final instability of the east slope.

Keywords Slope failure - Lateral thrust - Multiple failures - Excavation - Rainfall

1 Introduction

Large-scale landslides with multiple slope failures generally involve large area, wide
range, complex terrain, multi-level sliding surfaces and directions. It is always difficult
to determine the depth and range of sliding masses, causing great challenges in slope
designing, monitoring, landslide early warning and mitigation. These large-scale slopes
over the height of 100 m have been encountered in mountainous regions (Xie et al. 2020;
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Tao et al. 2021; Tu et al. 2020). Because of the great gravitational potential energy, the
large-scale landslides can cause massive economic losses and casualties (Zhang et al.
2017; Cui et al. 2018; Ji et al. 2020; Guo et al. 2020). In recent years, the research on
large-scale landslide can be divided into two categories. The first is to predict the future
deformation and assess the landslide risk of a slope with potential instability possibility
based on geological structure, displacement and landform. According to different technical
means, this category can be divided into: (1) geological structure analysis, i.e., the
landslide direction and distance are predicted by the strike and length of the fault zone
(Qi et al. 2021; Zhao et al. 2019; Liang et al. 2022); (2) remote sensing surveying and
mapping, i.e., the slope surface deformation and landform at different stages are compared
to determine whether there is landslide risk, and to estimate the possible damage area (Liu
et al. 2021a, b; Ma et al. 2021; Burrows et al. 2019; Takada and Motono 2020; Guo et al.
2021); (3) artificial intelligence (Al), i.e., according to displacement, stress and other data,
the emerging Al technologies are used to established the related model to predict the slope
stability, such as machine learning and artificial neural network (Liang et al. 2014; Gong
2021; Palau et al. 2022); (4) weight analysis, i.e., the evaluation model considering factors
such as slope height and gradient is built to qualitatively assess the risk level of slope
failure (Roman 2021; Xu et al. 2021; Zhang et al. 2020; Gu et al. 2021). Generally, the
failure mechanism cannot be directly included in the first category of research, and its main
purpose is to avoid or reduce the impact of landslide. The second is aimed on clarifying
the mechanical mechanism of slope failure. Some researchers have inversed the movement
process of landslides and analyzed the dynamic mechanism of landslides according to
the observed information, such as movement speed and accumulation thickness (Gong
and Tang 2017; Gong et al. 2018; Huang et al. 2022; Zhuang et al. 2022; Gong et al.
2024). Meanwhile, the critical advances have been achieved in terms of describing the
deformation and failure characteristics by field investigation and analyzing the causes and
mechanical behaviors by the indoor test of sliding-zone soil (Li et al. 2021; Wang et al.
2022a, 2022b; Feng et al. 2022; Chen et al. 2022). However, the trigger mechanisms of
large landslides that involve the multiple failures of regional slopes under complicated
anthropogenic and environmental factors remain unclear.

During progressive landslide, the local soil mass is generally first destroyed, and
a plastic zone may form. Then, the rest parts of the slope are pulled or pushed to make
the shear zone expand, finally leading to slope instability (Darban et al. 2019; Bastian
et al. 2021; Du et al 2021). Before a large landslide, there are often precursors such as
accelerated deformation (Xing et al. 2021), terrain and landform change (Ortufio et al.
2017), crack propagation (Luo et al. 2019), and micro-seismic event gathering (Xie
et al. 2022), which indicate that a large landslide has a specific breeding and evolution
process. In terms of space, since the soils at the sliding surface will experience elastic
stress, elastic—plastic stress, critical stress and post-failure stress, the slope can also be
divided into the stable zone, unstable zone, critical zone and unstable zone (Lu et al.
2021). In terms of time, with the reduction of the factor of safety, the slope will enter the
creep, extrusion, sliding and severe sliding deformation stages successively (Wang et al.
2017). The expansion of unstable zone and the change of slope deformation require the
continuous action of a single trigger factor or the coupling action of multiple trigger
factors. Especially, excavation and rainfall represent the two main causes of slope failure
worldwide (Lopez et al. 2020; Yu et al. 2021; Troncone et al. 2022; Zhao and Zhang 2022).
The former can cause the destruction of foundation pit, mine and cutting slope, while the
latter can cause the instability of reservoir bank slope (Chandel et al. 2021; Su et al. 2022;
Liu et al. 2021a, b; Zhang et al. 2022) and dam (Hu et al. 2021; Su et al. 2021). Then, it is
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of great practical significance to carry out the mechanism research of large landslides that
involve the multiple failures of regional slopes under excavation and rainfall.

As an inevitable key process in slope engineering, the impact of excavation mainly
contains two aspects: (1) the excavation unloading can reduce the stress level and
redistributes the stress distribution (Fang et al. 2022; Yang et al. 2023). As the in-situ
horizontal stress of the soil is significantly reduced, and the gravity stress does not change,
the resulting shear stress can exceed the peak strength, leading to shear failure (Kawadas
et al. 2020; Yu et al. 2021); (2) the excavation exposes the stratum and forms a free face,
which causes the slope to lose effective mechanical support and the toe to be damaged
due to stress concentration (Stark et al. 2005; Robert 2017; Li et al. 2020). The damaged
toe gradually pulls the upper soil mass and finally causes the slope instability (Yang et al.
2022; Zhang et al. 2018). In addition, excavation disturbance will cause rebound effect,
leading to rapid deterioration of rock and soil mass quality. Zhu and Huang (2019) found
that the cohesive force of the soil sample under unloading condition was significantly
reduced. The redistribution of slope stress field caused by excavation will make the soil
show the strain softening characteristics and promote the development of landslide
(Sabatini and Finno 1996).

Compared with the human engineering activities, the impact of rainfall on slopes
has been observed for a longer history. According to the statistics of ancient landslides
worldwide (Panek 2019), the landslides in the late Pleistocene ice age were dormant. After
entering the Holocene, with the climate becoming warm and humid, the landslides in the
mountains, tropical and coastal areas were revived and activated. From the microscopic
perspective, the pore network between rock and soil particles serves as a pathway for
rainfall infiltration and flow. When rainfall infiltrates rock and soil, it creates both high
saturation areas with high hydraulic pressure and low saturation areas with low hydraulic
pressure. Under pressure difference, rainfall flows from high saturation areas to low
saturation areas through pore channels until the pressure on both sides is equal (Song et al.
2024; Kong et al. 2021, 2022). From the macroscopic perspective, there are generally two
ways of rainfall infiltration into slope: (1) for exposed artificial or natural slopes filled by
geo-materials with low permeability coefficient, rainfall can infiltrate into the shallow
area near slope top and surface, and the middle and lower parts are often not saturated
(Tang et al. 2020; Paronuzzi and Bolla 2023; Dolojan et al. 2023; Tozato et al. 2022); (2)
for slopes filled by geo-materials with high permeability coefficient and shallow buried
groundwater, atmospheric precipitation can supplement groundwater, causing saturation in
the middle and lower parts of a slope, while the upper part is in an unsaturated state (Song
and Tan 2020; Tang et al. 2015).

The influence of the two rainfall infiltration modes on slope has similarities and
differences. The main similarities include: (1) rainfall can reduce the matrix suction of
unsaturated soil and produce a transient saturated zone, softening the rock and soil mass
(Fredlund and Lim 1994; Oh and Lu 2015); (2) infiltrated rainfall can increase the unit
weight of geo-materials, make the sliding moment greater than the anti-sliding moment,
and cause slope instability (Qiu et al. 2022; He et al. 2022); (3) the rainfall can increase
the pore water pressure and reduce the effective stress, thus weakening the shear strength
of rock and soil mass (Bishop 1959). The main differences include: (1) for the shallow
infiltration type, the rainfall on the slope surface will erode the toe, causing the loss of
effective lower support for stabilizing the slope. The rainfall near the slope top will gather
inner the tension cracks, forming hydrostatic pressure and squeezing the rock and soil mass
(Yang et al. 2019; Shi et al. 2012); (2) for the water-level supplement type, the formation
or rise of groundwater level will reduce the friction resistance of the middle rock and soil

@ Springer



10810 Natural Hazards (2024) 120:10807-10833

mass along the bedrock surface (Yang et al. 2018; Li and Ju 2016), causing deep landslides.
Besides, the seepage force generated by rainfall infiltration can cause soil piping (Wang
et al. 2021; Saada et al. 2012), and the dry—wet cycle effect by rainfall and evaporation will
cause the deterioration damage of geo-materials and reduce the long-term stability of slope
(Xu et al. 2022).

Furthermore, the failure mechanism of a slope under the alternate excavation and rainfall
is worthy of attention. In slope engineering, the excavation disturbance will result in the
formation of bare slope, and the unloading-induced rebound effect will cause the initiation
and propagation of cracks inside the slope, providing many effective infiltration channels
for rainfall (Li et al. 2020; Shi et al. 2021). Hence, the subsequent infiltrated rainfall will
further promote the development of cracks, drive the sliding surface to expand, and quickly
transform the deformation localization into landslide (Yan et al. 2019). Under the action of
the excavation +rainfall disaster chain, large slopes often slide in the form of multi-level
and multi-region failures (Fan et al. 2018; Deng et al. 2021). After the instability of a single
regional slope, the failed slope will experience lateral expansion and shear dislocation
with its adjacent slopes. The generated extra force may induce further sliding and failure
of its adjacent regional slope. This has been confirmed by the related geological structure
analysis (Omeru et al. 2015), remote sensing mapping (Aslan et al. 2021; Qu et al. 2021;
Zhang et al. 2016; Jiang et al. 2022), multi-temporal landslide inventory analysis (Lin et al.
2022), deformation monitoring and laboratory tests (Schulz et al. 2018). However, the
influence mechanism of lateral thrust generated by regional slope failure on adjacent slopes
is still unclear.

In this study, the large slope engineering affected by the excavation +rainfall disaster
chain in Guangdong, China as was investigated comprehensively. Through the geologic
survey and on-site investigation, the squeezing effect of the regional slope failure on
the adjacent slope was analyzed, and the interactive failure processes and landslide
morphological characteristics of the two sub-slopes were discussed. Then, after the back
calculation of the saturated shear strength parameters, the extrusion effect of the west
slope was simulated numerically under the alternate excavation disturbance and rainfall
by transferring the thrust forces onto the interface elements. Finally, the failure mechanism
and instability mode of the east slope under lateral thrust were studied.

2 Overview of the highway slope
2.1 Basic characteristics

The K112+4210-K112+630 large-scale slope of the highway construction project in
Guangdong Province, China, has a natural slope angle of 17°-23°. The slope is high in the
north and low in the south, as shown in Fig. 1a. The elevation of the northern mountain
top is about 355 m, and the lowest elevation of the southern highway is 270 m. The slope
area is located at the southeastern edge of the South China Plate, and generally presents
syncline structures, as shown in Fig. 1b. Due to the intense tectonic movement, the occur-
rence of rock formations has undergone significant change, with observed local wrinkling.
According to the measurement at the bedrock outcrop, the attitudes of the rock strata in
the southern and northern part are 205-250°£215-53° and 200-230°£19-61°, respectively,
which are unfavorable for slope stability.
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" Front collapse+overall sl Overall slope failure

Fig. 1 Remote sensing images of the K112+210-K112+ 630 highway slope: a side view and b front view
and geological division

The slope is divided into two sub-slopes by a large gully develops in the middle as
illustrated by the yellow line in Fig. 1b. The gully first extends from the rear to the shoulder
of the slope, and then turns westward to the slope toe, dividing the large slope into two sub-
slopes. The plane shape of the west K158 +520-630 slope is pentagon, with an inclination
of 213°. The front excavated toe is 40 m high with the slope ratio of 1:1-1:1.25. The east
K158 +210-520 slope is boot-shaped with the slope inclination of 180°. The maximum
height of the excavated toe is 31 m, with the slope ratio of 1:1-1:1.5.

2.2 Landslide process and characteristics

The construction of the west and east slopes began in December 2015, and the excavation
and slope protection were completed in April and May 2016, respectively. Several heavy
rainfalls occurred in the slope area from July to October 2016. On December 11, 2016
the local failure of the west slope happened. The rear masses moved downward for 2 m,
causing the exposure of the landslide bed, as shown in Fig. 2a. Then, the excavated slope
collapsed, the mortar rubbles were wrapped in the sliding masses and covered the road
and lower mountains, and the shear outlet appeared at the slope toe, as shown in Fig. 2b.
On December 13, 2016, the east slope largely deformed, a large amount of through cracks

Fig.2 On-site investigation of the landslide area: a landslide bed, b shear outlet, ¢ steep scarp and d uplift
of road surface
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appeared 150-220 m behind the slope shoulder, with a width of 10-100 cm. Meanwhile,
the soil near the landslide boundary was clearly staggered, forming a steep scarp with a
maximum height of about 1.1 m, as shown in Fig. 2c. Later, the front sliding body moved
downwards and buried nearly half of the road. The road near the landslide has a 40 cm
uplift, as shown in Fig. 2d.

According to the on-site investigation, the sliding direction of the two sub-slopes were
consistent with the inclinations. Based on the slope deformation, the whole large slope can
be divided into I-V zones, as shown in Fig. 2e. Zone I was the main sliding area of the
west slope, whose front and rear boundaries were the shear outlets at the slope toe and the
landslide cliff which were 180-220 m behind the slope shoulder. Zone II was the traction
deformation area, and the rock and soil mass in this zone partially deformed. Zone III was
a jointly affected zone. Clearly, the west “boot head” and the rest were affected by the
sliding deformation of Zones I and IV, respectively. The area was mainly composed of
the east excavated slope. Zone IV is the main sliding area of the east slope, including the
masses from the slope shoulder to the rear tension cracks and scarps. Zone V was the rear
edge area of the east slope, and no obvious deformation was observed.

2.3 Geological survey and analysis

In order to study the inducing factors of two landslides, the engineering geological map-
ping, geophysical prospecting and drilling exploration methods were used to comprehen-
sively investigate the sliding surface, morphological characteristics, stratum distribution
and hydrogeological condition. A total of 10 supplementary geological boreholes and 14
boreholes for groundwater level observation were implemented along the main slide lines
of two slopes. Two typical geological sections (K112+360 and K112+ 580) from west to
east are shown in Fig. 3a and b.

The drilling exploration show that the strata is layered and inclined from southeast to
northwest. The two landslide masses are composed of plain fills, sandy mudstones and car-
bonaceous shales from top to bottom, and both landslide beds are argillaceous limestones,
as shown in Fig. 4. Based on the exposed bedrocks and drilling cores, the plain fills and
argillaceous sandstones are dry and broken, as shown in Fig. 4a and b. In contrast, the
carbonaceous shales are earthy and wet. The samples of the west slope show obvious slip
marks, as shown in Fig. 4c. While the east ones show the wrinkle marks caused by com-
pression, as shown in Fig. 4d. Furthermore, the sliding surfaces of two slopes are basically
located in the middle shale layer, which are substantially consistent with the groundwater
level rise from the argillaceous limestone layer, showing the characteristics of bedding slid-
ing, as also indicated by the red lines in Fig. 3a and b.

Although both the east and west sub-slopes are subjected to bedding sliding, the diverse
deformation characteristics of the sliding zone soils demonstrate that the failure modes and
inducing mechanisms of the two landslides are different. For the west slope, based on the
sliding traces of shale drilling cores and the external inducing factors of excavation and
rainfall, it can be concluded that the failure type is traction landslide. Since the excavation
slope rate is steeper than the natural slope rate, the engineering activity creates a void
surface at the slope front, which makes the slope lose the adequate mechanical support and
provide many infiltration channels for rainfall. Rainfall replenishes the groundwater level,
causing the rise of the groundwater to the carbonaceous shale layer. This process reduce
the shear strength and effective stress of the soil and leads to a weak zone. The front sliding
mass gradually pulls the rear soils, which eventually results in the bedding sliding.
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Fig.4 The geological survey of two regional slopes: a, b the exposed sandy mudstones, ¢, d the drilling
cores of carbonaceous shales, and e the exposed strata at the surface of the west excavated slope
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In terms of the east slope, from the wrinkle marks of the shale drilling cores, it can be
seen that the soil mass at the slope front is crushed and damaged by the push of the rear
blocks, showing the typical characteristics of thrust-type landslide. According to the field
investigation, it is basically impossible for rainfall to infiltrate along the dense vegetations
at the slope top and form the hydrostatic pressure to push slope bodies. Considering the
successive failures of the east and west sub-slopes, as well as the special boot-shaped plane
of the east slope, the sliding deformation of the east slope may be caused by the squeeze
force of the west slope. Namely, the west slope was destroyed first and the generated
volume thrust at the central boundary resulted in the large deformation and final failure of
the east slope.

3 Analysis method for the lateral thrust effect
3.1 Influence of the lateral thrust

According to the slope zoning, a plane mechanical model was established to study the
influence of the west slope failure on the east slope, as shown in Fig. 5. Since Zones II and

Fig.5 Schematic diagram of the lateral thrust of local landslides
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V were located at the trailing edge without large sliding deformation, they were not taken
into calculation.

Figure 5 shows the slide directions. Along the west slope landslide direction, sliding
masses generate a thrust F,. Meanwhile, the masses extrude the sides during the movement
and produce an interface force F; perpendicular to the thrust. Based on the site investigation,
F,>F;. Therefore, the direction of the volume force F,, combined by these two forces,
should be skewed towards the direction of F, and point towards the east excavated slope.

For the Zone III, because of the "boot head’ block part of the west slope, it undertakes
the extrusion force F, by thrust F, without being affected by F;. To analyze the effect
of lateral thrust on the east slope, the coordinate system is established by regarding the
horizontal right direction as the positive x-axis direction and the slide direction of the east
slope as the positive y-axis direction. The F, is decomposed as F,, and F,,, which can be
expressed as:

F, =F,sin33° = 0.54F,
F, = F,c0s33° ~ 0.84F, )

The interface force F; is undertaken by the east main sliding Zone IV. Since there is
a 5° angle between the force and the vertical line of middle interface, the force can be
decomposed into the tangential force F; and the pressure F,. Simultaneously, when the
west slope is destroyed, the thrust F, causes the dislocation of massess along the interface
and produce a friction F, on Zone IV. F; and F, can be expressed as follows:

F,=F;cos5° ® F; 5

F, = F;sin5° ~ 0.09F, )

By the orthogonal decomposition of the three forces, the volume force acting on the
Zone IV can be expressed as follows:

Y X=F, —F, —F, =F, cos28° — (F, + F,;)sin28° ~ 0.83F, — 0.47F,
oo o 3)
Y Y =F, —F, —F; =F,sin28° + (F, + F,) cos 28° ~ 0.55F, — 0.88F,

From Egs. (1)—(3), it can be seen that the landslide thrust F, and its derivative F,, F,
have a large component along the y-axis, indicating that the east slope is mainly pushed by
F, along its sliding direction. This force is likely to cause the extrusion failure of the front
excavated slope and the imbalance of the force moment. The horizontal component of the
interface force F; is larger than its vertical ones, which mainly acts on the east main sliding
area, and cooperates with the landslide thrust to expand the damage range.

3.2 Simulation scheme

Since the landslide volume force acts on the horizontal and vertical directions, it is beneficial
to establish a three-dimensional (3D) numerical model and analyze the slope failure process
by the finite element method. Meanwhile, although it is difficult to calculate the lateral thrust
directly, the numerical technology can be applied to obtain the displacement, stress and strain
characteristics, and the strength reduction method can be used to calculate the factor of the
slope safety under certain conditions. Furthermore, two simulation schemes are proposed.
Firstly, to model the progressive failure of the entire slope area, the whole model of the
large-scale slope is established, and the stability of the entire slope area under the combined
disturbance of excavation and rainfall is analyzed. Simultaneously, for the whole model,
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after the initial geo-stress balance, only one construction stage is considered when analyzing
the instability affected by excavation and rainfall. Secondly, with the aim of understanding
the detailed deformation localization and local failures, the east and west sub-slope models
were built up individually. The contact stresses acting on the common nodes of the interface
elements are extracted when the west slope is damaged and applied to the east slope when
simulating the impact of the lateral thrust.

For the numerical models during the simulation scheme, the lateral thrust is simulated
through transmitting the stresses acting on the common nodes of the interface elements
between the two sub-slopes. In this study, the contact elements at the interface between the
two adjacent areas are the 8-node hexahedral elements. When the west slope losses its stabil-
ity, the lateral landslide thrust will be generated and transferred through the interface elements.
The suffered normal stress and the shear stresses of the interface elements are shown in Fig. 6.

Namely, through extracting the normal stress and the shear stress acting on the common
nodes when the west slope is fully damaged and applying them onto the east slope. The
simulation of lateral thrust can be realized. For the used finite element program, the
displacements of element nodes are treated as the basic unknowns, and the relationship
between element stress and strain can be expressed as:

. 1-v0 O €

Tx - £ 0 e )| yx )
YT A 4+v) -2 _ o

7. (I +v) v) 0 0 % Y.

where E is the elastic modulus; v is the Poisson’s ratio; €,, y,, and y,, are the normal strain
and shear strain, respectively. The stress is given a first-order relationship with the strain

— @

2
Interface element

Fig.6 The stress state of an 8-node regular hexahedral element
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through the elastic modulus and Poisson’s ratio, and the correlation between the element
strain and node displacement can be expressed as:

ou Jdv  du Jdv  du
&x =32 Y)cy ==+, Ve = + (5)

ox’ ox  dy ox oz

where u and v represent the displacements of the nodes along the x, y and z directions.
Namely, the element strain and stress can be determined by the first and second derivatives
of the displacements of its nodes. To simulate the influence of the west slope failure on the
east slope, it is necessary to ensure the simulated sliding deformation of the slope model
consistent with the actual situation. According to the field investigation, the rock and soil
mass was dislocated, and the pinnate cracks occurred at the interface. When the west slope
model is simulated separately, the displacement constraint will be imposed along the inter-
face. To detailed simulation process is shown in Fig. 7, and the specific steps are explained
as follows:

(1) The individual model of the east slope and the overall model including the west and
east sub-slopes are established, respectively. The Mohr—Coulomb criterion is applied
to the individual east model and the west sub-slope in the overall model. The elastic
material is assigned to the east sub-slope in the overall model, and its mesh and stratum
division are the same as the individual east model. However, the elastic modulus of
each stratum of the east sub-slope in the overall model is set to be maximum. At the
same time, the interface elements are set between the two sub-slopes.

(2) During the construction stage, the deformation of the west slope affected by external
factors in the overall model will be analyzed. The initial working condition is added
after the in-situ stress balance. Since the elastic modulus of the east sub-slope at this
state is maximum, it can be treated as a rigid body and will not affect the stability
calculation of the west slope. The interface pressure generated by the west slope failure
will not change due to the deformation of the rigid east sub-slope.

(3) The construction stage is also set for the individual east slope model, and it will be
activated at the end of the simulation of the lateral thrust. When the west slope fails,

Simulation process of overall model

When west slope

i~ Adopt Mohr-coulomb

I
material for the west E destroyed, extract the ‘
! According to the actual SlTTae SIS, End { common e eliose T
! 9 elastic material for east i ofits right boundary |
i topography and stratum of slope meshes | meshed
1 the slope area, the individual e 0 [ I
1 model of west slope and the }e======2- > B e »|
i overall model (including east ‘ t :
i and west slope) are P S —— N e —— . i Apply
| established respectively Set contact elements at { Analyze disturbances : extracted
' the interface between i onwestslope, within- i | i stress to
east and west slope { situstressbalanceat | | : gonode of

individual
model

Adopt Mohr- Use construction stage for
coulomb material for | . ... slope model and add an

the meshes of extra stage to simulate
individual model lateral thrust

Analyze the slope
stability under lateral
landslide thrust

Simulation process of individual model

Fig. 7 Three-dimensional stability analysis of the large-scale slope under lateral thrust
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the normal stress and the shear stress of the common nodes of the interface elements
will be extracted and import onto the corresponding nodes of the individual model as
the boundary condition. Note that this boundary condition is passivated during the first
few construction stages and activated in the last stage to simulate the lateral thrust on
the east slope.

In this way, the impact of the lateral landslide on east slope can be simulated effectively.
Since the rigid east sub-slope does not participate in the strength reduction calculation, the
safety factor of the west sub-slope will be calculated using the overall model. Then, the
sliding deformation of the east slope is analyzed by the individual model. Furthermore, the
lateral landslide thrust, excavation and rainfall are set as different construction stages, the
influence of each disturbance factor on the slope can be analyzed effectively. Depending
on the obtained results, the failure mechanism of the slope subjected to the varying
disturbance factors can be investigated.

3.3 Parameter back analysis
3.3.1 Back analysis of slope stability

Considering that the slope is affected by the soil arch effect (Liu et al. 2021a, b), both
schemes require the 3D numerical simulation. The range of the factor of slope safety can
be determined in advance. After the two slope failures, the geomorphology characteristics,
such as the front shear outlets and the rear tension cracks, were fully measured.
Although the sliding body formed, but there was no large-scale dumping of soil and
rock. Wang et al. (2017) summarized the corresponding relationship between the slope
deformation characteristics and the safety factors and suggested that the deformation of
the cutting slope can be divided into the creeping stage (1.05<F, <1.1), the extrusion
stage (1.02<F;<1.05), the sliding stage (0.98<F;<1.02) and the sudden slip stage
(0.95 < F;<0.98). According to their study, the safety factor of the east and west sub-slopes
is between 0.98 and 1.02. The saturated strength parameters of soils under the water level
are determined based on this safety factor range and geological data. Then, they are applied
for the subsequent simulation. If the deformation characteristics obtained by the simulation
are in good agreement with the actual slope failure, the effectiveness of the stability back
analysis will be validated.

3.3.2 Inversion of shear strength parameters

The inverse calculation of the shear strength parameters of the slope materials is based
on the limit equilibrium method (Nguyen 1984; Ishii et al. 2012; Shinoda et al. 2019).
Assuming that the slope is in the critical state, the balanced relationship between the
sliding and anti-sliding forces along the corresponding sliding surface will be used to
back-calculate the soil shear strength indices. In this study, the slope/W module of the
GeoStudio software was applied to perform the parameter inversion based on the limit
equilibrium method. To reveal the potential influence factors of the slope failure, two
geological sections (K158 4500 and K158 4 645) were selected for inversion, The Spencer
stability analysis method and the sliding surface optimization option were adopted, and the
entry and exit of the sliding surface were set according to the on-site failure characteristics.
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Meanwhile, the safety factor range (0.98 <F < 1.02) was used as the inversion target,
and the saturation density and shear strength parameters determined during the geological
survey were used as the initial values. The cohesion and internal friction angle of rock
and soil mass in the water-level changing area was reduced by a certain proportion. When
the calculated position of the critical sliding surface and the safety factor were consistent
with the field observation, the calculation was stopped, and the shear strength parameters
were recorded. Based on the geological prospecting data, the physical and mechanical
parameters of rock and soil mass are shown in Table 1.

According to the geological survey, the water-level changing areas of the K158+ 500
and K158 +645 sections contain carbonaceous shales and argillaceous limestones. Since
the argillaceous limestones did not slip, only the parameters of carbonaceous shales were
inverted. Referring to the experimental results on the saturated shear strength of carbo-
naceous shales (Zhou 2003; Liu et al. 2015), both the cohesive force and internal fric-
tion angle can be reduced by the water action, and the reduction rate of the former can be
five times higher than the latter. Based on this ratio, the shear strength parameters were
inversed, and the dichotomy concept was applied to make the calculated safety factor
approach the targeted inversion range. The final sliding surfaces obtained by the inversion
analysis are shown in Fig. 8, and the inverse saturation parameters are listed in Table 2.
When the shear strength parameters are C =25 kPa and ¢ =20.5°, the critical safety factors
obtained from the calculation of the two sections are 0.988 and 0.982, respectively, both of
which are located in the targeted inversion range. The most dangerous slip surface obtained
from the study is consistent with the field investigation. Therefore, this group of parameters
is selected for subsequent simulations.

3.4 Model establishment and calculation scenarios
3.4.1 Establishment of the 3D slope model

According to the slope topographic map, the contour data were extracted and imported
into the Surfer software to obtain the three-dimensional slope surface. Then the stratum
and water level were determined based on the geological survey, and the excavation
area was restored according to the elevation. The Midas finite element software was
used to establish the whole model of the actual large-scale slope according to the first
numerical simulation scheme. In addition, an individual mode (east slope) and an over-
all model (including the east and west sub slopes) were established according to the sec-
ond numerical simulation scheme, in which the former was assigned with Mohr—Cou-
lomb material, and the east slope of the latter was considered to be rigid, while the west

Table 1 Physical and mechanical parameters of the geo-materials

Formation Deformation ~ Poisson’s ratio  Weight (kN/m?)  Cohesive Internal
modulus (kPa) force C friction angle
(kPa) @ (°)
Plain fill 2.7x10* 0.28 20 15 15
Sandy mudstone 1.5%10° 0.31 21 29.4 19
Carbonaceous shale 6.1x10° 0.27 22 (23.5) 37 24
Argillaceous limestone 8.3 X 10° 0.29 23.5(24) 80 31
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Fig.8 The final sliding surfaces obtained by inversion analysis: a the K158+500 section and b the
K158 + 645 section

Table 2 Parameter back-calculation of saturated carbonaceous shales

Reduction ratio between  C (kPa) Q) Safety factor of Safety factor
Cand ¢ K158 4500 section of K158 4645
section
Initial parameters 37 24 1.214 1.171
5:1 32 23 1.143 1.123
27 22 1.097 1.064
25 21 1.055 1.029
22.5 20.5 1.029 1.009
20 20 0.988 0.982

slope was still assigned with the Mohr—Coulomb material. The interface elements were
set at the border between two regional slopes of the overall model. The elastic modulus
of the rigid east sub-slope was set to be maximum, and the coulomb friction model
was used for the interface element. The normal and shear stiffness modulus were set as
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1x 107 kPa and 2x 10° kPa, respectively, and the cohesion and internal friction angle
were set as 10 kPa and 5°, respectively.

The overall model and the east slope model both used eight-node hexahedral elements.
The former had 162,250 elements, while the latter had 137,748 elements. Fixed bearings
were applied to the bottom boundary (x, y, z-direction constraints), while the left and right
boundaries were supported by vertical sliding bearing (x-direction constraint). There were
no constraints in the front and back, nor at the middle interface of the overall model to
ensure that the elements can deform.

3.4.2 Excavation and rainfall analysis conditions

The rainfall infiltration was simulated by replacing the shear strength parameters of
carbonaceous shales in the area of water-level changing with saturation parameters. In
the first scheme, the simulation sequence was initial geo stress balance — combined
excavation and rainfall, the excavated soil mass and the parameters of the two regional
slopes were passivated and replaced at the same time. In the second simulation scheme,
the construction order of the individual model was initial geo stress balance — excavatio
n— rainfall — lateral thrust, and the sequence for the overall model was initial geo stress
balance — excavation — rainfall. The overall model was firstly analyzed. The normal stress
and shear stress of the common elements at the right boundary of the west slope after the
rainfall stage were extracted and imported onto the individual model as the load boundary
condition and activated during the lateral loading stage to simulate the influence of lateral
landslide thrust.

4 Results and analyses
4.1 Deformation and stress characteristics of the whole slope

According to the analysis results of the whole model, the safety factor of the large-scale
slope under the combined excavation and rainfall is 0.99, and the overall instability mode
occurs, as shown in Fig. 9. Comparing the total displacement distribution with the remote
sensing image, the simulated failure area is basically the same as the range of the observed
landslide body. The average total displacement of 1.78 m at the rear of the west slope is
also close to the 1.8 m at the same location based on the field investigation, indicating that
the numerical simulation captures the main deformation features of the slope. Furthermore,
the stress characteristics of two regional slopes are obviously different. The minimum prin-
cipal stress of the west sliding mass demonstrates the local tensile failures, while the mini-
mum principal stress at the east side shows the characteristics of extrusion deformation.
Because the overall model cannot be used to calculate the safety factors of the two regional
slopes separately, the following will analyze the sliding failure process of the east and west
slopes, respectively using the second numerical simulation scheme.

4.2 Failure process and stability of the regional slopes
Figure 10 shows the evolution process of the maximum shear strain filed of the slope. To

discuss the influence of the west slope failure on the east slope, the contours of the two
regional slopes are separated from the interface. It can be seen from Fig. 10 that the plastic
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Fig.9 Failure characteristics of the whole slope: a total displacement contour and b minimum principal
stress contour

zone along the toe to the middle of the slope firstly forms after the excavation of the west
slope. The sliding surface is located at the carbonaceous shale and upper part of argilla-
ceous sandstone. The high stresses are concentrated at the middle, back, and the excavation
surface of the slope. The front plastic zone is connected with the rear through the interface
of carbonaceous shale and argillaceous limestone, showing the feature of bedding slip.
Before the lateral thrust stage, the sliding deformation only occurs at the excavated
area of the east slope. The plastic zone at the slope front is concentrated with a small part
of the relaxation deformation zone of the soil masses near the excavation surface. In the
rainfall stage, the plastic zone extends rapidly along the interface to the middle, and the
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Fig. 10 The maximum shear strain contours of the regional slopes under different analysis conditions: the
west slope after a excavation and b rainfall; the east slope after ¢ excavation, d rainfall and e lateral thrust

high stresses are concentrated from the toe to the left side of the excavated slope. In the
lateral thrust stage, the plastic zone penetrates to the rear of the slope, and a large-scale
high-stress concentrated zone occurs in the left slope body and the lower part, and finally, a
triangular landslide body forms.

Figure 11 shows the variation of the factor of slope safety in each modeling stage. The
stability of the east and west slopes gradually decreased with the construction continuing.
The safety factor of the west slope in the rainfall stage is 0.99, which is in the targeted
range of the safety factor determined by the stability back analysis (0.98 <F,;<1.02),
and also agrees with the parameter inversion results, verifying the satisfactory accuracy
of the numerical simulation and inversion analysis. Based on the four deformation stages
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Fig. 11 The factor of slope safety under different analysis conditions

summarized by Wang et al. (2017), the stability evolution of the west and east slopes can
be concluded in Fig. 11.

4.3 Failure characteristics of the west slope

Affected by the upper thick and soft soil strata, the deformation of the west slope during
the construction period is relatively intense. Before excavation, the safety factor of the west
slope is 1.13, which is in a stable state. After excavation, its safety factor drops sharply to
1.025. The west slope directly enters the extrusion stage, forming a landslide body that
connects from the toe to the middle of the slope, as shown in Fig. 12. The excavation makes
the strata fully exposed at the leading edge of the slope, which promotes the formation of
landslide shear outlet, and also makes the slope lose the critical anti-slide part. In the rain-
fall stage, the safety factor reaches 0.99, and the slope enters the sliding stage. The rise
of groundwater level changes the original linear sliding into the bedding landslide along
the interface between carbonaceous shale and argillaceous limestone, and the failure area
expands backward. The stress concentration phenomenon occurs at the rear of the slope,
showing a typical tensile-shear failure. The simulated rear edge of the sliding body is con-
sistent with the observed tension cracks on site, and the maximum displacement of 1.93 m
in Fig. 12b basically agrees with the measured maximum value of 2 m at the trailing edges.

Figure 13 shows the normal principal stress along the x axis and the shear stress in the
xy and xy planes in rainfall stage. Regarding the coordinate system, the south represents
the positive direction of the y-axis, the east represents the positive direction of the x-axis,
and the vertical direction of the xy plane is the z axis. After the slope gets damaged, the
extreme values of the normal stress and shear stress are located in the front of the junction.
The high normal stresses in this area mainly occur at the toe of the west slope, indicating
that the landslide thrust generated by the west slope failure mainly squeezes the toe of the
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Fig. 12 Total displacement characteristics of the west slope: after a excavation and b rainfall

east slope. In the middle and rear part of the slope, there is no obvious extrusion deforma-
tion perpendicular to the interface. However, the large deformation occurs at the toe of the
east slope along the y axis because of the force component of the thrust F, along the sliding
direction, demonstrating that the thrust F, greatly promote the failure evolution of the east
slope.

4.4 Failure characteristics of the east slope

Compared with the severe sliding deformation of the west slope, the east slope shows com-
pletely different failure modes before and after the lateral thrust stage. Before excavation,
the slope is stable with a safety factor of 1.21. After excavation, the slope enters the creep
deformation stage with the safety factor decreasing to 1.073. The unloading effect causes
the large local deformation at the front of the slope, and the high tensile stress concen-
trations phenomena also appears at the slope toe. Besides, the plastic zone is completely
connected along the shallow excavated slope. The precursors of the tensile-shear failure of
the east slope tend to occur. After the rainfall, the slope enters the extrusion deformation
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Fig. 13 The stress contours of the west slope after rainfall: a normal stress along the x axial, b shear stress
in the xy plane and c¢ shear stress in the xz plane

stage, and the safety factor drops to 1.031. The rise of the groundwater level further drives
the sliding surface to expand downward. Simultaneously, the softening of the lower carbo-
naceous shale causes the complete loose of the stable foundation of the excavated slope.
Additionally, the obvious shear yield occurs at the toe of the slope due to the high shear
stress concentrations, and the whole excavation slope is therefore dragged, and the related
tensile-shear failure tends to happen. At this time, the slope shows the characteristics of
traction landslide which is similar to the west slope, as shown in Fig. 14.

In the lateral thrust stage, the safety factor of the east slope decreases to 0.997, and it
slides as a whole. Under the influence of the volume force of the west slope after its land-
slide, the east slope failure characteristics in this stage change significantly compared with
the previous situation, as shown in Fig. 15a. Firstly, it can be seen from Fig. 15b that most
of the minimum principal stresses at the sliding area are positive, and the obvious shear
stress concentrations at the rock and soil near the interface are also generated by the failure
of the west slope, indicating that the landslide force pushes the front of the slope body for-
ward and results in the typical characteristics of the thrust landslide. This failure mode is
completely different from the tensile-shear failure of the excavated slope during the excava-
tion and rainfall stages. Secondly, according to the maximum shear strain contour as shown
in Fig. 15c, the lateral thrust induces the local failures at the middle and rear parts of the
slope, and the sliding surface is penetrated from the back to the front surface, which shows
the forward-sliding mode. Besides, it is quite different from the backward progressive fail-
ure mode of the first two stages. Since the west slope cannot produce a large component
force along x direction, the lateral thrust basically leads to the sliding of the soil near the
interface. Meanwhile, although the landslide thrust directly acts on the toe of the east slope
and causes the high shear stress concentrations, the excavated slope has been essentially
destroyed during the rainfall stage. However, the thrust changes the stress state of the front
mass and promote the formation and evolution of the damage range and landslide.
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Fig. 14 The deformation and stress characteristics of the east slope: total displacement contours after a
excavation and c rainfall; minor principle stress contours after b excavation and d rainfall
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Fig. 15 Failure characteristics of the east slope under lateral thrust: a total displacement contour, b minor
principle stress contour and ¢ maximum shear stress contour
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Compared with the contours and landslide characteristics, the simulated damage area of
the east slope is basically consistent with the site. The simulated total displacement at slope
top is nearly 1 m, which is also consistent with the steep scarp with a maximum height of
nearly 1.1 m observed on site. Besides, the maximum displacement of 36 cm in the road
area agrees with the phenomenon of road uplift of 40 cm, indicating that the numerical
simulation effectively restores the slope failure process.

4.5 Failure mechanism of the slope under lateral thrust

By comparing the numerical and observed deformation and failure characteristics of the
two regional slopes, it can be found that the progressive failure process of the regional
slopes has been revealed effectively by the developed approach of ’separate simulation
and superposition analysis’. Furthermore, the failure mechanism of the east slope under
the lateral thrust has been successfully captured. According to the characteristics of
deformation localization and sliding surface, it can be proven that the lateral thrust
induces the slope to enter the sliding stage by promoting the local large deformation and
damage of the excavated slope. Namely, it is the main cause of the final failure of the
east slope. Besides, the special boot-shaped appearance of the east slope makes the toe
bear the radial and tangential components of the volume force of sliding masses, which
significantly enhances the impact of the lateral thrust on the east slope. Before being
subjected to lateral thrust, the front part of the east slope deforms due to the engineering
excavation disturbance, and the tensile-shear failure tends to occur due to the growth of
soil and rock weight and the strength weakening of geo-materials after rainfall, showing
the traction characteristics. In the lateral thrust stage, the tangential component force acting
on the interface forms a plastic zone in the middle and rear parts, causes the compression-
shear failure of the rock and soil mass in this area, and drives the front block to form a
pushing mode of landslide. The radial component force acting on the toe leads to the stress
redistribution at the front part of the excavated slope and the formation of a landslide hill.
During the whole construction period, the sliding surface firstly generates at the front and
then develops upwards, showing a backward failure mode. Later, the cracks initiate at the
slope back and propagate from back to front, showing a forward failure mode. The front
and rear sliding zones connect in the middle, resulting in the composite sliding deformation
and failure pattern containing the coupling characteristics of both traction and push.

5 Conclusions

To reveal the influence of the lateral thrust generated by the local slope failure on its
adjacent slope, a highway construction involving two regional slopes in the east and west
in Guangdong Province, China, is taken as an example. The field investigation, theoretical
analysis and numerical simulation are conducted to investigate the failure and instability
process of the east slope under the lateral thrust. The main conclusions can be obtained as
follows:

(1) Based on discretization, the lateral thrust generated by regional slope failure can be
transformed into the normal and tangential stresses on the shared nodes of the mesh
elements at the junction between the adjacent slopes. The slope stability analysis
under lateral thrust can be achieved by simulating regional slope and its adjacent
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slopes separately, and then applying stress to the boundaries. This approach allows
for the various disturbance factors on the adjacent slopes to be analyzed appropriately.
Furthermore, this method avoids the problem of being unable to determine the safety
factor of each regional slope in the overall analysis.

(2) The lateral thrust generated by regional slope instability is the combined force of the
landslide thrust along the landslide direction and the interface force perpendicular to
the direction of the landslide thrust. For the adjacent slope, lateral thrust points towards
its interior. The landslide thrust can cause dislocation of adjacent rock and soil and
generate the frictional force along the boundary interfaces, breaking the torque balance
of the adjacent slope and causing the overall landslide. The interface force directly acts
on the adjacent slope, and cooperates with the landslide thrust to expand the damage
range. When the front of the adjacent slope blocks regional slope, the landslide thrust
will squeeze the front of adjacent slope, causing the uplift of rock and soil masses.

(3) Inlarge slopes under excavation and rainfall, the traction landslide failure of a single
regional slope can transform the local deformation of its adjacent slope into overall
sliding. The squeeze and friction of the adjacent slopes caused by landslides can
result in the compression and shear failure of rock and soil, leading to the initiation of
plastic zones in the middle and rear of the slope and driving them to expand forward.
Eventually, they connect with the traction sliding surfaces caused by the excavated
slope due to tension and shear failure, forming a composite landslide with dual
characteristics of traction and push types.

Author contributions Xiang Yu: Investigation, formal analysis, data curation, writing—original draft;
Tao Zhao: funding acquisition, supervision, writing—review and editing; Bin Gong: conceptualization,
methodology, supervision, funding acquisition, writing—review and editing; Yongjun Zhang: formal
analysis, writing—review and editing; Chun’an Tang: supervision, writing—review and editing; Yu Luo:
formal analysis.

Funding The present work was financially supported by the UK Research and Innovation (UKRI), UK
(Grant No. EP/Y02754X/1), the UK Engineering and Physical Sciences Research Council (EPSRC) New
Investigator Award, UK (Grant No. EP/V028723/1) and the Collaborative Innovation Center for Prevention
and Control of Mountain Geological Hazards of Zhejiang Province, China (Grant No. IBGDP-2023-05).

Data availability The data underpinning this publication can be accessed from Brunel University London’s
data repository, Brunelfigshare here under a CCBY licence: https://doi.org/10.17633/rd.brunel.25360690.

Declarations

Competing interests The authors declare that they have no known competing financial interests or personal
relationships that could appear to influence the work reported here.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer


https://doi.org/10.17633/rd.brunel.25360690
http://creativecommons.org/licenses/by/4.0/

10830 Natural Hazards (2024) 120:10807-10833

References

Aslan G, De Michele M, Raucoules D, Bernardie S, Cakir Z (2021) Transient motion of the largest landslide
on earth, modulated by hydrological forces. Sci Rep 11:10407

Bastian VDB, Lombardo L, Ma CY, van Westen CJ, Jetten V (2021) Physically-based catchment-scale pre-
diction of slope failure volume and geometry. Eng Geol 284:105942

Bishop AW (1959) The principle of effective stress. Tecknisk Ukeblad 106(39):859-863

Burrows K, Walters RJ, Milledge D, Spaans K, Densmore AL (2019) A new method for large-scale land-
slide classification from satellite radar. Remote Sens 11(3):237

Chandel A, Singh M, Thakur V (2021) Retrogressive failure of reservoir rim sandy slopes induced by
steady-state seepage condition. Indian Geotech J 51:705-718

Chen TT, Foulger GR, Tang CA, Mathias SA, Gong B (2022) Numerical investigation on origin and evolu-
tion of polygonal cracks on rock surfaces. Eng Geol 311:106913

Cui SH, Pei XJ, Huang RQ (2018) Effects of geological and tectonic characteristics on the earthquake-
triggered Daguangbao landslide, China. Landslides 15:649-667

Darban R, Damiano E, Minardo A, Olivares L, Picarelli L, Zeni L (2019) An experimental investigation on
the progressive failure of unsaturated granular slopes. Geosciences 9(2):63

Deng H, Zhong CY, Wu L, Tu GX (2021) Process analysis of causes of Luanshigang landslide in the Dadu
River, China. Environ Earth Sci 80:737

Dolojan NLJ, Moriguchi S, Hashimoto M, Tinh NX, Tanaka H, Terada K (2023) Hydrologic-geotechnical
modelling of shallow landslide and flood hazards caused by heavy rainfall. Eng Geol 323:107184

Du Y, Yan E, Gao X, Mwizerwa S, Yuan LW (2021) Identification of the main control factors and failure
modes for the failure of Baiyuzui landslide control project. Geotech Geol Eng 39:3499-3516

Fan W, Wei YN, Deng LS (2018) Failure modes and mechanisms of shallow debris landslides using an arti-
ficial rainfall model experiment on Qin-ba mountain. Int J Geomech 18(3):04017157

Fang K, Miao MH, Tang HM, Dong A, Jia SX, An PJ, Zhang BC, Tu JM (2022) Model test on deformation
and failure behaviour of arching-type slope under excavation condition. Eng Geol 302:106628

Feng XH, Gong B, Cheng XF, Zhang HH, Tang CA (2022) Anisotropy and microcrack-induced failure pre-
cursor of shales under dynamic splitting. Geomat Nat Haz Risk 13(1):2864-2889

Fredlund DG, Lim PC (1994) Matrix suction and diffusive transport in centrifuge models: discussion. Can
Geotech J 32(1):178-180

Jiang WY, Chen G, Meng XM, Jin JC, Zhao Y, Lin LX, Li YJ, Zhang Y (2022) Probabilistic rainfall thresh-
old of landslides in Data-Scarce mountainous Areas: a case study of the Bailong River Basin, China.
CATENA 213:106190

Gong B, Tang C (2017) Slope-slide simulation with discontinuous deformation and displacement analysis.
Int J Geomech 17(5):E4016017

Gong B, Wang S, Sloan WS, Sheng D, Tang C (2018) Modelling coastal cliff recession based on the GIM-
DDD method. Rock Mech Rock Eng 51:1077-1095

Gong B (2021) Study of PLSR-BP model for stability assessment of loess slope based on particle swarm
optimization. Sci Rep 11:17888

Gong B, Zhao T, Thusyanthan I, Tang C (2024) Modelling rock fracturing by a novel implicit continuous to
discontinuous method. Comput Geotech 166:106035

Gu ZK, Yao X, Yao CC, Li CG (2021) Mapping of geomorphic dynamic parameters for analysis of landslide
hazards: a case of Yangbi river basin on the upper Lancang-Mekong of China. J Mt Sci 18:2402-2411

Guo C, Yan Y, Zhang Y, Zhang X, Zheng Y, Li X (2021) Study on the creep-sliding mechanism of the giant
Xiongba ancient landslide based on the SBAS-InSAR method, Tibetan Plateau, China. Remote Sens
13(17):3365

Guo ZZ, Chen LX, Yin KL, Shrestha DP, Zhang L (2020) Quantitative risk assessment of slow-moving
landslides from the viewpoint of decision-making: a case study of the Three Gorges Reservoir in
China. Eng Geol 273:105667

He F, Tan SC, Liu HJ (2022) Mechanism of rainfall induced landslides in Yunnan Province using multi-
scale spatiotemporal analysis and remote sensing interpretation. Microprocess Microsy 90:104502

Hu W, Xin CL, Li Y, Zheng YS, van Asch TWJ, McSaveney M (2021) Instrumented flume tests on the fail-
ure and fluidization of tailings dams induced by rainfall infiltration. Eng Geol 294:106401

Huang C, Sun YH, An Y, Shi CQ, Feng C, Liu QQ, Yang XF, Wang XL (2022) Three-dimensional simula-
tions of large-scale long run-out landslides with a GPU-accelerated elasto-plastic SPH model. Eng
Anal Boundary Elem 145:132-148

Ishii Y, Ota K, Kuraoka S, Tsunaki R (2012) Evaluation of slope stability by finite element method using
observed displacement of landslide. Landslides 9(3):335-348

@ Springer



Natural Hazards (2024) 120:10807-10833 10831

Ji SP, Yu DW, Shen CY, Li WL, Xu Q (2020) Landslide detection from an open satellite imagery and
digital elevation model dataset using attention boosted convolutional neural networks. Landslides
17:1337-1352

Kavvadas M, Roumpos C, Schilizzi P (2020) Stability of deep excavation slopes in continuous surface lig-
nite mining systems. Geotech Geol Eng 38:791-812

Kong L, Ranjith PG, Li BQY (2021) Fluid-driven micro-cracking behaviour of crystalline rock using a cou-
pled hydro-grain-based discrete element method. Int J Rock Mech Min Sci 144:104766

Kong L, Ranjith PG, Li BQY, Song YQ (2022) Rock grain-scale mechanical properties influencing hydrau-
lic fracturing using Hydro-GBM approach. Eng Fract Mech 262:108227

Li G, Wang K, Gong B, Tao ZG, Du K (2021) A multi-temporal series high-accuracy numerical manifold
method for transient thermoelastic fracture problems. Int J Solids Struct 230-231:111151

Li LQ, Ju NP (2016) Effect of the inclined weak interlayers on the rainfall response of a bedded rock slope.
J Mt Sci 13:1663-1674

Li Q, Wang YM, Zhang KB, Yu H, Tao ZY (2020) Field investigation and numerical study of a siltstone
slope instability induced by excavation and rainfall. Landslides 17(b):1485-1499

Li Y, Zhang Y, Meng X, Chen G, Zeng R, Yue D, Guo F, Dai S, Su X, Liu W, Liang Y, Wang A (2021)
Analysis the activity characteristics of the giant landslide in active tectonic fault zone: a case study of
Daxiaowan landslide in Bailong River Basin. J Lanzhou Univ (Nat Sci) 57(03):360-368

Liang Z, Gong B, Tang C, Zhang Y, Ma T (2014) Displacement back analysis for a high slope of the
Dagangshan hydroelectric power station based on BP neural network and particle swarm optimiza-
tion. Sci World J 2014:741323

Liang C, Zhang H, Wang T (2022) Red clay/mudstone distribution, properties and loess—mudstone land-
slides in the Loess Plateau, China. Environ Earth Sci 81:386

Lin LX, Chen G, Wei S, Jin JC, Wu J, Huang FC, Chong Y, Meng Y, Li YJ, Zhang Y (2022) Spatiotemporal
evolution pattern and driving mechanisms of landslides in the Wenchuan earthquake-affected region:
a case study in the Bailong River basin, China. Remote Sens 14(10):2339

Liu XJ, Zhao CY, Zhang Q, Lu Z, Li ZH, Yang CS, Zhu W, Zeng JL, Chen LQ, Liu CJ (2021a) Integra-
tion of Sentinel-1 and ALOS/PALSAR-2 SAR datasets for mapping active landslides along the Jinsha
River corridor, China. Eng Geol 284:106033

Liu XX, Dai Y, Chen XY, Xu ZP (2015) Stability analysis of cutting slope with carbonaceous shale weak
interlayer. J Hunan Univ Arts Sci (Sci Technol) 27(04):69-74

Liu Z, Yan Z, Wang XG, Li JW, Qiu ZH (2021b) Effect of the inclined pile-soil arch in a soil landslide rein-
forced with anti-sliding piles. Nat Hazards 106:2227-2249

Lépez VI, Ezquerro P, Ferndndez MJA, Béjar-Pizarro M, Monserrat O, Barra A, Blanco P, Garcia-Robles
J, Filatov A, Garcia-Davalillo JC, Sarro R, Mulas J, Mateos RM, Azaiién JM, Galve JP, Herrera
G (2020) Remote analysis of an open-pit slope failure: Las Cruces case study, Spain. Landslides
17:2173-2188

LuY, Liu G, Cui K, Zheng J (2021) Mechanism and stability analysis of deformation failure of a slope. Adv
Civ Eng 2021:8949846

Luo J, Pei XJ, Evans SG, Huang RQ (2019) Mechanics of the earthquake-induced Hongshiyan landslide in
the 2014 Mw 6.2 Ludian earthquake, Yunnan, China. Eng Geol 251:197-213

Ma S, Qiu H, Hu S, Yang DD, Liu ZJ (2021) Characteristics and geomorphology change detection analysis
of the Jiangdingya landslide on July 12, 2018, China. Landslides 18:383-396

Nguyen VU (1984) Back calculations of slope failures by the secant method. Geotechnique 34(3):423-427

Oh S, Lu N (2015) Slope stability analysis under unsaturated conditions: case studies of rainfall-induced
failure of cut slopes. Eng Geol 184:96-103

Omeru T, Joseph A, Multistage C (2015) Progressive slope failure in the Pleistocene pro-deltaic slope of the
West Nile Delta (Eastern Mediterranean). Mar Geol 362:76-92

Ortuiilo M, Guinau M, Calvet J, Furdada G, Bordonau J, Ruiz A, Camafort M (2017) Potential of airborne
LiDAR data analysis to detect subtle landforms of slope failure: Portainé, Central Pyrenees. Geomor-
phology 295:364-382

Palau RM, Berenguer M, Hiirlimann M, Sempere TD (2022) Application of a fuzzy verification framework
for the evaluation of a regional-scale landslide early warning system during the January 2020 Gloria
storm in Catalonia (NE Spain). Landslides 19:1599-1616

Paronuzzi P, Bolla A (2023) Rainfall infiltration and slope stability of alpine colluvial terraces subject to
storms (NE Italy). Eng Geol 323:107199

Panek T (2019) Landslides and quaternary climate changes-the state of the art. Earth Sci Rev 196:102871

Qi TJ, Meng XM, Qing F, Zhao Y, Shi W, Chen G, Zhang Y, Li Y, Yue D, Su X, Guo F, Zeng R, Dijkstra
T (2021) Distribution and characteristics of large landslides in a fault zone: a case study of the NE
Qinghai-Tibet Plateau. Geomorphology 379:107592

@ Springer



10832 Natural Hazards (2024) 120:10807-10833

Qiu X, Li J, Jiang HB, Ou J, Ma JQ (2022) Evolution of the transient saturated zone and stability analysis of
slopes under rainfall conditions. KSCE J Civ Eng 26:1618-1631

Qu FH, Qiu HJ, Sun HS, Tang MG (2021) Post-failure landslide change detection and analysis using optical
satellite Sentinel-2 images. Landslides 18:447-455

Robert DJ (2017) A modified Mohr-Coulomb model to simulate the behavior of pipelines in unsaturated
soils. Comput Geotech 91:146—160

Roman QA (2021) Landslide risk index map at the municipal scale for Costa Rica. Int J Disaster Risk
Reduct 56:102144

Saada Z, Maghous S, Garnier D (2012) Stability analysis of rock slopes subjected to seepage forces using
the modified Hoek—Brown criterion. Int J] Rock Mech Min Sci 55:45-54

Sabatini PJ, Finno RJ (1996) Effect of consolidation on strain localization of soft clays. Comput Geotech
18(4):311-339

Schulz WH, Smith JB, Wang G, Jiang Y, Roering JJ (2018) Clayey landslide initiation and acceleration
strongly modulated by soil swelling. Geophys Res Lett 45:1888-1896

Shi G, Yang X, Chen W, Chen H, Zhang JC, Tao ZG (2021) Characteristics of failure area and failure
mechanism of a landslide in Yingjiang County, Yunnan, China. Landslides 18:721-735

Shi ZH, Fang NF, Wu FZ, Wang L, Yue BJ, Wu GL (2012) Soil erosion processes and sediment sorting
associated with transport mechanisms on steep slopes. J Hydrol 454-455:123-130

Shinoda M, Miyata Y, Kurokawa U, Kondo K (2019) Regional landslide susceptibility following the
2016 Kumamoto earthquake using back-calculated geomaterial strength parameters. Landslides
16(8):1497-1516

Song XH, Tan Y (2020) Experimental study on failure of temporary earthen slope triggered by intense
rainfall. Eng Fail Anal 116:104718

Song YQ, Zhang DC, Ranjith PG, Zhou ZQ, Wu BL, Kong L et al (2024) A comprehensive study of
fines migration in internally unstable natural gas hydrate reservoirs. Powder Technol 433:119193

Stark TD, Arellano WD, Hillman RP, Hughes RM, Joyal N, Hillebrandt D (2005) Effect of toe excava-
tion on a deep bedrock landslide. J Perform Constr Facil 19(3):244-255

Su ZY, Chen GY, Meng Y (2021) Study on seepage characteristics and stability of Core Dam under
the combined action of the variation of reservoir water level and rainfall. Geotech Geol Eng
39:193-211

Su ZY, Wang YK, Zhang H (2022) Deterministic and uncertainty analysis of a reservoir slope stability
and failure mechanism under combined action of multi-hazards. Geotech Geol Eng 40:2187-2199

Takada Y, Motono G (2020) Spatiotemporal behavior of a large-scale landslide at Mt. Onnebetsu-dake,
Japan, detected by three L-band SAR satellites. Earth Planets Space 72:131

Tang J, Taro U, Huang D, Xie J, Tao S (2020) Physical model experiments on water infiltration and fail-
ure modes in multi-layered slopes under heavy rainfall. Appl Sci 10(10):3458

Tang YM, Xue Q, Li ZG, Feng W (2015) Three modes of rainfall infiltration inducing loess landslide.
Nat Hazards 79:137-150

Tao Z, Liu Y, Zhu C, Shi G, Sun Y (2021) Comprehensive engineering geological analysis on large-
scale anti-dip slopes: a case study of Changshanhao opencast gold mine in China. Geotech Geol
Eng 39:1181-1200

Tozato K, Dolojan NLJ, Touge Y, Kure S, Moriguchi S, Kawagoe S, Kazama S, Terada K (2022) Limit
equilibrium method-based 3D slope stability analysis for wide area considering influence of rain-
fall. Eng Geol 308:106808

Troncone A, Pugliese L, Conte E (2022) Analysis of an excavation-induced landslide in stiff clay using
the material point method. Eng Geol 296:106479

Tu G, Deng H, Shang Q, Zhang Y, Luo X (2020) Deep-seated large-scale toppling failure: a case study
of the Lancang slope in southwest China. Rock Mech Rock Eng 53:3417-3432

Wang H, Wang XD, Pan J (2017) A case study of super-high cut slope I: simulation and analysis of
instability mechanism of slopes. Chin J Rock Mech Eng 4:125-135

Wang ST, Yang XL, Huang F, Pan QJ (2021) Three-dimensional upper-bound analysis of rock slopes
subjected to seepage forces based on Hoek—Brown failure criterion. Comput Geotech 138:104310

Wang Y, Gong B, Zhang Y, Yang X, Tang C (2022a) Progressive fracture behavior and acoustic emis-
sion release of CJBs affected by joint distance ratio. Mathematics 10:4149

Wang Y, Gong B, Tang CA (2022b) Numerical investigation on anisotropy and shape effect of mechani-
cal properties of columnar jointed basalts containing transverse joints. Rock Mech Rock Eng
55:7191-7222

Xie Q, Wu Z, He C, Dong J, Cao Z, Liang L (2020) Dynamic response and mechanical deformation
properties of the soil cutting slope under train cyclic loads. Arab J Geosci 13:618

@ Springer



Natural Hazards (2024) 120:10807-10833 10833

Xie Q, Wu Z, Ban Y, Fu X, Cao ZL, Sun WC (2022) The experimental investigation on progressive
deformation of shear slip surface based on acoustic emission measurements. Arab J Sci Eng
47:5125-5138

Xing H, Zhang H, Liu LL, Yao DX (2021) Comprehensive monitoring of talus slope deformation and
displacement back analysis of mechanical parameters based on back-propagation neural network.
Landslides 18:1889-1907

Xu B, Liu X, Zhou XH, Guo XY, Wang Y, Huang JH, Liu J, Xiong F, Zhang J (2022) Investigation on
the dynamic cumulative damage mechanism and stability of bedding rock slope under the deterio-
ration of rock mass in the hydro-fluctuation belt. Bull Eng Geol Env 81:332

Xu WJ, Xu Q, Liu GY, Xu HY (2021) A novel parameter inversion method for an improved DEM simu-
lation of a river damming process by a large-scale landslide. Eng Geol 293:106282

Yan GQ, Yin YP, Huang BL, Zhang ZH, Zhu SN (2019) Formation mechanism and characteristics of the
Jinjiling landslide in Wushan in the three Gorges Reservoir region, China. Landslides 16:2087-2101

Yang B, Wang WL, Guo MM, Guo WZ, Wang WX, Kang HL, Zhao M, Chen ZX (2019) Soil erosion of
unpaved loess roads subjected to an extreme rainstorm event: a case study of the Jiuyuangou water-
shed on the Loess Plateau. J Mt Sci 16:1396-1407

Yang J, Fan P, Wang M, Li J, Dong L (2023) Experimental study on the irreversible displacement evolution
and energy dissipation characteristics of disturbance instability of regular joints. Deep Undergr Sci
Eng 2(1):20-26

Yu X, Gong B, Tang C (2021) Study of the slope deformation characteristics and landslide mechanisms
under alternating excavation and rainfall disturbance. Bull Eng Geol Env 80:7171-7191

Yang YC, Xing HG, Yang XG, Chen ML, Zhou JW (2018) Experimental study on the dynamic response
and stability of bedding rock slopes with weak interlayers under heavy rainfall. Environ Earth Sci
77:433

Yang Z, Fan X, Yang Y, Hou KP, Chen XG, Mi YP (2022) Deformation patterns and failure mechanism of
high and steep stratified rock slopes with upper steep and lower gentle style induced by step-by-step
excavations. Environ Earth Sci 81:229

Zhang SL, Zhu ZH, Qi SC, Hu YX, Du Q, Zhou JW (2018) Deformation process and mechanism analyses
for a planar sliding in the Mayanpo massive bedding rock slope at the Xiangjiaba Hydropower Sta-
tion. Landslides 15:2061-2073

Zhang WG, Wu JH, Gu X, Han L, Wang L (2022) Probabilistic stability analysis of embankment slopes con-
sidering the spatial variability of soil properties and seismic randomness. J Mt Sci 19(5):1464-1474

Zhang Y, Meng X, Chen G, Qiao L, Zeng RQ, Chang J (2016) Detection of geohazards in the Bailong River
Basin using synthetic aperture radar interferometry. Landslides 13:1273-1284

Zhang ZL, Wang T, Wu SR, Tang HM, Liang CY (2017) The role of seismic triggering in a deep-seated
mudstone landslide, China: historical reconstruction and mechanism analysis. Eng Geol 226:122—135

Zhang ZL, Wang T, Wu SR (2020) Distribution and features of landslides in the Tianshui Basin, Northwest
China. J Mt Sci 17:686-708

Zhao B, Wang Y, Chen M, Luo YH, Liang RF, Li J (2019) Typical characteristics of large-scale landslides
in the transition belt between the Qinghai-Tibet Plateau and the Loess Plateau. Arab J Geosci 12:470

Zhao YY, Zhang G (2022) Centrifuge modeling of soil slopes overlying bedrock under excavation condi-
tions. Soils Found 60:886-897

Zhou YY (2003) Test study on shear strength parameters of rock mass of dam foundation of Shapotou
Hydraulic Project. Rock Soil Mech 24(S1):240-241

Zhu TT, Huang D (2019) Experimental investigation of the shear mechanical behavior of sandstone under
unloading normal stress. Int J Rock Mech Min Sci 114:186-194

Zhuang JQ, Jia KC, Zhan JW, Zhu Y, Zhang CL, Kong JX, Du CH, Wang SB, Cao YB, Peng JB (2022)
Scenario simulation of the geohazard dynamic process of large-scale landslides: a case study of the
Xiaomojiu landslide along the Jinsha River. Nat Hazards 112:1337-1357

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer



	The effect of lateral thrust on the progressive slope failure under excavation and rainfall conditions
	Abstract
	1 Introduction
	2 Overview of the highway slope
	2.1 Basic characteristics
	2.2 Landslide process and characteristics
	2.3 Geological survey and analysis

	3 Analysis method for the lateral thrust effect
	3.1 Influence of the lateral thrust
	3.2 Simulation scheme
	3.3 Parameter back analysis
	3.3.1 Back analysis of slope stability
	3.3.2 Inversion of shear strength parameters

	3.4 Model establishment and calculation scenarios
	3.4.1 Establishment of the 3D slope model
	3.4.2 Excavation and rainfall analysis conditions


	4 Results and analyses
	4.1 Deformation and stress characteristics of the whole slope
	4.2 Failure process and stability of the regional slopes
	4.3 Failure characteristics of the west slope
	4.4 Failure characteristics of the east slope
	4.5 Failure mechanism of the slope under lateral thrust

	5 Conclusions
	References




