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A B S T R A C T   

Slope is susceptible to rainfall-induced failure after being damaged by earthquake. In this study, the seepage and 
deformation of unsaturated slope during post-earthquake rainfall were investigated using the finite element 
method. Shaking-induced plastic modulus reduction dependent on deviatoric strain and shaking-induced 
permeability change dependent on volumetric strain were considered in the modeling of slope response to the 
following rainfall; the damage concept was adopted to describe shaking-induced cracks and assess the impact of 
surface cracks on permeability enhancement and strength reduction. Then, numerical modeling of the hydro- 
mechanical response of slope to rainfall was performed with the updated model. Analysis showed that earth-
quake significantly affected the slip surface of slope subjected to the following rainfall since soil with reduced 
shear modulus further deformed, causing a more severe landslide, whereas the influence of earthquake-induced 
permeability reduction was not great; earthquake-induced damage should be incorporated in the analysis of 
slope response to rainfall since it altered landslide characteristics. Analysis was generally consistent with 
centrifuge experiments based on the discussions of pore water pressure, stress path, slope deformation, and soil 
displacement in simulations and experiments. The coupled hydro-mechanical analysis with the proposed 
modeling methods could evaluate the response of unsaturated slope to post-earthquake rainfall.   

1. Introduction 

Rainfall-induced landslide is among the most common disasters in 
the world (Petley, 2012; Froude and Petley, 2018) and has become the 
subject of intensive research in the past decades. A considerable amount 
of literature has been published on the topic. Typical studies consist of 
the evaluation of the slope failure mechanisms under different condi-
tions (Moriwaki et al., 2004; Take et al., 2004; Wang and Sassa, 2001; 
Wang et al., 2021), modeling of the effect of vegetation on slope stability 
during rainfall (Ng et al., 2016; Ni et al., 2018; Switala and Wu, 2018), 
assessment of the performance of reinforced slopes subjected to rainfall 
(Cheuk et al., 2005; Yang et al., 2018; Bhattacherjee and Viswanadham, 
2019), and numerical simulation of the rainfall-induced landslides in the 
field (Chen et al., 2021; Tang et al., 2019; Liu et al., 2020). The corre-
sponding findings have considerably improved people’s understanding 
of slope behavior during rainfall and greatly contributed to landslide 
prediction and prevention. 

However, another type of rainfall-induced landslide, originating 
from the slope with earthquake-induced cracks, has become a growing 

concern in the field of geological disaster prevention and mitigation 
recently. The common occurrence of this landslide is that once the 
earthquake causes tensile cracks on the slope surface, water infiltration 
during the subsequent rainfall causes the complete failure of the slope. 
Preliminary studies of this kind of geo-hazard have been carried out by 
researchers based on aerial images and field investigation. Tang et al. 
(2011) reported the landslides caused by the 2008 Wenchuan earth-
quake and the following heavy rainfall in an area near the epicenter, and 
investigated the correlation between landslide occurrence and post- 
earthquake rainfall based on the aerial images. Most of the rainfall- 
induced landslides were found to have occurred due to the co-seismic 
weakening and the presence of numerous extension cracks generated 
by the earthquake. Field observations also indicated that slopes that 
experienced earthquakes required special attention since they were 
vulnerable to subsequent rainfall. Thus, the restoration in the 
earthquake-struck areas should consider this impact. Usui et al. (2013) 
investigated the reason for a massive slope failure caused by rainfall. 
The extensive distribution of significant cracks along the edge of a 
terrace cliff was detected right after the 2011 Great East Japan 
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Earthquake, but the complete slope failure was caused by the intense 
rainfall six months later. The field survey showed that the increase in 
pore water pressure because of the rainfall infiltration along the frac-
tured zone triggered the massive landslide that destroyed residence 
houses at the slope bottom. Lin et al. (2004) and Khattak et al. (2010) 
also noticed that extensive fissures and ground cracks presented possi-
bilities for future landslides during the rainy season in areas affected by 
the 1999 Chi-Chi earthquake and the 2005 Kashmir earthquake. 
Although these studies have implied the importance of earthquake- 
induced cracks to the slope failure during rainfall, there has been little 
quantitative analysis of this phenomenon and the comprehensive 
investigation is inadequate. 

Indeed, Xu et al. (2022) found the failure of slopes with shaking- 
induced cracks was rather different from the slope failure caused by 
only rainfall and the rainfall intensity played a significant role in the 
deformation pattern. However, the investigation was conducted by 
means of physical modeling, and the numerical modeling of the slope 
failure was still lacking. Since numerical simulation is capable of car-
rying out parametric studies and examining various cases in a cost- 
effective way, it is among the favored approaches in the studies of 
rainfall-induced landslides and also a mainstream methodology in 
disaster prediction and prevention. Thus, the application of numerical 
analysis of slope behavior during post-earthquake rainfall can not only 
enhance the comprehensive understanding of the slope failure mecha-
nism but also contribute to the current practice of landslide prediction 
and prevention. 

The unsaturated soil is a three-phase material consisting of solid, 
water, and air, so the study of unsaturated soil requires the three-phase 
analysis. Typical studies included simulations of element tests on un-
saturated soil (Khalili et al., 2008; Noda and Yoshikawa, 2015; Ghorbani 
et al., 2021), investigations of seepage or rainfall induced failure of 
embankment or slope (Ehlers and Ammann, 2004; Mori et al., 2011; 
Xiong et al., 2014; Yerro et al., 2015; Zhang et al., 2014; Chen et al., 
2021), the seismic behavior of dam or embankment (Ravichandran and 
Muraleetharan, 2009; Khoei and Mohammadnejad, 2011; Matsumaru 
and Uzuoka, 2016; Yoshikawa et al., 2016), and dynamic response of 
unsaturated soil with different conditions (Uzuoka and Borja, 2012; 
Ghorbani et al., 2020). Especially in the area related to this study, i.e., 
seepage or rainfall induced failure of embankment or slope, numerical 
modeling of the rainfall-induced landslide in the field and the corre-
sponding failure mechanism investigation have been conducted by 
various researchers (Laloui et al., 2016; Yang et al., 2017; Tang et al., 
2019; Sitarenios et al., 2021), as well as the study of the rainfall-induced 
failure of slope with desiccation cracks (Gao et al., 2021); the simulation 
of the post-failure landslide was also seen in recent studies using the 
material point method (Liu et al., 2020; Cuomo et al., 2021) or coupled 
Eulerian–Lagrangian method (Chen et al., 2021). Besides, Hu et al. 
(2011) examined the impact of gas flow on the coupled solid–water–air 
process in the unsaturated slope under rainfall and demonstrated the 
delaying effect of gas flow on the wetting process during the rainfall 
infiltration into slope. Later on, Hu et al. (2016) further investigated the 
effects of bonding stress, deformation dependence of water retention 
behavior, and gas flow on the solid–water–air couplings in unsaturated 
soil, concluding that the slope deformation would be underestimated 
when the bonding stress was neglected and further underestimated 
when the water retention curve and hydraulic conductivity permeability 
were independent of soil deformation, but it would be overestimated 
when the gas flow was ignored. These studies usually adopted the theory 
of porous media (Biot, 1941, 1962) and various constitutive models to 
incorporate the interaction between solid and fluid phases, and the 
corresponding theoretical frameworks and applications have widely 
promoted the understanding of different unsaturated soil problems. 

Since the rainfall-induced slope instability or failure involves the 
hydraulic and mechanical responses of unsaturated soil, uncoupled and 
coupled hydro-mechanical methods are two methods used in current 
analyses. In uncoupled hydro-mechanical analysis, seepage analysis is 

first conducted to generate the pore water pressures in the slope, where 
the hydraulic response is studied considering hydraulic properties, 
rainfall features, etc. Then the generated pore water pressures are used 
for the analysis of the mechanical response of slope, such as the stability 
analysis based on the limit equilibrium method (Cai and Ugai, 2004; Qi 
and Vanapalli, 2015). However, the coupled hydro-mechanical analysis 
enables the interaction between these two responses in the process of 
rainfall infiltration, thus demonstrating a good performance in repro-
ducing slope behavior during rainfall (Borja and White, 2010; Qi and 
Vanapalli, 2015; Oh and Lu, 2015; Yang et al., 2017) and becoming a 
commonly employed method for solving the related issues (Laloui et al., 
2016; Tang et al., 2019; Liu et al., 2020; Chen et al., 2021; Sitarenios 
et al., 2021). In addition, since the finite element method (FEM) has 
become a widely adopted method in modeling slope failure caused by 
rainfall (Borja and White, 2010; Laloui et al., 2016; Tang et al., 2019; 
Sitarenios et al., 2021), the findings obtained using this method could be 
readily referred to by other researchers and thus promote the under-
standing of the relevant issue. Based on these reasons, the hydro- 
mechanically coupled analysis was adopted to investigate the slope 
behavior during post-earthquake rainfall based on FEM. 

Despite the previous studies related to the numerical modeling of 
rainfall-induced slope failure, the modeling of rainfall-caused slope 
failure considering the influence of previous earthquakes was quite rare, 
which was attributed to persisting uncertainties that could affect the 
simulation outcome and difficulty in accurately assessing them in the 
constitutive model. These uncertain factors included the plastic modulus 
degradation, deformation-dependent soil property change, and the ef-
fect of shaking-induced cracks on soil strength and permeability. 
Another difficulty was the modeling of crack generation, which required 
extensive studies of the constitutive behavior of cracks (Wang et al., 
2018). Alternately, some other studies have ignored the generation of 
cracks and assumed the crack location in the slope (Wang et al., 2011; 
Utili, 2013; Wang et al., 2019; Zeng et al., 2020) in a way to assess the 
effect of crack on the slope stability under rainfall using FEM (Wang 
et al., 2011; Zeng et al., 2020; Zhang et al., 2020). They provided some 
insight into the behavior of crack-containing slopes during rainfall, 
which helped the prevention of landslides and the method could be 
readily employed in the current practice. Nevertheless, the acquired 
results were rather limited since the focuses were usually on the stability 
analysis using the limit equilibrium method (Wang et al., 2011; Zeng 
et al., 2020; Zhang et al., 2020; Zhang et al., 2021). The cracks were 
artificially designated to the slope models without any prior analysis of 
the crack location or additional physical experiments and the results 
tended to vary due to different parametric settings, so this approach had 
its own drawbacks in the analysis of the effect of earthquake-induced 
cracks on slope deformation during rainfall. Furthermore, many of 
these studies involved the desiccation cracks, which had different fea-
tures compared to earthquake-induced cracks. According to the field 
survey conducted by Li and Zhang (2010), the desiccation cracks are 
inter-connected polygons such as quadrilateral, pentagon, and hexagon, 
forming a random crack network. The location of cracks follows a uni-
form distribution whereas the length and aperture follow a lognormal 
distribution. Temperature (Morris et al., 1992; Levatti et al., 2019), 
relative humidity (Levatti et al., 2019), and soil properties (Morris et al., 
1992; Peron et al., 2009; Gao et al., 2021) are common factors affecting 
the cracks in drying soil. As drying proceeds and the matric suction in-
creases, dominant cracks tend to grow in plain both length and depth. 
Their depth is ultimately constrained by the increasing stress due to the 
self-weight of the soil and their length is limited by intersection with 
other cracks (Morris et al., 1992). The depth of desiccation cracks in the 
field can be estimated based on the analytical models (Morris et al., 
1992; Konrad and Ayad, 1997; Lu and Likos, 2004). However, the 
earthquake-induced cracks are different from desiccation cracks. The 
characteristics of earthquake-induced tensile cracks in slopes usually 
depend on factors such the earthquake intensity and wave form (Oka 
et al., 2012), topographic amplification (Stahl et al., 2014), and 
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geological condition (Liu et al., 2020). Previously, tensile cracks were 
found on the slope crest and near the shoulder after the 1968 
Tokachi-oki Earthquake (Kobayashi, 1971), the 2008 Wenchuan 
Earthquake (Huang et al., 2012), and the 2011 Great East Japan 
Earthquake (Usui et al., 2013). In the reconnaissance after the Great East 
Japan Earthquake (Oka et al., 2012), longitudinal cracks near/on the 
crest of embankment due to the lateral expansion of the slope near the 
toe and the settlement of crest were found in several embankments. 

This study aimed to provide a simplified analysis method for 
addressing the abovementioned problems that could be integrated into 
the current modeling framework and assessment practice. The simula-
tions of slopes subjected to different external conditions (i.e., rainfall, 
earthquake, and post-earthquake rainfall) were performed in this study. 
Pore water pressure, stress path, slope deformation, and soil displace-
ment were the main subjects of thorough examination. The performance 
of the proposed method was evaluated by comparison of the analyses 
with the centrifuge experimental results. 

2. Coupled hydro-mechanical method 

For the soil slope that is partially saturated, the material is composed 
of three phases, namely, solid skeleton, pore water, and pore air. Thus, 
the three-phase hydro-mechanically coupled analysis (Mori et al., 2011; 
Uzuoka and Borja, 2012; Matsumaru and Uzuoka, 2016) were carried 
out in this study to examine the response of unsaturated slopes to 
earthquake and rainfall. 

2.1. Governing equations 

The unsaturated porous media consist of three different phases: solid, 
water, and air. The solid phase constitutes the soil skeleton while the 
water and air phases fill the voids. The governing equations of the un-
saturated porous media are derived based on the porous media theory 
(de Boer, 2000; Schrefler, 2002), with assumptions of incompressible 
soil particle, no temperature change, no mass exchange between the 
solid particle and fluids, neglected advection terms of pore fluids, and 
neglected relative accelerations of pore fluids with respect to solid. The 
mass and momentum balance equations of the solid–water–air mixture 
(Uzuoka and Borja, 2012) governing the balance laws are briefly pre-
sented below. 

The density of each phase is defined based on the concept of volume 
fraction (Lewis and Schrefler, 1998), with expressions of 

ρs = (1 − n)ρs0, ρw = nswρw0, and ρa = nsaρa0 (1)  

where ρs0, ρw0, and ρa0 are the densities of solid, water, and air; n is the 
porosity; sw and sa are the degrees of water and air saturation, and sw +

sa = 1. 
The mass balance equation of each phase is written as 

∂ρs

∂t
+ div(ρsvs) = 0;

∂ρw

∂t
+ div(ρwvw) = 0;

∂ρa

∂t
+ div(ρava) = 0 (2)  

where vs, vw, and va stand for the velocities of solid phase, water phase, 
and air phase. 

The momentum balance equation of the mixture is written as 

ρmas = div σ + ρmb (3)  

where ρm is the density of the mixture equivalent to ρs + ρw + ρa; as, aw, 
and aa are the accelerations of solid phase, water phase, and air phase; σ 
is the total stress tensor of the mixture; b is the body force vector. 

The momentum balance equations of water and air phases are 

nswvws =
kw

ρw0g
{
− grad pw + ρw0(b − as)

}
(4)  

nsavas =
ka

ρa0g
{
− grad pa + ρa0(b − as)

}
(5)  

where vws and vas are the relative velocities of water vw and air va to solid 
velocity vs; pw and pa are the water and air pressures; kw and ka are the 
permeability coefficients of water and air. 

The constitutive equations for the compressibility of water and air 
phases under the barotropic condition are expressed as 

1
ρw0

∂ρw0

∂t
=

1
Kw

∂pw

∂t
(6)  

1
ρa0

∂ρa0

∂t
=

1
Ka

∂pa

∂t
(7)  

where Kw and Ka are the bulk moduli of water and air. 

2.2. Elastoplastic constitutive model 

The constitutive equations for soil skeleton of the unsaturated soil 
were based on a simplified elastoplastic model for saturated sandy soil 
(Mori et al., 2011; Matsumaru and Uzuoka, 2016). 

Same as the previous studies (Laloui et al., 2016; Switala and Wu, 
2018; Sitarenios et al., 2021; Liu et al., 2020), the generalized Bishop’s 
stress formula was adopted to define the effective stress σ′ with the 
degree of water saturation sw as the weighting factor to characterize the 
unsaturated soil behavior. The expression is given by 

− σ′

= − σ − paI+ swpcI (8)  

where pc is the matric suction defined as the difference between air 
pressure pa and water pressure pw; I is the second-order unit tensor. In 
this paper, the stress vector is considered as tension positive while pore 
fluid pressure compression positive. 

The yield function, hardening rule, plastic potential, and elastic 
moduli were supplemented in Appendix. It is worth mentioning that the 
kinematic hardening rule is adopted in the constitutive stress–strain 
model, with shear strain dependent plastic shear modulus reduction law. 
Since difference phases (shaking and rainfall) were considered in this 
study, this law could account for the shaking-caused modulus reduction 
for the following analysis of slope response to rainfall. 

2.3. Water retention constitutive model 

Soil–water characteristic curve (SWCC) describes the relationship 
between the degree of saturation sw and suction pc and is described by 
the VG model (van Genuchten, 1980) as 

sw
e =

sw − sw
r

sw
s − sw

r
= [1 + (apc)

n
]
− m (9)  

where sw
e is the effective degree of saturation; sw

r and sw
s are the residual 

and saturated degrees of saturation; a, n, and m are the material pa-
rameters. Note that unlike other work (Gallipoli et al., 2003; Tarantino, 
2009; Muraleetharan et al., 2009; Hu et al., 2013; Zhang and Mur-
aleetharan, 2019) on the dependence of SWCC of soil deformation, the 
SWCC here was not directly coupled with soil deformation or volume 
changes, which could have an impact on the results of the following 
simulations. However, the SWCC model in Eq. (9) could reasonably 
represent the water retention behavior of unsaturated soil, and it was 
still adopted elsewhere (Ehlers and Ammann, 2004; Laloui et al., 2016; 
Liu et al., 2020; Cuomo et al., 2021; Sitarenios et al., 2021). 

The permeability coefficient functions (PCF) of water and air in the 
VG model depend on the effective saturation and take the forms of 

kw = kw
s

(
sw

e

)ζ
{

1 −
[
1 −

(
sw

e

)1/m
]m }2

(10) 
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ka = ka
s

(
1 − sw

e

)η
[
1 −

(
sw

e

)1/m
]2m

(11)  

where kw
s and ka

s are the saturated permeability coefficients of water and 
air; ζ and η are the material parameters. 

2.4. Numerical implementation in FEM formulation 

The weak forms of Eqs. (2)–(5) were obtained using the Galerkin 
method of weighted residuals and implemented in the finite element 
formulation. The Newton-Raphson method was applied to linearize and 
solve the weak forms with three primary variables, i.e., solid accelera-
tion as, pore water pressure pw, and pore air pressure pa. Eight-node 
element was adopted in FEM, where displacement is approximated at 
eight nodes and fluid pressures four nodes. Newmark integration scheme 
was used for time discretization in the seismic analysis. The convergence 
tolerance was 1 × 10-9. 

2.5. Calibration of constitutive models 

The calibration of constitutive models mainly involved the response 
of the soil to monotonic and cyclic loading, as well as the hydraulic 
properties. 

The soil used in the centrifuge experiments is silty sand having a 
particle size range of 0.01 mm–4 mm and fines content of about 10%, 
and the uniformity coefficient and curvature coefficient are 7.46 and 
1.01. The slope made of the soil has a relative density of 85% and a void 
ratio of 0.75. 

Undrained monotonic and cyclic triaxial tests on the soil specimens 
were conducted and the simulated results were compared with the 
experimental results. Fig. 1 plots the results of laboratory tests on 
saturated specimens in simulations and experiments. Both the stress–-
strain curve and effective stress path during monotonic and cyclic show 
good consistency between simulations and experiments. The stress–-
strain curve and stress path curve in Fig. 1(a) and (b) at the initial stage 
were quite linear, which is slightly different from the experimental re-
sults, whereas the simulation results of the cyclic triaxial test in Fig. 1(c) 
and (d) show a much better performance. Since both cyclic and mono-
tonic element test simulations adopted the same hardening law about 

the strain-dependent shear modulus reduction, the performance of the 
element simulations might be slightly different. However, the main 
features and general trends of the results could be reproduced using the 
element simulation of the monotonic triaxial test. The elastoplastic pa-
rameters of the soil are given in Table 1. 

The results of SWCC and PCF attained from laboratory tests (Xu et al., 
2022) and van Genuchten (1980) model are presented in Fig. 2. The 
comparison between experimental results and the VG model shows that 
the mathematical equations in the VG model employed in the hydro- 
mechanical analysis framework are capable of capturing the hydraulic 
characteristics of soil. 

3. Numerical modeling 

3.1. Finite-element (FE) model 

The two-dimensional FE model in Fig. 3 is adopted for numerical 
analysis and consists of three parts, which are soil, void, and base. The 
model had the same geometry as the one represented by the centrifuge 
experiments (Xu et al., 2022) so that the results from simulations could 
be compared with those from experiments. In the figure, several nodes 
and elements used for the later discussions are labeled. M1–M3 are 
nodes for displacement analysis; N1 (P1)–N5 (P5) are nodes for pore 
water pressure analysis; E1–E5 are elements for stress path analysis. 

Table 2 provides the simulation program with four cases. Cases A1 
and B1 were the baseline simulations to check the slope response to 
rainfall. Cases A2 and B2 were simulated to examine the slope response 
to shaking and the following rainfall with different intensities. 

The soil material had most of the parameters of the effective 

Fig. 1. Undrained monotonic and cyclic triaxial tests on soil specimens.  

Table 1 
Elastoplastic parameters of saturated soil specimen.  

Parameter Value 

Non-dimensional bulk moduli, K* and G* 1500 and 600 
Kinematic hardening parameters, a0, amin, Cref , pc

ref , 
and b 

1300, 48, 5000, 1 kPa, and 
1.63 

Elastic region k and critical stress ratio M 0.01 and 1.63 
Dilatancy d0 0.02  
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stress–strain relationship based on the triaxial tests on saturated soil 
specimens in Table 1. For the unsaturated soil, parameters of the plastic 
shear modulus related parameter Cref and dilatancy parameter d (see 
Appendix) were calibrated by comparing the distribution of equivalent 
strains caused by shaking between simulation and experiment. The void 
material had a linearly elastic stress–strain relationship. The base ma-
terial had a linearly elastic stress–strain relationship with large Lame’s 
constants, as well as permeability much lower than soil permeability. 
The mechanical parameters of soil, void, and base materials are given in 
Table 3. 

The void material was simulated by aerial elements (Uzuoka et al., 

2008; Mori et al., 2011), which were essentially soil elements but were 
treated specially for the purpose of smooth infiltration during rainfall in 
the simulations. The void elements were also used to model the surface 
runoff, which was observed in the centrifuge experiments. Although it 
was not significant, using the void elements could make the simulation 
closer to the experimental condition. The linearly elastic stress–strain 
model with small moduli was assigned to the void with porosity of unity 
and soil particle density of zero. As to the displacement boundary, all the 
nodes of the aerial elements were fixed so that the elements would not 
move during the analysis. 

Fig. 4 plots the SWCC and PCF of the void. The VG model was 
adopted to describe the SWCC of void elements, with the same expres-
sion in Eq. (9). The PCF of water and air adopts the power law (Mori 
et al., 2011), with expressions of 

kw = kw
s

(
sw

e

)ζ (12)  

ka = ka
s

(
1 − sw

e

)η (13) 

Table 4 contains the SWCC and PCF parameters of soil and void 
materials used in the numerical simulations. 

3.2. Initial slope condition 

The simulations in four cases were performed in different stages, but 
the self-weight analysis was conducted before the analysis with rainfall 
or shaking. The nodes of all void elements were fixed, but the nodes 
along the surface boundary of soil slope were free to move; the nodes 
along the bottom boundary of the base were fixed in the horizontal and 
vertical directions, and the nodes along the vertical boundary of the base 
were fixed in the horizontal direction. The air pressures of all nodes of 
void elements were set as zero. The water pressures of three nodes, 
which were along the soil slope surface and started from the slope toe, 
were set as zero. The boundary conditions are shown in Fig. 3. The time 

Fig. 2. SWCC and PCF for soil.  

Fig. 3. Two-dimensional FE model.  

Table 2 
Numerical simulation program.  

Case Condition for slope Shaking intensity Rainfall intensity 

A1 Heavy rainfall None 30 mm/h 
B1 Light rainfall None 9 mm/h 
A2 Shaking and then heavy rainfall 4.6 m/s2 30 mm/h 
B2 Shaking and then light rainfall 4.6 m/s2 9 mm/h  

Table 3 
Mechanical parameters of soil, void, and base materials.  

Material Parameter Value 

Soil Non-dimensional bulk moduli, K* and G* 1500 and 600 
Kinematic hardening parameters, a0, amin , 
Cref , pc

ref , and b 
1300, 48, 7700, 1 kPa, 
and − 1.63 

Elastic region k and critical stress ratio M 0.01 and 1.63 
Dilatancy, d0 and dmin 0.10 and 0.10 

Void Lame’s constant λ0 10 kPa 
Lame’s constant μ0 1 kPa 

Base Lame’s constant λ0 24 GPa 
Lame’s constant μ0 16 GPa  
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increment for calculation was 0.001 s; the coefficient in the time dis-
cretization was 0.6, which was the same as the coefficient γ in the 
Newmark integration method. In this process, desaturation continued 
while suction and effective stress kept growing. Since the numerical 
model had the geometry taken after the centrifuge model and the same 
increasing “gravity” process was assigned to the numerical model, the 
numerical model could reproduce the initial condition as the one in the 
centrifuge model. The slope condition after self-weight analysis was 
used for all four cases. Fig. 5 shows the distributions of suction and 
effective stress in the slope after self-weight analysis. 

3.3. Response of slope to rainfall 

Simulations A1 and B1 were carried out to assess the general per-
formance of the FE slope model subjected to rainfall. After the self- 
weight analysis, rainfall infiltration was started in the model. The 
displacement boundary condition was the same as the boundary con-
dition in the self-weight analysis. The rainfall flux was applied to the 
nodes along the upper horizontal surface of the void, which was 
consistent with the rainfall condition in experiments. A total of 21 nodes 
covered the horizontal surface 9.9 m in length, so the nodal flux in each 
node was calculated with the rainfall intensity. The air pressures of all 
nodes of void elements were zero. The water pressure boundary was the 
same as the one in the self-weight analysis. The time increment for 
calculation was 0.001 s; the coefficient in the time discretization was 
0.6, which was the same as the coefficient γ in the Newmark integration 
method. The pore water pressure and soil deformation in terms of 
equivalent (deviatoric) strain were analyzed using results from numer-
ical simulations and centrifuge experiments. 

Pore water pressures of N1–N5 in the FE model and their 

counterparts P1–P5 in the centrifuge model during rainfall, as well as 
the pore air pressure of N1–N5 in the FE model, are compared in Fig. 6. 
For slopes during rainfall without prior shaking, the time when positive 
pore water pressures started to develop was well reproduced, as seen in 
the slight difference between the simulation result and experimental 
result. However, N2–N4 in Fig. 6(a) and (b) show notable deviations in 
the growing trends during rainfall, which may result from the water 
pressure boundary imposed on the slope model. Since zero water pres-
sure value was given to several nodes around the toe of the slope, it 
could be different from the condition in the experiment and cause the 
disparity. Additionally, the pore air pressures in Fig. 6(c) and (d) are 
quite small and do not show much variety despite the difference in the 
rainfall intensity. It could result from the initial pore air pressure 
boundary given to the slope. Since zero pore air pressure was designated 
along the surface of the soil slope, the pore air pressure in the slope such 
as N1–N5 in Fig. 6(c) and (d) became insignificant. It suggested that the 
effect of air flow in both simulations was insignificant. According to Hu 
et al. (2016), the air flow had a delaying effect on the wetting process 
during rainfall infiltration and the overestimated slope deformation 
would be produced when the air flow was neglected. Therefore, in cases 
A1 and B1, the air flow was unlikely to make a significant impact on the 
wetting process but might overestimate the slope deformation during 
rainfall. 

Slope deformation is described by the equivalent strain and volu-
metric strain with definitions of 

εd =

̅̅̅
2
3

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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3
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+
(

εyy −
εv

3

)2
+
(

εzz −
εv

3

)2
+ 2εxy

2 + 2εyz
2 + 2εzx

2

√

(14)  

εv = εxx + εyy + εzz (15)  

where εxx, εyy, and 2εxy are the strain components on the xy plane; the 
strain components εzz, εyz, and εzx are all zero, given the plane strain 
condition. As for the strains from experiments, the image analysis was 
conducted to get the soil displacement in the centrifugal model, based on 
which all strain components in the divided small soil elements were 
obtained using the calculation method in Xu et al. (2022), and the in-
cremental equivalent and volumetric strains were then calculated ac-
cording to Eqs. (14) and (15). 

The incremental equivalent strain of slope caused by in cases A1 and 

Fig. 4. SWCC and PCF of void.  

Table 4 
SWCC and PCF parameters of soil and void materials.  

Material Degrees of 
saturation, 
Sw

r and Sw
s 

Permeability 
coefficients, 
kw

s and ka
s 

a, n, and m ζ and η 

Soil 0.21 and 0.95 6.5 × 10-5 m/s and 
6.5 × 10-6 m/s 

0.42 kPa− 1, 
2.1, and 0.52 

0.50 and 
0.33 

Void 0 and 1 6.5 × 10-4 m/s and 
6.5 × 10-5 m/s 

5 kPa− 1, 3 and 
3 

0.1 and 
10  

Fig. 5. Distributions of suction (a) and effective stress (b) in slope after self-weight analysis (unit: kPa).  
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B1 is displayed in Fig. 7, showing the slope deformation upon rainfall- 
induced failure. The localization of deformation was represented by 
the concertation of strains, which also indicated the slip surface within 
the slope. With respect to the deformation pattern of the slopes during 
heavy rainfall in case A1, Fig. 7(a) and (c) show close similarities in the 
location of the slip surface and the strain level. As to the slope subjected 
to light rainfall in case B1, the deformation difference between simu-
lation and experiment in Fig. 7(b) and (d) is negligible since the general 
deformation at the onset of failure is small. In addition, the slope failure 
initiation time in simulation is comparable to the experimental failure 
initiation time as given in the figures. Therefore, the slope deformation 
under rainfall with different intensities was well reproduced. 

The FE model with the determined material parameters could be 
used to simulate the response of slope to rainfall as the general hydro- 

mechanical behavior of the slope was captured in the simulations. 

3.4. Response of slope to shaking 

The shaking analysis of slopes in cases A2 and B2 was conducted 
before the rainfall analysis. The input motion is given in Fig. 8, which is 
also the same motion applied to the centrifuge experiments. The motion 
had a frequency of 1 Hz and an intensity of 4.6 m/s2. All nodes of void 
elements were fixed, but the nodes along the surface boundary of soil 
slope were free to move; the air pressures of all nodes of void elements 
were set as zero. The input motion was given to the nodes at the 
boundary of the base. The water pressure boundary was the same as 
those in the self-weight and rainfall analyses. The time increment for 
calculation was 0.00002 s; the coefficients for the Newmark integration 

Fig. 6. Pore water/air pressure response of slopes to rainfall in cases A1 and B1 (experimental data from Xu et al., 2022).  

Fig. 7. Equivalent strains upon rainfall-induced landslides in simulations A1 (a) and B1 (b) and experiments A1 (c) and B1 (d).  
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method were γ = 0.6 and β = 0.3025. 
Slope deformation was obtained with the adjusted parameters (see 

Table 3) based on the calibration using the shaking tests. Fig. 9 dem-
onstrates the shaking-induced incremental equivalent and volumetric 
strains in slopes in simulations A2/B2 and experiments A2 and B2. 
Despite the inability of FEM to simulate the crack generation in the 
slope, the simulated result shows the shaking-induced slope deformation 
in terms of the slip surface location and the incremental equivalent 
strain magnitude in Fig. 9(a), (c), and (e). Starting from the toe to the 
crest, the slip surface in Fig. 9(a) is quite close to the slope surface, which 
is also observed in experiments A2 and B2. Moreover, both simulations 
and experiments report the largest deformation at the lower part of the 
slopes and the decreasing deformation as the height of the soil grew. 
Although the incremental volumetric strain is not fully produced as the 
magnitude in the simulation in Fig. 9(b) is smaller than those in 

experiments in Fig. 9(d) and (f), the location of the incremental volu-
metric strain is roughly indicated in the simulation. 

One noteworthy point is that, since shaking-induced soil compres-
sion in Fig. 9(b) causes the void ratio to reduce and thus an increase in 
the degree of saturation, it will reduce the effective stress and induce 
more soil deformation. Thus, the SWCC without the coupling of soil 
deformation could underestimate the soil deformation during shaking. 
Investigation of the coupling between SWCC and soil deformation 
(Muraleetharan et al., 2009; Zhang and Muraleetharan, 2019) is needed 
to quantitatively evaluate the slope deformation. 

4. Updated FE model incorporating the effect of shaking 

4.1. Effects under consideration 

The rainfall analyses in cases A1 and B1, as well as the shaking an-
alyses in cases A2 and B2 have been completed now. The results have 
verified that the FE model could be applied to simulate slope deforma-
tion under rainfall and earthquake. However, the effect of an earthquake 
on the slope response to the subsequent rainfall should be considered if 
the post-earthquake rainfall analysis was to be continued. 

As shown in Fig. 9(a), shaking in simulations A2/B2 induces large 
shear strain along the slip surface of the slope. One factor that would 
affect the response of slope to the rainfall after shaking was the shaking- 
induced shear modulus degradation. Previous research (Vucetic and 
Dobry, 1991; Oka et al., 1999; Kramer, 1996; Towhata, 2008; Upreti and 
Leong, 2021) on the cyclic response of soil has shown that the plastic 
shear modulus reduced with the cyclic shear strain. This would influence 
the hydro-mechanical behavior of slope subjected to the following 
rainfall and thus needed to be considered in the following post-shaking 
rainfall analysis. 

Fig. 8. Input motion in the seismic analysis in cases A2/B2.  

Fig. 9. Slope deformation caused by shaking in simulations A2/B2, (a) and (b), and the corresponding experiments, (c)–(f).  
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In Eq. (22) in the Appendix, parameter a, which relates to the plastic 
shear modulus, degrades as the shearing increases. In the shaking 
analysis, continual increment of deviatoric strain would cause the 
parameter a to reduce. The contribution of shaking-induced equivalent 
strain (Fig. 9(a)) to the degradation of the shear modulus of soil was 
reflected by Eq. (22). With the application of this equation, the effect of 
plastic shear modulus reduction could be assessed in the numerical 
simulation. 

As shown in Fig. 9(b), shaking in simulations A2/B2 induces negative 
volumetric strain in the slope along the shear band. It indicated 
compression and thus decreased permeability, which could cause severe 
deformation during the following rainfall. Thus, the feature of perme-
ability reduction in the deformation soil should be considered in the 
post-shaking rainfall simulation. According to the Kozeny–Carman 
equation (Kozeny, 1927; Carman, 1937; Chen et al., 2021), the saturated 
permeability coefficient Ks of soil after volume change was empirically 
estimated based on the void ratio e0 of the soil. The common form of the 
equation is Ks = C e3

1+e, where C is a parameter dependent on soil type 
and particle characteristics. Therefore, when C is constant, the saturated 
permeability coefficient K’

s under a certain level of volumetric strain εv is 
established as 

K’
s

Ks
=

[e + εv(1 + e) ]3

e3(1 + εv)
(16) 

Another feature of the slope after shaking was the crest cracks near 
the slope shoulder, as observed in the experimental results (Xu et al., 
2022), e.g., Fig. 9(c) and (e). Since the direct measurement of perme-
ability associated with cracks is difficult, the usual approach is to adopt 
empirical values (Li et al., 2011; Zhang et al., 2020) or to calculate the 
value when the crack geometry is known (Childs, 1969; Olivella and 
Alonso, 2008; Maleki and Pouya, 2010). Neither approach is applicable 
to this simulation. To describe the effect of shaking-induced surface 
cracks on the permeability enhancement, this study adopted a concept of 
damage (Lu et al., 2013; Pogacnik et al., 2014; Gao et al., 2021). The 
crack width is assumed to be an S-shaped function of depth (Zhang et al., 
2014; Gao et al., 2021) and the width of crack decrease as the depth of 
soil increases. Here, by reference to Gao et al. (2021), the damage 
parameter D is taken as 

D = 1 −
1

1 + e− s(h− h0)
(17)  

where h is the depth within which soil is considered to be cracked and it 
is taken as 1.5 m based on the observation from the centrifuge experi-
ment; h0 is the midpoint depth, which is 0.75 m; s is the parameter 
controlling the steepness of the curve and is taken as 2. 

The distribution of damage parameter D is plotted in Fig. 10. D 
gradually decreases from about 0.8 to 0.2 as the depth of the soil from 
the slope crest grows. The soil at the surface is the most damaged and the 
damage effect reduces with the depth of soil. 

After the damage parameter D is defined, the effect of damage on 
permeability and strength is described by 

KD
s = Ks/(1 − D) (18)  

φD = φ × (1 − D) (19)  

where KD
s and φD are the saturated permeability coefficient and angle of 

friction associated with shaking-induced damage. 
The distribution of saturated permeability coefficients on the basis of 

shaking-caused compression and damage is illustrated in Fig. 11. First, 
Eq. (16) was applied to each element after the shaking-induced volu-
metric strain was obtained from the analysis; thus, the distribution of 
saturated permeability coefficients after shaking was known, as plotted 
in the slope model with a color bar indicating the reduced values in 
Fig. 11. The largest reduction in permeability coefficient is about 0.6 
times the original value Ks. Second, since the constitutive model for 
cracks was not incorporated in the simulation, the generation of cracks 
attributed to shaking would not be directly obtained here. However, as 
the main purpose was to examine the effect of shaking-induced damage 
(cracks) on the slope response to the subsequent rainfall, the location of 
the damage zone could be determined with some simplifications, such as 
by referring to the strain distributions in Fig. 9. The soil within the shear 
band in Fig. 9(a) near the slope crest was selected as the damaged soil; 
thus, the width of the damage zone was determined and it was about 2.5 
m as indicated by the length of the upper side of the red quadrilateral in 
Fig. 11. The manner to decide the crack location was reasonable since 
the earthquake-induced cracks were usually found near the slope 
shoulder (Kobayashi, 1971; Usui et al., 2013). Meanwhile, the observed 
crack in the experiment (Xu et al., 2022) was about 1.5 m in depth, at 
which the shaking-induced equivalent strains in Fig. 9(c) and (d) along 
the slip surface were also similar to their simulated counterpart in Fig. 9 
(a). Therefore, the crack depth of 1.5 m was used in the numerical 
simulation. The permeability coefficient and angle of friction of soil in 
the damage zone were determined based on Eqs. (17)–(19). The calcu-
lation of the depth of earthquake-induced crack was not widely avail-
able since it was greatly affected by slope configuration, earthquake 
intensity, soil properties, etc. Because currently the depth could not be 
directly determined from the simulation result, the observation from the 
centrifuge experiment was referred to for the purpose of the crack depth 
estimation. As introduced earlier, many studies of the crack-containing 
slope under rainfall (Wang et al., 2011; Zeng et al., 2020; Zhang et al., 
2020) did not consider the generation of cracks; rather, the cracks were 
manually set with different locations and depths in the slope. Whereas in 
this study the shaking simulation could provide reference for the esti-
mation of crack location based on the strain distribution, such as the 

Fig. 10. Distribution of damage parameter D along soil depth.  

Fig. 11. Distribution of saturated permeability coefficients after shaking 
(reduction in Ks based on the Kozeny–Carman equation and increase in Ks 

based on the damage parameter). 
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incremental equivalent strain in Fig. 9(a); the determination of crack 
depth required both the simulation and other methods like the experi-
mental result. Regarding the desiccation-induced crack, many studies 
have been conducted to estimate the depth adopting methods proposed 
by Morris et al. (1992), Konrad and Ayad (1997), and Lu and Likos 
(2004), e.g., the crack depth calculation method that assumed crack in 
unsaturated soil occurred when the coefficient of earth pressure at rest 
equaled zero (Lu and Likos, 2004), which might be used for the pre-
liminary assessment of earthquake-induced crack depth. A more 
detailed and straightforward tool such as the extended finite element 
method will benefit this study further. 

The zone surrounded by the red quadrilateral in Fig. 11 contains the 
damaged soil and the calculated permeability coefficients based on 
volumetric strains are replaced with the damage-induced coefficients 
ranging from approximately 1.3 Ks to 5.5 Ks according to Eqs. (17) and 
(18). As these large coefficients could not be indicated clearly by the 
color bar once they were plotted together with the reduced coefficients 
(less than Ks) in the slope model, the distribution of the permeability 
enhancement was instead plotted against the depth above the slope 
model in Fig. 11. Also, soil in this zone has reduced the original angle of 
friction by about 0.2 to 0.8 according to Eqs. (17) and (19). 

4.2. Slope performance with consideration of each effect 

To check the applicability of the above methods in the simulations of 
slope behavior during post-earthquake rainfall, this section will 
compare the slope deformation induced by post-earthquake heavy 
rainfall in case A2. The slope model with shaking-induced shear 
modulus reduction, permeability reduction, and damage will be used for 
the analysis separately so that the effect of each factor can be examined 
and the slope performance under each condition can be properly 
evaluated. 

Fig. 12 contains the slope deformation in terms of equivalent strain 
induced by post-earthquake rainfall with the consideration of shaking- 
induced shear modulus reduction (a), shaking-induced permeability 
reduction (b), shaking-induced damage (c), and their combined effect 
(d). 

It can be seen from Fig. 12(a) that shaking-induced shear modulus 
reduction influences the location of the slip surface of the slope sub-
jected to the following rainfall and the slip moves closer to the slope 
surface, but the deformation mainly occurs at the lower part of the slope. 

The location where the rainfall-induced deformation mostly occurred in 
the soil that has been deformed by the previous earthquake as shown in 
Fig. 9a. Comparing Fig. 12(a) and Fig. 7(a) shows that once the slope is 
subjected to a prior earthquake, the slope deformation caused by the 
following rainfall is greatly changed because of the reduced shear 
modulus of soil. 

Comparing Fig. 12(b) and Fig. 7(a) indicates that the shaking- 
induced permeability reduction of the soil along the slip surface does 
not make a significant difference in the slope failure features. This is 
associated with a small amount of volumetric strain, as shown in both 
simulation (Fig. 9(b)) and experiments (Fig. 9(d) and (f)), resulting in 
the largest reduction in saturated permeability coefficient of only 40% 
(Fig. 11) and a noticeable discrepancy between two results does not 
exist. However, when the shaking-induced volumetric strain is large in 
some cases, this effect should be considered in the analysis of slope 
deformation caused by rainfall after an earthquake to account for the 
impact of permeability change. 

In Fig. 12(c), the deformation near the damage zone shows large 
deformation since the effect of shaking-induced soil strength reduction 
and permeability enhancement are included in the model, but the largest 
deformation still takes place around the slope toe. With the consider-
ation of damage effect, the slip surface of the slope during rainfall was 
slightly changed compared with that in the homogeneous slope in Fig. 7 
(a), and the failure of the damage zone is induced. 

When all three factors are considered in the analysis, the slope 
deformation is demonstrated in Fig. 12(d). The characteristics of slope 
failure caused by post-earthquake rainfall became completely different 
from those of slope failure caused by rainfall without previous earth-
quakes (Fig. 7(a)). Significant deformation was induced both near the 
toe and slope shoulder, and the slip surface displayed a similar location 
to that induced by the earthquake (Fig. 9(a)). To assess the analysis with 
the consideration of all three effects, the following section will examine 
more simulated outcomes and compare them with the experimental 
results. 

5. Response of slope to post-shaking rainfall 

This section will thoroughly investigate the hydro-mechanical 
response of slope to post-earthquake rainfall based on the model 
considering the combined effect of shaking-induced shear modulus 
reduction, permeability reduction, and damage. Pore water pressure, 

Fig. 12. sloped deformation caused by post-earthquake rainfall, considering shaking-induced shear modulus reduction (a), shaking-induced permeability reduction 
(b), shaking-induced damage (c), and their combined effect (d). 
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effective stress path, slope displacement, and soil deformation during 
rainfall were analyzed and compared with the experimental results. 

5.1. Pore water pressure 

The time histories of pore water pressures during post-shaking 
rainfall in cases A2 and B2 are presented in Fig. 13. When subjected to 
heavy rainfall, the slope in simulation has a slightly different response 
from that in the experiment, as shown by N1 and N2 with larger values 
than P1 and P2. For the slope under light rainfall, however, the simu-
lation works well to reproduce the pore water pressure response, as the 
simulated results match well with the experimental results, which can be 
seen from the initiation time of pressure build-up and increasing trend. 

Due to the reduction in soil permeability along the shaking-induced 
slip surface, the relatively large pore water pressures were generated in 
the soil near the slip under rainfall after shaking, compared with the 
pore water pressure response of the slopes under rainfall. This could 
cause the effective stress to quickly drop, thus triggering slope failure 
near the slip. 

5.2. Effective stress path 

Fig. 14 plots the effective stress paths of different soil elements 
(Fig. 3) in slopes during rainfall. Under heavy rainfall, E1 initially 
exhibited an increase in its deviatoric stress and mean effective stress, 
resembling the consolidation process. This resulted from the increasing 
saturation of the above soil layer during rainfall infiltration, causing the 
increase in the bulk unit weight of the soil. With the increasing satura-
tion of the soil, suction was lost and pore water pressure (N1 in Fig. 3) 
built up; the effective stress started to drop and the stress path moved on 
toward the critical state line. Deformation took place in this process. As 
the effective stress continued to approach the critical state line, the soil 
would experience excessive deformation and failure could occur. 
Throughout the rainfall infiltration, E5 kept shifting its stress path to-
ward the left corner of the graph and the effective stress declined to a 
very low level. Since the effect of shaking-induced damage on the 
strength of soil near the slope shoulder was considered, water infiltra-
tion could easily cause soil deformation to develop around this area. 

In the infiltration process, the stress path of E4 kept advancing and 
finally reached the critical state line in the end. Since E4 was close to the 
damaged soil, it gradually reached the critical state line and deformation 
of soil nearby could also develop to a larger amount. E2 and E3, how-
ever, were still at high stress levels despite continuous loss in the 
effective stress while shifting toward the left-hand side of the graph. 

Under light rainfall, the stress paths in soil elements resembled those 
at the early stage of heavy rainfall. Although E1 and E4 had not reached 
the critical state line yet, the continual decrease in their mean effective 
stresses could still induce certain deformation. E5, however, had a large 
reduction in its effective stress since the beginning of rainfall. 

Comparison of the effective stress path between simulations A2 and 
B2 in Fig. 14 indicates that deformation of soil near E1 and E4 during 

heavy rainfall is much more serious than that during light rainfall and 
the soil in the shaking-induced damage area represented by E5 can have 
considerable deformation due to water infiltration. To further examine 
the soil deformation induced by rainfall, the next subsection will analyze 
the development and distribution of equivalent (deviatoric) strains in 
the slope. 

5.3. Slope deformation 

Fig. 15 reports the equivalent strains of five soil elements E1–E5 
during post-earthquake rainfall. Corresponding to their stress path 
progression, elements such as E1, E4, and E5 that moved toward the 
critical state line showed large strains. Comparison of the equivalent 
strains between simulations A2 and B2 in Fig. 15 illustrates that the 
deformation upon slope failure during heavy rainfall has a slip surface 
near E1, E2, and E4, and the deformation represented by the equivalent 
strains is more serious than that during light rainfall. 

The incremental equivalent strains at the onset of rainfall-induced 
landslides in simulations and experiments (A2 and B2) are provided in 
Fig. 16. The previous analysis shows that after the slope deformation and 
damage are caused by the earthquake (Figs. 9–11) and under the 
following rainfall, the increase in the pore water pressure (Fig. 13) 
causes the continual reduction in the effective stress of soil (Fig. 14), 
contributing to the slope failure reported in Fig. 16. 

Due to the incorporation of damage-induced strength reduction, the 
slope under heavy rainfall in simulation A2 shows large deformation in 
the damage zone in Fig. 16(a). This is consistent with the experimental 
result in Fig. 16(c), where the deformation upon slope failure is the 
largest in the soil near the slope shoulder and below the surface crack, as 
shown by the red color contour at the intersection between the slip 
surface and vertical crack wall in Fig. 16(c). This feature made the 
failure of the slope with surface cracks under heavy rainfall differ from 
the typical failure of slope as illustrated in Fig. 9(a). Moreover, the 
location of the slip surface along which the slope failed was reproduced 
in the simulation. Since the effect of shaking was considered, the slip 
surface became different from the one in the homogeneous slope in 
Fig. 9(a). As presented in the simulation and experimental results, the 
slope subjected to post-shaking rainfall had a very similar slope failure 
mode, thus showing that the shaking-induced deformation affected the 
features of a landslide caused by the subsequent rainfall, such as the 
location of the slip surface and the magnitude of strain along it. 

As for the slopes under light rainfall in Fig. 16(b), due to rainfall 
infiltration and permeability increase in the soil near the slope shoulder, 
the suction of the soil decreased quickly, causing the effective stress to 
drop considerably. Since the angle of friction of soil near the slope 
shoulder was reduced due to damage, the dropping effective stress 
promoted fast yielding and large deformation. This led to the early 
failure of soil in this zone during infiltration. Although this feature was 
not significant in the experimental result in Fig. 16(d), the general slope 
failure pattern was similar to that in the experiment. As displayed in 
Fig. 16(b) and (d), the slope in either experiment or simulation had a 

Fig. 13. Pore water pressure response of slopes to post-shaking rainfall in cases A2 and B2 (experimental data from Xu et al., 2022).  
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concentrated deformation originating from the toe area and extending 
toward the upslope part. Additional work is required to describe how 
damage affected the soil strength so that the deformation of soil near the 
surface can be well reproduced. Eq. (19) used in the analysis could be 
regarded as a preliminary attempt; more sophisticated formulas needed 
to be worked out to achieve accurate initiation and development of soil 
deformation near the slope surface. 

5.4. Soil displacement 

The absolute displacement of three soil points (M1, M2, and M3 in 
Fig. 3) that moved downslope during post-shaking rainfall in simula-
tions and experiments are provided in Fig. 17. 

In Fig. 17(a), the simulated soil displacement has slightly earlier 
development of significant values starting about 20 h since the begin-
ning of the rainfall, compared with the time of about 22 h in the 
experimental one. This is attributed to the permeability enhancement of 
soil near the slope shoulder. Also, as discussed previously, element E5 

Fig. 14. Effective stress paths during rainfall in simulations A2 and B2.  

Fig. 15. Equivalent strains during rainfall in simulations A2 and B2.  

Fig. 16. Equivalent strains upon rainfall-induced landslides in simulations A2 (a) and B2 (b) and experiments A2 (c) and B2 (d).  
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has already deformed at the initial stage, which was why the point M3 
located in the one node of E5 had an earlier movement than M2 and M3. 
The simulated soil displacement during heavy rainfall basically repro-
duced the kinematics of the early stage of the slope failure as the soil 
movement and its velocity were consistent with the experimental re-
sults, but the whole landslide was not well reflected as the simulated 
displacement was still smaller than its experimental counterpart. In 
Fig. 17(b), the simulation has comparable evolution of soil displacement 
with the experiment for the slope under light rainfall. Due to a less se-
vere failure process, the landslide kinematics upon failure was largely 
captured in the simulation despite slightly small values. 

One noticeable feature about the soil displacement during heavy 
rainfall in case A2 is the large difference between simulation and 
experiment shown in Fig. 17(a); it is associated with several major 
factors including wetting-induced collapse, the deformation due to the 
change in stress ratio of soil, and post-failure landslide kinematics. 

Rainfall infiltration usually leads to wetting-induced collapse, which 
is the volumetric compression caused by the reduction in suction at a 
given vertical stress (Alonso et al., 1990; Lawton et al., 1992). As the 
degree of saturation of soil increases during rainfall, the apparent un-
saturated preconsolidation stress is decreased and the yield surface 
shrinks until it reaches the current position of the yield surface. Yielding 
is produced upon further wetting and as a result, the soil undergoes 
irrecoverable plastic strains and collapses. One drawback in the current 
constitutive model is the exclusion of wetting-induced shrinkage of the 
yield surface during rainfall, so the wetting-induced collapse was not 
reproduced in this study. The verification in the hydro-mechanical 
response of unsaturated soil to rainfall infiltration has not been 
completed; improvement on the applicability of this constitutive model 
is needed in the future study. 

Regarding the yield function (see Appendix) in the present model, it 
uses the stress ratio between the deviatoric stress and effective stress to 
describe the yield surface, which is a cone in the principal stress space. 
When the mean effective stress decreases and the stress path moves 
toward the critical state line in Fig. 14, the large strain in Fig. 16 and 
displacement in Fig. 17 are generated as the soil shows elastoplastic 
behavior even when the yield surface does not consider the wetting- 
induced shrinkage. The soil deformation resulting from the change in 
stress ratio during rainfall was described adequately in the current 

analysis. 
As the soil continues to deform until a certain large value like the 

maximum displacement of M3 in the simulation in Fig. 17(a), the iter-
ation stops converging as the small deformation analysis is used in this 
study. For the further larger displacement in the experiment in Fig. 17 
(a), it indicates the post-failure landslide displacement. At the post- 
failure stage of the landslide, the soil near the slope surface such as 
M3 has shown large displacement, which the current numerical model 
fails to simulate. This large deformation during the post-failure landslide 
could be quantitatively assessed by taking approaches such as the ma-
terial point method (MPM) adopted by Liu et al. (2020) and Cuomo et al. 
(2021), while it was beyond the scope of this study. 

However, under the rainfall with a lower intensity in case B2, the 
post-failure deformation is not significant compared to that in case A2, 
so the soil displacement in Fig. 17(b) is mainly dependent on the 
wetting-induced collapse and change in stress ratio during rainfall. Since 
the deformation due to collapse is not covered in the present analysis, 
the simulated displacement in Fig. 17(b) is basically smaller than the 
experimental displacement. 

6. Conclusions 

The response of slope subjected to post-shaking rainfall was studied 
in this paper. Coupled hydro-mechanical analyses were performed to 
evaluate the seepage and deformation of unsaturated slope employing 
the finite element (FE) numerical modeling technique, with the adoption 
of the proposed methods incorporating the effect of shaking on the 
permeability and strength of soil into the analyses. 

The elastoplastic model and water retention model were calibrated 
using laboratory tests. The FE analysis of slope subjected to only rainfall 
and only earthquake was compared with the centrifuge experimental 
outcome and the simulation showed a good performance in reproducing 
slope response. Then, the effect of an earthquake on slope behavior 
during the following rainfall was investigated. Due to the seismic 
loading, a slip surface was generated within the slope and the shaking- 
induced deformation resulted in plastic shear modulus reduction and 
permeability change of soil along the slip surface. To include these two 
effects in the hydro-mechanical analysis of slope response to the 
following rainfall, this study considered the influence of shear strain 

Fig. 17. Soil displacement in slopes during post-shaking rainfall in cases A2 and B2 (experimental data from Xu et al., 2022).  
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dependent reduction in plastic shear modulus and adopted the Koze-
ny–Carman equation to connect the permeability and volumetric strain. 
In addition, the shaking-induced surface cracks, which were observed in 
the centrifuge experiments, were also considered in the numerical 
simulations by introducing the damage concept; the permeability 
enhancement and soil strength reduction were described mathemati-
cally. Afterward, the analyses of the response of slope to post-earthquake 
rainfall were carried out and results of pore water pressure, effective 
stress path, slope deformation, and soil displacement were evaluated. 

Main conclusions were drawn as follows:  

1. Once the earthquake caused a slip surface inside the slope, the effect 
of shaking should be incorporated in the hydro-mechanical analysis 
of slope response to the subsequent rainfall.  

2. The shaking-induced reduction in plastic shear modulus of soil 
needed to be considered in the analysis of slope response to the 
following rainfall as it would affect the location of the slope failure 
and the severity of rainfall-induced landslide. The shaking-induced 
change in permeability of soil was considered using the Koze-
ny–Carman equation in the analysis, but results showed this effect 
was not significant enough to affect the slope deformation in this 
study. The shaking-induced surface cracks near the slope shoulder 
could be incorporated into the analysis by introducing the damage 
concept. The permeability enhancement and strength reduction were 
thus mathematically described and results showed that earthquake- 
induced damage greatly altered the slope failure characteristics.  

3. The numerical analysis considering the above three effects based on 
the finite element method (FEM) showed a good performance in 
modeling the impact of shaking on the hydro-mechanical response of 
slope to the following rainfall. Stress paths were discussed to better 
understand the slope failure mechanism. Although the wetting- 

induced collapse and post-failure deformation were not considered, 
slope deformation and soil displacement during failure in simula-
tions were generally consistent with the experimental results. How-
ever, the pore water pressure build-up during rainfall was not fully 
predicted especially under the heavy rainfall scenario. 

The hydro-mechanical modeling framework in this study is useful to 
provide reference for the investigation into the failure mechanism of 
slope subjected to post-earthquake rainfall. Future work should be done 
to improve the description of shaking-induced cracks near the slope 
surface and consider wetting-induced collapse during rainfall 
infiltration. 
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Appendix 

In the elastoplastic model, the extended von Mises yield function (Jiang and Kurath 1996; Golchin and Lashkari 2014) of the unsaturated soil is 
written as 

f =
̅̅̅̅̅̅̅̅
3/2

√
‖r − η‖ − k = 0 (20)  

where r is the stress ratio between deviatoric stress tensor s and mean effective stress p’; k is a constant that defines the elastic region. The evolution of 
the back stress η is defined by the non-linear kinematic hardening model (Frederick and Armstrong, 2007; Dafalias et al., 2008), which is given by 

η̇ = a
(

2
3

bėp − ηε̇p
d

)

(21)  

where a and b are the material parameters related to the initial plastic shear modulus and stress ratio at failure; ėp is the plastic equivalent (deviatoric) 
strain rate tensor; ε̇p

d equals 
̅̅̅̅̅̅̅̅
2/3

√
‖ėp‖. 

To include the dependence of the plastic shear modulus on shear strain, the following equation is introduced to adjust the change in parameter a 
according to the magnitude of equivalent strain εp

d. 

a = a0 −
a0 − amin

1 + (a0 − amin)exp(− Crefεp
d)

(22)  

where a0, amin, and Cref are the parameters that reproduce the cyclic tests on soil sample through element simulations; a0 is related to the initial plastic 
shear modulus while amin is related to the ultimate plastic shear modulus; Cref controls the reduction of plastic shear modulus in a loading cycle. The 
larger Cref is, the faster the plastic shear modulus will decrease. When Cref is set as 0, the degradation of plastic shear modulus is neglected. 

The plastic potential function g has a Cam-clay-type formula (Oka et al., 1999) written as 

g =
̅̅̅̅̅̅̅̅
3/2

√
‖r − η‖+Mmln

(
p’/p’

0

)
(23)  

where Mm is the critical state ratio; p’
0 is the value of p’ when ‖r − η‖ = 0. 

The non-associated flow rule (Naghdi and Trapp, 1975; Oka et al., 1999) is adopted and the expressions of plastic deviatoric and volumetric strains 
are written as 
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ε̇p
= λ

∂g
∂σ (24)  

λ = λ1δijδkl + λ2
(
δikδjl + δilδjk

)
(25) 

Namely, 

ε̇p
d = 2λ2

∂g
∂q

(26)  

ε̇p
v = (3λ1 + 2λ2)

∂g
∂p’ (27)  

d =
3λ1 + 2λ2

2λ2
(28)  

where λ is the plastic multiplier; λ1 and λ2 are generally dependent on the state parameters, e.g. stress and strain, and d is the coefficient of dilatancy 
controlling the ratio of the plastic volumetric strain increment to the plastic deviatoric strain increment. 

The evolution rule of dilatancy d (Matsumaru and Uzuoka, 2016) is related to suction pc and satisfies 

d =

⎧
⎨

⎩

dmin + (d0 − dmin)exp
(
− pc

/
pc

ref

)
, pc > 0

dmin, pc ≤ 0
(29)  

where d0 and dmin are the initial and minimum dilatancy values; pc
ref is the reference suction used to control the dilatancy change. 

The elastic relationship was described using another two parameters Ke and Ge 

Ke = K*p’; Ge = G*p’ (30)  

where Ke and Ge are the elastic bulk moduli and K* and G* are the dimensionless elastic moduli. 
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