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Abstract
Identification of the influence of hydrological and geological factors on slope deformation characteristics (i.e., the displacement–
time relationship) under rainfall plays a crucial role in providing early warning information and enabling the implementation of
emergency remedial actions before a landslide occurs. In this study, a series of coupled hydro-mechanical finite element analyses
were performed to investigate slope displacement behavior triggered by rainfall infiltration. First, the numerical model was
validated by comparing the predicted displacement with those measured from a full-scale landslide flume test. A parametric
study was then conducted, considering various hydrological conditions and soil hydraulic and mechanical parameters that were
statistically determined from a large soil database compiled from relevant literature. Further, the influences of the aforementioned
factors on the timing, magnitude, and rate of slope displacement prior to landslide occurrence were quantitatively evaluated in a
sensitivity assessment. The numerical results indicated that the slope deformation characteristics could be significantly influenced
by various hydrological and geological factors. Nevertheless, the slope displacement over time for all cases generally can be
divided into three stages, namely the constant, accelerated, and critical deformation stages, which correspond to various states of
slope movement and pore water pressure development. The relationships of slope displacement magnitude and displacement rate
with the factor of safety were established, which provide a valuable information in practice for engineers to interpret the slope
stability level from a large quantity monitoring data of slope displacement.

Keywords Rainfall-triggered landslides . Early warning system . Coupled hydro-mechanical analysis . Deformation
characteristics

Introduction

Landslides are major geotechnical disasters that occur world-
wide. Rainfall-induced shallow landslides are the most fre-
quently reported causative factor of landslides, and their fre-
quency of occurrence is increasing rapidly because of extreme
rainfall events caused by global warming and climate change.
According to the United States Geological Survey (USGS),
shallow landslides, classified as translational earth slides, pre-
dominately occur in areas covered by a residual or colluvium
soil deposit underlain by less permeable rock. The failure
plane is approximately parallel to the slope surface, with the
failure depth typically ranging from 1 to 3 m (Caine 1980;
Johnson and Sitar 1990; Fourie et al. 1999; van Asch et al.
1999; Tohari et al. 2007; Trandafir et al. 2008; Wesley 2011;
Bordoni et al. 2015; Chae et al. 2015; Kim and Song 2015; Oh
and Lu 2015; Zhang et al. 2017).

Numerous studies have been conducted on the hydrologi-
cal response and failure mechanism of rainfall-induced
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shallow landslides by using various approaches, such as mod-
el tests (Wang and Sassa 2001, 2003; Tohari et al. 2007;
Gallage et al. 2012; Chae and Kim 2012; Chen et al. 2012;
Hakro and Harahap 2015; Chinkulkijniwat et al. 2016; Lora
et al. 2016; Montoya-Domínguez et al. 2016; Park 2016;
Ahmadi-Adli et al. 2017; Regmi et al. 2017; Sasahara 2017;
Wu et al. 2015, 2017; Fan et al. 2018; Kim et al. 2018; Cogan
and Gratchev 2019; Jing et al. 2019; Zhang et al. 2019), cen-
trifuge tests (Wang et al. 2010; Zhang et al. 2011;
Bhattacherjee and Viswanadham 2017), case study and field
monitoring (Gasmo et al. 1999; Zhang et al. 2000; Okura et al.
2002; Moriwaki et al. 2004; Ochiai et al. 2004; Li et al. 2005;
Rahardjo et al. 2005; Trandafir et al. 2008), and numerical
analyses (Casagli et al. 2005; Ye et al. 2005; Leung and Ng
2013; Leshchinsky et al. 2015; Qi and Vanapalli 2015;
Bandara et al. 2016; Suradi et al. 2016; Yang et al. 2017;
Yubonchit et al. 2017; Wang et al. 2018; Tang et al. 2019).
These studies have revealed that the soil volumetric water
content (VWC) and pore water pressure (PWP) exhibit spa-
tiotemporal variation within slopes subject to wetting and dry-
ing cycles. The failure mechanisms of rainfall-induced shal-
low landslides primarily involve the advancement of the wet-
ting front, which causes increased PWP (loss of suction or
development of positive PWP) within the soils. An increase
in the PWP leads to a decrease in the soil shear strength, which
results in slope failure. Slope stability is directly influenced by
PWP variation, which is a function of the rainfall intensity,
infiltration rate, soil’s saturated and unsaturated hydraulic
properties, and slope geometry.

Many of the aforementioned studies focused on assessing
the hydrological response (i.e., the variation of water content
and PWP within soils) and stability (i.e., the factor of safety,
FS) of a shallow slope subjected to rainfall. The relationship of
rainfall intensity and duration with landslide occurrence has
also been evaluated in past studies to establish rainfall thresh-
olds above which a landslide could be triggered. However,
few attempts have been made to investigate the deformation
characteristics (i.e., displacement–time relationship) of slopes
subjected to rainfall (Alonso et al. 2003; Zhou et al. 2009;
Leung and Ng 2016; Yang et al. 2017; Tang et al. 2019).
The reason for few studies on this subject is that assessment
of slope displacement is a complex coupled hydro-mechanical
problem that involves a change in the soil’s mechanical and
hydraulic properties as the soil transits from unsaturated to
saturated conditions, and the water table varies with time as
rainfall continues (Lee et al. 2011).

The importance of understanding slope deformation char-
acteristics under rainfall is twofold. First, in practical landslide
risk management, a single slope displacement criterion is
adopted for all slopes in the early warning system regardless
of whether slopes have different hydrological and geological
conditions. Investigation of slope deformation characteristics,
particularly the evaluation of the influence of hydrological

conditions and soil mechanical and hydraulic parameters on
slope displacement under rainfall, could provide useful in-
sights for developing a slope displacement criterion with cus-
tomized values for slopes under different conditions. Second,
in current practice, the stability of a slope is often interpreted
from the slope displacement obtained using inclinometer read-
ings or satellite image interpretation. However, a missing link
exists between the monitored slope displacement information
and corresponding soil stress state and stability level of the
investigated slope. Further research on slope deformation
characteristics is required to establish the relationships be-
tween slope displacement (e.g., magnitude or rate) and slope
stability levels (e.g., FS).

The aforementioned discussion motivated the authors of
this paper to conduct a series of coupled hydro-mechanical
finite element (FE) analyses to investigate slope deformation
behavior of slopes triggered by rainfall. The framework of
unsaturated soil mechanics was incorporated into simulations
to model the mechanical and hydraulic responses of soils dur-
ing rainfall. The objectives of this study were as follows: (1) to
validate the applicability of the proposed numerical model in
predicting a slope’s hydraulic response and deformation, (2)
to examine the mechanism that triggers slope deformation and
the process of slope displacement over time, (3) to evaluate
the influence of hydrological conditions and soil mechanical
and hydraulic parameters on slope displacement, and (4) to
establish the relationships of slope displacement magnitude
and displacement rate (velocity) with the FS. On the basis of
the findings, practical implications and suggestions regarding
landslide warnings based on slope surface displacement and
displacement rate are discussed.

Theoretical framework and model validation

Numerical model and procedure

A full-scale landslide flume test (Fig. 1a) performed by
Moriwaki et al. (2004) was used to validate the applicability
of the proposed numerical model in predicting a slope’s hy-
draulic response and deformation. The model slope in the
landslide flume test was 23 m long, 7.8 m high, 3 m wide,
and 1.2 m deep and consisted of three parts: an upper 30°
slope segment, a lower 10° slope segment, and a horizontal
segment at the toe of the model slope. The slope was con-
structed using loose Sakuragawa River sand, which is classi-
fied as poorly graded sand (SP) according to the Unified Soil
Classification System (USCS). Instruments were installed
along the slope (Fig. 1b) to measure the development of slope
displacement and PWP during rainfall. A constant rainfall of
intensity 100 mm/h was applied to the slope. The slope began
to deform at 113 min after commencement of the rainfall, after
which the displacement increased continuously (prefailure
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stage). A rapid landslide occurred at 154 min (failure stage).
The collapsed soil mass slid downward and deposited in a
final position within approximately 5 s (postfailure stage).
Detailed information on the test setup and experimental results
can be found in Moriwaki et al. (2004).

In the present study, a series of fully coupled hydro-
mechanical analyses were performed using the FE program
PLAXIS (Brinkgreve et al. 2019) to simultaneously analyze
PWP variation and slope displacement within the slope.
Figure 1b shows the numerical model used for validation.
The FE meshes with 15-node triangular elements of the entire
numerical model consisted of 25,387 nodes and 3117 ele-
ments, and the FE meshes of the surface soil layers were
refined to generate a high degree of freedom for the slope
system to predict surface displacement. Standard fixities were
specified for the mechanical boundary conditions: a roller for
the two side boundaries and a hinge for the bottom boundary.
As for the hydraulic boundary conditions, zero flux was

assigned along the bottom boundary, and the seepage bound-
ary was imposed along both the right and left boundaries to
allow the free flow of seepage water (Fig. 1b). The numerical
simulation was performed in two steps: generation of the ini-
tial condition and implementation of the rainfall. Transient
seepage analysis was first conducted with small unit flux on
the slope surface to generate a uniform PWP distribution of −
7 kPa, which was estimated from the initial water content of
the soil in the test. On the generation of the initial condition,
inflow flux of q = 100 mm/h, which is equal to the rainfall
intensity in the test, was applied to the slope surface for a
period of time (t = 9267 s) until slope failure occurred.

Soil parameters

In this study, the hydraulic and mechanical behavior of unsat-
urated soil under rainfall infiltration conditions is described
using the framework of unsaturated soil mechanics. The van
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Genuchten–Mualem model (van Genuchten 1980; Mualem
1976) was used to simulate the infiltration and transient seep-
age behaviors of unsaturated soil under rainfall condition. The
soil–water characteristic curve (SWCC) and soil hydraulic
conductivity function (HCF) are expressed in Eq. 1 and Eqs.
2 and 3, respectively.

θ ¼ θrþ θs−θrð Þ 1þ α ua−uwð Þf gn½ �1=n−1 ð1Þ
where θ = volumetric water content; θs and θr = saturated and
residual volumetric water content, respectively; α = fitting
parameter related to air entry value; n = fitting parameter re-
lated to the gradient of the curve; and (ua − uw) = matric suc-
tion (where ua and uw are the pore air and pore water pressures,
respectively).

krel ¼ k
ks

¼ Θ1=2 1− 1−Θ1= 1−1=nð Þ
� �1−1=n� �2

ð2Þ

Θ ¼ θ−θr
θs−θr

ð3Þ

where Θ = normalized volumetric water content, krel =
relative hydraulic conductivity, k = hydraulic conductiv-
ity at a given pore water pressure, and ks = saturated
hydraulic conductivity.

Figure 2 displays the SWCC and HCF of the test soil used
for the numerical model validation. Table 1 summarizes the
van Genuchten–Mualem model parameters for the test soil.
The SWCC was first estimated using the predictive method
proposed by Houston et al. (2006) based on the soil grain-size
distribution and index properties. The van Genuchten–
Mualem model presented in Eq. 1 was then used to determine
the fitting parameters α and n of the SWCC. Finally, the van
Genuchten–Mualem model presented in Eq. 2 with the deter-
mined fitting parameters was employed to predict the HCF of
the test soil. As depicted in Fig. 2a, the SWCC of the test soil
(Sakuragawa River sand) falls in the typical range for sandy
soil suggested by Griffiths and Lu (2005). The ks value of the
test soil required for HCF was estimated using various empir-
ical methods (Hazen 1892; Kozeny 1927; Slichter 1954;
Beyer 1964) and ranged from 4.6 × 10−5 to 3.0 × 10−4 m/s.
By comparing the predicted timings of slope failure, the ks
value for the best-fitted result was determined to be 3.0 ×
10−4 m/s. This value is consistent with the typical range sug-
gested by Griffiths and Lu (2005) for the ks value of sandy
soil.

In PLAXIS, the soil effective stress under unsaturated con-
ditions was defined using Bishop’s equation (Bishop 1954,
1959) as follows:

σ
0 ¼ σ−uað Þ þ χ ua−uwð Þ ð4Þ

where σ′ and σ = effective and total stress, respectively; σ − ua
= net normal stress; and χ = soil parameter in the range of 0 to

1. In PLAXIS, χ is assumed to equal the effective saturation
Se, which is expressed as follows:

Se ¼ S−Sr
Ss−Sr

ð5Þ

where S = degree of saturation and Ss and Sr = degree of
saturation at the fully saturated state (= 100%) and at the re-
sidual state, respectively. Notably, Se =Θ, which can be de-
rived numerically according to the soil’s weight–volume rela-
tionship. When soil is saturated (Se = 1), Eq. 4 becomes σ′ = σ
− uw, which coincides with Terzaghi’s effective stress for sat-
urated soil. Thus, a smooth transition occurs between the sat-
urated and unsaturated states.

The extended Mohr–Coulomb failure criterion proposed
by Vanapalli et al. (1996) was used to calculate the unsaturat-
ed soil shear strength as follows:

τ ¼ c
0 þ σn−uað Þtanφ0 þΘ ua−uwð Þtanφ0

h i
ð6Þ

where τ = soil shear strength, c′ = effective cohesion, ϕ′
= effective friction angle, and the rest of the parameters
have been defined previously. Equation 6 describes the
nonlinear relationship between soil strength and suction
and provides realistic modeling of soil shear strength
when soil is partially unsaturated (Zhang et al. 2014).
When soil is saturated (Θ = 1), Eq. 6 becomes equiva-
lent to the conventional Mohr–Coulomb failure criterion.

The hardening soil (HS) model, an elastoplastic soil con-
stitutive model, was used for the simulation of soil behavior.
The HS model has a nonlinear (hyperbolic) and stress-
dependent modulus, which is defined as follows:

E50 ¼ Eref
50

σ
0
3 þ c

0
cotϕ

0

pref þ c0 cotϕ
0

 !m

ð7Þ

where E50 = secant modulus corresponding to 50% of stress

level, Eref
50 = reference stiffness modulus corresponding to the

reference confining pressure pref, σ
0
3 = the effective lateral

pressure at the mid-depth of the soil layer, pref = reference
confining pressure (= 1 atm = 101.3 kPa), and m = ex-
ponential power. The nonlinear soil stress–strain relation
in the HS model can effectively model the changes in
soil modulus at different stress levels and thus appropri-
ately simulate soil deformation under large soil strain
conditions. Furthermore, the stress-dependent modulus
in the HS model is an essential feature for appropriately
describing changes in the soil modulus with matric suc-
tion to model the unsaturated soil behavior.

Table 1 lists the input soil mechanical properties used in the
numerical model validation. The soil properties for
Sakuragawa River sand were adopted from Moriwaki et al.
(2004) and Ghasemi et al. (2019). The sand behavior was
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analyzed using effective stress parameters under drained con-
ditions. The steel flume was modeled as an impervious bed-
rock layer underlying the sand layer. The bedrock layer was
modeled using a nonporous and linear elastic material with a
relative high Young’s modulus to ensure that it behaved as a
rigid material (Camera et al. 2014).

Results and comparison

The numerical model was verified by comparing the level of
the phreatic surface, the location of the failure surface, ground
surface displacements, and failure timing of prediction with
those of measurement. This validation focused only on the

prefailure and failure stages. The postfailure stage was not
evaluated in this study because of the limitation of FE formu-
lation in modeling large soil deformation, which could cause
the distortion of FE meshes and the consequent numerical
illness. Figure 3a presents a comparison of the measured level
of the phreatic surface immediately before slope failure with
the predicted level of the zero PWP surface. Figure 3b
illustrates a comparison of the measured location of the
failure surface with the predicted location comprised of
the plastic points. The measurements and predictions are
generally in favorable agreement. Both the landslide
flume test and numerical simulation indicated that slope
failure was initiated in the upper 30° slope segment.
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The failure surface developed along the soil–bedrock
interface at the upper slope, which resulted in a trans-
lational slide failure.

Figure 4 displays the measured and predicted surface dis-
placement with time at three selected locations (D1, D3, and
D5 in Fig. 1) along the slope surface. The displacement trends
of prediction well coincide with those of measurement for all
three locations. For both the measurements and predictions,
the slope starts to move after t = 6700 s, which corresponds to
the time required for the wetting front to reach the base of the
soil and the soil becomes saturated at the soil–bedrock inter-
face. The slope displacement approximates 50 mm at the in-
ception of slope failure (FS = 1.0) for both prediction and
measurement, and the failure timing of prediction (t =
9300 s) also closely matches that of measurement (t = 9267 s).

In summary, good agreement can be achieved between the
measurements and predictions in many aspects. The model
validation results indicate that the fully coupled hydro-
mechanical model used in this study can capture the mechan-
ical and hydraulic response as well as the deformation char-
acteristics of shallow slopes subjected to rainfall.
Subsequently, the proposed numerical model was adopted to
investigate the slope deformation characteristics under rainfall
as described in the following sections.

Numerical modeling

Landslide database

A database of 57 soil types was compiled from 35 landslide
case histories of the literature and listed in Table 6 in the
Appendix. The datasets cover a wide range of soil types, in-
cluding residual weathered soils and transported colluvium
deposits worldwide. Figure 5 displays the probability density
functions of the various soil hydraulic and mechanical param-
eters, and Fig. 6 depicts the variation in the SWCC and HCF
of the soils for the numerical evaluation in this study. Table 2
summarizes the statistical attributes of the soil dataset (i.e.,
maximum and minimum value, mean, and standard deviation,
SD) calculated from the probability density functions
displayed in Fig. 5. The mean values of soil properties were
input to the baseline case in the numerical simulation, and the
values bounded by maximum and minimum values were used
in the parametric study, as discussed later.

Numerical model

An FE slope model was established to model a shallow slope
with total length of 120 m and slope angle of 30° (Fig. 7). The

Table 1 Input soil properties for numerical model validation and baseline case

Soil model parameters Symbol Model validation Baseline case

Sand Soil layer Bedrock

Mechanical parameters
Soil model HS HS MC
Analysis type Unsaturated drained Unsaturated drained Saturated undrained
Dry unit weight (kN/m3) γunsat 15.7 16 24
Saturated unit weight (kN/m3) γsat 19.1 18.1 24
Cohesion (kPa) c′ or Su 0.1 7.0 500
Friction angle (°) ϕ′ 34 31.5 0
Dilatancy angle (°) ψ 4a 1.5a –
Secant modulus (kPa)

Eref
50 or Eu

10,000 15,000 876 × 105

Primary oedometer loading modulus (kPa)
Eref
oed

10,000b 10,500b –

Unloading/reloading modulus (kPa)
Eref
ur

30,000c 45,000c –

Modulus exponent m 0.5 0.5 –
Poisson’s ratio υur or υ 0.3 0.3 0.495
Failure ratio Rf 0.9 0.9 –

Hydraulic parameters
Saturated hydraulic conductivity (m/s) ks 3 × 10−4 3 × 10−5 1 × 10−13

Saturated volumetric water content θs 0.459 0.445 –
Residual volumetric water content θr 0.040 0.108 –
Fitting parameter (kPa−1) α 0.23 0.25 –
Fitting parameter n 2.56 1.70 –

a Estimated by ψ = ϕ′ − 30° (Bolton 1986)
b Assume to be Eref

50 for sand and 0.7Eref
50 for soil layer

c Assume to be 3Eref
50 as the default value in PLAXIS
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slope model comprised a 3-m-thick soil layer underlain by an
impermeable rock layer. The value of the thickness of the soil
layer was determined based on the collected landslide data-
base presented in Table 6 in the Appendix. More than 80% of
the landslide cases in the collected landslide database have soil

thickness ranging from 1 to 5 m. Based on the above statistical
results, a 3-m-thick soil layer, the average value of 1–5 m, was
selected in this study. The ratio of slope length to soil thick-
ness in the slope model (L/H) was 30, which is larger than the
suggested value (= 25) to ensure no interference from

Slope surface

Phreatic surface (measured) 

Surface of zero PWP (predicted)

Failure surface (measured)

Plastic point (predicted)

(b)

(a)

Fig. 3 Model validation by
comparing the location of a
phreatic surface and b failure
surface
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boundaries in the calculation of slope deformation (Griffiths
et al. 2011; Milledge et al. 2012).

The soil was modeled using the HS model, and the soil
behavior was analyzed using effective stress parameters under
drained conditions. The bedrock was modeled using the
Mohr–Coulomb model with a high Young’s modulus to en-
sure that the bedrock deformation was negligible. The FE
mesh with 15-node triangular elements consisted of 32,261
nodes and 3968 elements (Fig. 7). The element sizes were
refined (i.e., element global height of 0.2 m) in the soil layer,
where large deformation and PWP variation are expected to

occur. Sections A, B, and C—in the upper, middle, and lower
parts of the slope, respectively—were selected to present the
numerical results.

The boundary conditions and numerical procedure were
the same as those used in the validation model, except that
the values of inflow flux q were input differently on the basis
of the selected rainfall intensity. The FS of the slope was
calculated using the phi/c strength reduction method in
PLAXIS. All simulations were terminated at the critical state
of slope failure (FS = 1). During the calculation, each
step/phase of coupled analyses was followed by an additional
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step of phi/c reduction analyses. Therefore, the FS value can
be evaluated at different steps/times during the entire calcula-
tion process. However, the values of slope displacement were
obtained from the coupled analyses and not from the phi/c
reduction analyses.

Implementation of numerical analyses

The numerical analyses were performed in two series: a base-
line case and parametric study. Totally, 26 cases of numerical
simulations have been carried out in this study (Table 3).
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Table 2 Summary of the statistical attributes of the compiled soil dataset

Parameters Soil type Hydraulic parameter Mechanical parameter

USCS θs θr α (kPa−1) n ks (m/s) γ (kN/m3) c′ (kPa) ϕ′ (°)

Number of data 57 51 47 50 50 51 31 49 49
Maximum value SM, SC, SW, MH-CL,

MH-ML, CL
0.660 0.250 1.200 5.239 5.0 × 10−4 21.6 35.8 39.5

Minimum value 0.282 0 0.007 1.092 2.6 × 10−8 13.1 0 17
Mean, μ 0.445 0.108 0.250 1.703 3.0 × 10−5 18.1 7.0 31.5
Standard deviation, SD 0.081 0.071 0.277 0.640 7.5 × 10−5 2.04 7.6 6.0
Coefficient of variation, COV % 18.2 65.7 110.8 37.6 249.2 11.2 108 19.1
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Notably, different input soil properties were used in the base-
line case and parametric study because the two series of
analyses served different purposes. The input soil parameters
listed in Tables 1 and 3 and used for the baseline case were
obtained from the mean values of the soil properties of the
compiled dataset in Table 2. Moreover, according to the soil
modulus value suggested by Rahardjo et al. (2011) and Yang

et al. (2017) from actual landslide cases, Eref
50 was assumed to

be 15,000 kPa, which results in anE50 value of 6780 kPa at the
mid-depth of the soil layer. The sensitivity of the soil modulus
to slope deformation was evaluated in the parametric study.

In the baseline case, an initial suction of ψ0 = 10 kPa was
first generated and then a rainfall intensity of I = 16.25 mm/h
(or 390 mm/day) was applied to the upper surface of the slope.
This I value was referenced from Chen et al. (2015) based on
the rainfall data which caused 263 cases of landslide disasters
in Taiwan. The ratio of rainfall intensity to soil saturated hy-
draulic conductivity (I/ks) was 0.15. An I/ks value < 1 indicates
that the inflow flux (i.e., I) is less than the outflow flux (limited
by the ks value of the soil). Thus, all the rainwater can infiltrate
the soil and no run-off occurs in the baseline model. The effect
of rainfall intensity on slope deformation characteristics was
also examined in the parametric study.

In the parametric study, the input parameters were divided
into three main groups (Table 3): hydrological conditions (i.e.,
initial conditions and rainfall intensity), soil hydraulic parame-
ters (i.e., saturated hydraulic conductivity, SWCCs, and HCFs),
and soil mechanical parameters (i.e., unit weight, friction angle,
cohesion, soil modulus, and dilatancy). The effects of these
parameters on slope displacement were evaluated. In each case,
only one parameter was varied, with all other parameters kept
the same as those in the baseline case. Regarding the input soil
properties, the soil property values within one SD of the mean

(μ ± SD) were selected in the parametric study. If μ − SD was
negative or unreasonable, the minimum value of the parameter
in Table 2 was used as the lower bound. The SWCC and HCF
are governed by three parameters (n, α, and ks in Eqs. 1 and 2).
For data visualization, Fig. 8 illustrates the input soil hydraulic
characteristic curves obtained by individually varying the
values of n, α, and ks.

Regarding the input hydrological conditions, three initial
suction values (ψ0 = 5, 10, and 20 kPa) were adopted in the
parametric study. These values were selected on the basis of
field measurement values of landslide slopes reported in the
literature (Cuomo and Della Sala 2013; Sorbino and Nicotera
2013; Song et al. 2016; Tofani et al. 2017). Notably, the initial
suction value was influenced by the antecedent hydrological
conditions. Higher suction can possibly develop in the field
under a prolonged drought; however, the evaluation of this
extreme condition was beyond the scope of the present study.
In addition, five rainfall intensities, which were normalized by
ks, were selected in the parametric study: I/ks = 0.02 (I =
2.16 mm/h) and 0.05 (I = 5.4 mm/h) for light rainfall, 0.15
(I = 16.2 mm/h) for moderate rainfall, 0.3 (I = 32.4 mm/h) for
heavy rainfall, and 0.5 (I = 54 mm/h) for extremely heavy rain-
fall. These intensities were selected in accordance with the rain-
fall classification system of the Taiwan CentralWeather Bureau.

Results and discussion

Baseline case

In the baseline case, the hydraulic response of the slope, the
triggeringmechanism of slope deformation, and the process of
slope displacement over time were examined. Figure 9
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presents the variation of the PWP and VWC with time for
three depths (depth-1, depth-2 and depth-3 in Fig. 7) below
the slope surface at sections A, B, and C. The numerical re-
sults reveal that the development of PWP over time can be
divided into four stages: the initial unsaturated stage, transi-
tion stage, temporary equilibrium stage, and development
stage (inset figure in Fig. 9a). The soil was unsaturated in
the initial unsaturated stage with negative PWP (or matric
suction). Subsequently, the decrease of negative PWP in the
transition stage was due to a loss of matric suction caused by
advancement of the wetting front. As the wetting front was
passed, the inflow and outflow flux tend to be balanced and
the temporary equilibrium stage was achieved under a condi-
tion that negative PWP approximates were unchanged. When
rainfall reached the base of the soil (at approximately t = 21 h),
rainwater accumulated and positive PWP began to develop at
the soil–bedrock interface (at t = 24 h) because the

permeability of the bedrock was much lower than that of the
soil. At this stage (the development stage, t > 24 h), the PWP
at the soil–bedrock interface changes from negative to positive
and increases rapidly as the rainfall proceeds. It is obvious in
Fig. 9 that there constantly exists a time lagging for the rapid
increase in PWP for the soil at different depths because it takes
some time for the PWP accumulation to reach the higher ele-
vation. Notably, slope failure occurred at tf = 29 h when the
PWP at the base of the soil reached the critical threshold (≈
11 kPa), which corresponds to a PWP ratio (PWP divided by
the total overburden pressure) of ru = 0.2.

The VWC exhibited a similar trend over time (Fig. 9b, d,
and f) to that of the PWP (Fig. 9 a, c, and e). An increase in the
VWC was associated with an increase in the PWP in the
transition stage. The VWC reached temporary equilibrium at
θ = 0.39, which corresponds to S = 88%. The temporary equi-
librium of the VWC is also known as the initial quasi-

0.1

0.2

0.3

0.4

0.5

0.01 0.1 1 10 100 1000

tnetn oc
reta

w
cirt e

mulo
V

Matric suction (kPa)

SWCC 1: n = 1.7 (baseline)

SWCC 2: n = 1.1
SWCC 3: n = 2.35

0.01 0.1 1 10 100 1000

H
yd

ra
ul

ic
 c

on
du

ct
iv

ity
 (m

/s
)

Matric suction (kPa)

1× 10-4

1× 10-5

1× 10-6

1× 10-7

1× 10-8

1× 10-9

1× 10-10

1× 10-11

1× 10-12

HCF 1: = 0.25 kPa-1, n = 1.7 (baseline)

HCF 2: = 0.25 kPa-1, n = 1.1
HCF 3: = 0.25 kPa-1, n = 2.35

0.1

0.2

0.3

0.4

0.5

0.01 0.1 1 10 100 1000

tnetnoc
reta

w
cirte

mulo
V

Matric suction (kPa)

SWCC 1: = 0.25 kPa-1, n = 1.7 (baseline)

SWCC 4: = 0.53 kPa-1, n = 1.7

SWCC 5: = 0.05 kPa-1, n = 1.7

0.01 0.1 1 10 100 1000

H
yd

ra
ul

ic
 c

on
du

ct
iv

ity
 (m

/s
)

Matric suction (kPa)

1× 10-4

1× 10-5

1× 10-6

1× 10-7

1× 10-8

1× 10-9

1× 10-10

1× 10-11

1× 10-12

HCF 1: = 0.25 kPa-1, n = 1.7 (baseline)

HCF 4: = 0.53 kPa-1, n = 1.7

HCF 5: = 0.05 kPa-1, n = 1.7

0.01 0.1 1 10 100 1000

H
yd

ra
ul

ic
 c

on
du

ct
iv

ity
 (m

/s
)

Matric suction (kPa)

1× 10-3

1× 10-5

1× 10-6

1× 10-7

1× 10-8

1× 10-9

1× 10-10

1× 10-11

1× 10-12

HCF 1: = 0.25 kPa-1, n = 1.7, ks = 3×10-4 m/s (baseline)

HCF 6: = 0.25 kPa-1, n = 1.7, ks = 1× 10-4 m/s
HCF 7: = 0.25 kPa-1, n = 1.7, ks = 1× 10-6 m/s

1× 10-4

(a.1) (b.1)

(a.2) (b.2)

(c)

Fig. 8 Hydraulic characteristic
curves: (a.1), (b.1) SWCC and
HCF of different n values,
respectively; (a.2), (b.2) SWCC
and HCF of different α values,
respectively; (c) HCF of different
ks values

K.-H. Yang et al.



saturated VWC (Tohari et al. 2007; Ling and Ling 2012) and
is an indicator used to identify the onset of slope movement.
After rainfall had reached the base of the soil (t > 21 h), the
VWC of the soil at the base increased rapidly and the soil
became fully saturated (θs = 0.445) at t = 24 h. Notably, in
contrast to the trend of continuous increase in the positive
PWP in the development stage, the VWC remained constant
after the soil became saturated.

Figure 10 displays the slope total displacement over time
(s–t curve) and displacement rate over time (v–t curve). The
development of slope displacement was divided into three
stages (the constant, accelerated, and critical deformation
stages) according to the rate of slope movement, as suggested
by Xu et al. (2011). Table 4 summarizes the slope displace-
ment stage and corresponding PWP development. The slope
deformation was insignificantly developed at t < 21 h, in

which the rainwater has not reached the base of the soil yet.
The slope moved progressively with a low displacement rate
(v < 1 mm/h) in the constant deformation stage (21 < t < 24 h).
In this deformation stage, the PWP increased steadily but
remained negative, which corresponded to the first three
stages of PWP development. Subsequently, slope deformation
became evident with a displacement rate ranging from v = 1 to
3 mm/h in the accelerated deformation stage (24 < t < 27.2 h).
Slope deformation was triggered by full saturation of the soil
and accumulation of positive PWP at the base of the soil
starting from t = 24 h, which corresponded to the early PWP
development stage (Fig. 9). The slope displacement increased
rapidly with a large displacement rate (v > 3 mm/h) in the
critical deformation stage (t > 27.2 h). This deformation stage
corresponded to the late PWP development stage, in which the
accumulation of positive PWP was larger than 7 kPa (ru =
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section B)
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Table 4 Slope deformation and pore water pressure development in the baseline case

Slope deformation stage Timing t (h) Displacement
rate v (mm/h)

Factor of safety (FS) PWP development stage PWP value (kPa) PWP ratio ru

Constant 21–24 < 1 1.43–1.35 Initial unsaturated, transition,
and temporary equilibrium

< 0 < 0

Accelerated 24–27.2 1–3 1.35–1.1 Early development 0–7 0–0.15

Critical 27.2–29 > 3 < 1.1 Late development 7–11 0.15–0.2

K.-H. Yang et al.



0.15). The corresponding FS at the beginning of the critical
deformation stage (FScr) was 1.1. Eventually, the final slope
failure (FS = 1) occurred at tf = 29 h. The maximum slope
displacement occurred in the upper slope (sections A and B)
and reached 240 mm at the moment of failure (Fig. 10a).

The three stages of development of slope displacement
over time can also be applied to the validation case (Fig. 4).
The constant deformation stage occurred at 6000 s < t <
6700 s with a low displacement development, which
corresponded to the time when the wetting front reached the
base of the soil. The slope displacement then increased signif-
icantly at the accelerated deformation stage (6700 s < t <
8700 s) due to an increase in positive PWP. Finally, the slope
displacement rapidly increased at the critical deformation
stage until the slope failed (i.e., 8700 s < t < 9300 s). The cor-
responding displacement rates are also indicated in the figure.

Fukuzono’s model (Fukuzono 1985) was used to fit the
displacement rate versus time curve (v–t curve). The model
is expressed as follows:

V tð Þ ¼ A αv−1ð Þ t f−tð Þ½ �1= 1−αvð Þ ð8Þ
where V(t) = slope displacement rate (mm/h) at a given time t,
tf = the failure timing (h), and A and αv (αv > 1) = fitting
parameters derived by the regression. Figure 10b dis-
plays the results of fitting obtained using Fukuzono’s
model for the baseline case. The fitting parameters were
A = 6.53 and αv = 2, and the failure timing was tf = 29 h.
Fukuzono’s model was found to fit the FE results (i.e.,
v–t curve) favorably with a high coefficient of determi-
nation (R2 = 0.99). The αv value determined in this
study is consistent with the general range of αv (be-
tween 1.6 and 2.0) reported in the literature (Intrieri
et al. 2019), and the tf value is in agreement with the
predicted failure timing at FS = 1.

Figure 11 illustrates the location of the failure surface (the
incremental shear strain contour). The failure surface was
found to extend from the crest to the toe of the slope with
the majority of the failure surface along the soil–bedrock

interface. The failure mode is categorized as translational slid-
ing failure.

Parametric study

In the parametric study, the effects of hydrological conditions
and soil mechanical and hydraulic parameters on the slope
displacement–time relationshipwere evaluated. Figure 12 pre-
sents the numerical results in terms of the s–t curves in section
B-1 (middle of the slope). The slope displacement depicted in
Fig. 12 was plotted only up to FScr = 1.1 (corresponding to the
beginning of the critical deformation stage in the baseline
case). Because the slope displacement increased considerably
in the critical deformation stage, including the slope displace-
ment in this stage would lead to indistinguishable s–t curves in
the early (constant and accelerated) deformation stages. In
addition, in landslide risk management, the slope displace-
ment criterion for early warning systems is often set up ac-
cording to the slope displacement value at the end of the con-
stant or accelerated deformation stage; therefore, the present
parametric study merely focused on the slope displacement in
these two stages.

Influence of hydrological conditions

Regarding the effect of initial suction (Fig. 12a), the numerical
results revealed that initial suction had a significant effect on
the time to reach the critical deformation stage (i.e., critical
deformation timing). A high ψ0 resulted in a large time lag for
the slope to reach the critical deformation stage because soil
with high ψ0 has low unsaturated permeability prior to the
rainfall; thus, it is time consuming for the rainwater to seep
and reach the base of soil during rainfall. The s–t curves for
different ψ0 values were similar, which resulted in approxi-
mate slope displacement at FScr = 1.1 and displacement rate in
the accelerated deformation stage. This result is in response to
the effect of diminishing ψ0 as the soil tends to be saturated in
this stage. However, the numerical results also revealed that

γs

failure surface

(translational slide)

Fig. 11 Location of slope failure
surface in the baseline case
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ψ0 has a negligible influence on the location of the failure
surface (not presented in this paper).

Regarding the influence of rainfall intensity (Fig. 12b), the
numerical results indicated that rainfall intensity has a signif-
icant effect on the s–t curve. A rise of I/ks led to critical defor-
mation timing occurring faster and also an increase in the
displacement magnitude and rate. The numerical results also
indicated that the slope failure mode changed from progres-
sive failure at low I/ks (i.e., light and moderate rainfall) to
sudden failure at high I/ks (heavy and extremely heavy rain-
fall). This phenomenon is in response to the fact that the in-
crease in PWP within the slope was a function of rainfall
intensity. Intense rainfall caused rapid rainfall infiltration (or
advancement of the wetting front) and hence decreased matric
suction and the development of positive PWP shortly.

Figure 13 displays the location of the failure surface (indi-
cated by the incremental shear strain contour) for different I/ks
values. The numerical results revealed that I/ks affected the
location of the failure surface. This surface mainly developed
in the lower half of the slope (i.e., partial sliding failure) when
the rainfall intensity was low (I/ks = 0.02 in Fig. 13a), whereas
it extended through the entire slope (i.e., overall sliding fail-
ure) when the rainfall intensity was moderate to high (I/ks =
0.15 in Fig. 11 and I/ks = 0.5 in Fig. 13b). The inconsistency of
the failure surface locations is attributed to the dissimilarity of
the PWP distribution within the slope, which was caused by
the different rainfall intensity. In the case of low I/ks, the time
to reach critical deformation was relatively long, which
allowed the rainfall-induced seepage flow driven by gravity
to travel downward along the soil–bedrock interface and
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accumulate at the toe of the slope. Consequently, the PWP
distribution turned into nonuniform within the slope.
Specifically, a considerable increase in the PWPwas observed
near the slope toe. Slope failure thus occurred in the lower part
of the slope as the aforementioned case.

Influence of soil hydraulic parameters

Regarding the effect of saturated hydraulic conductivity
(Fig. 12c), the numerical results indicated that the critical de-
formation timing substantially lengthened as the soil saturated
hydraulic conductivity decreased. Soil with low ks has low
permeability; therefore, it takes a long time for rainwater to
infiltrate down to the base of the soil. Moreover, the slope
displacement at FScr = 1.1 increased as ks decreases. This
slope displacement trend is associated with the development
of the failure surface. The failure mode changed from shallow
at high ks to deep failure along the soil–bedrock interface at
low ks. As the ks decreases, the failure surface developed deep
within the slope due to the long duration of infiltration and
seepage of rainwater prior to the critical deformation stage.
Consequently, the deep failure surface for the case with low
ks could generate large slope displacement.

Regarding the influence of soil hydraulic characteristics
under unsaturated conditions (Fig. 12d and 1e), the numerical
results revealed that the SWCC and HCF influenced both the
critical deformation timing and displacement rate in the

accelerated deformation stage. Slopes with low α exhibited
short and rapid deformation (i.e., short critical deformation
timing and high displacement rate), whereas the opposite ef-
fect was observed for n. The explanation for this result is as
follows. In the SWCC, α controls the air entry value (i.e., the
inflection point of the SWCC) and n determines the rate of
water extraction from the soil (i.e., the slope of the SWCC).
For a given matric suction value lower than ψ0, the soil unsat-
urated hydraulic conductivity increases as n increases (Fig.
8(a.2)) and α decreases (Fig. 8(b.2)). Consequently, soil with
low α or high n has relatively high unsaturated permeability,
and critical deformation occurs within a short time after the
commencement of rainfall.

Influence of soil mechanical parameters

Regarding the influence of soil unit weight (Fig. 12f), the
numerical results indicated that soil unit weight had a negligi-
ble effect on slope displacement. Similar s–t curves were ob-
tained for all slope cases with different γ. The variation in
VWC and the development of PWP over time were almost
identical for a given investigation point for all slope cases with
different γ, which resulted in comparable values of displace-
ment magnitude, displacement rate, and critical deformation
timing in the different cases. The failure in all slope cases with
different γ also occurred at the same time (i.e., tf = 29 h) and
the same failure surface location.
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Regarding the influence of soil shear strength (Fig. 12g and
h), the numerical results demonstrated that the critical deforma-
tion timingwas strongly affected by soil cohesion but only slight-
ly affected by the soil friction angle. The critical deformation
timing increased as c′ increased. For noncohesive soil (c′ =
0.1 kPa), the slope reached the critical deformation stage shortly
after the rainfall had begun due to the low shear strength of the
soil. A shallow failure surface, typical for a noncohesive soil
slope, was observed for the noncohesive soil slope case. By
contrast, slope failure did not occur in the case with c′ =
14 kPa. The slope remained stable (FS = 1.07) after the rainwater
and seepage had reached steady-state conditions. The slope dis-
placement at FScr = 1.1 increased as c′ or ϕ′ increased because in
the slope with large soil shear strength, large slope displacement
could develop before slope failure occurred or steady-state con-
ditions were reached. Notably, the slope displacement rate did
not significantly increase for the slope cases with low soil shear
strength parameters (c= 0.1 kPa and ϕ′ = 25°), which indicated
that the slope with low soil shear strength could enter the critical
deformation stage without exhibiting deformation features. In
addition, for all slope cases of various c′ or ϕ′, the numerical

results revealed that the PWP distributions within the slope were
similar, which suggested that the hydraulic response of the slope
was independent of the soil shear strength parameters.

Regarding the influence of soil modulus (Fig. 12i), the nu-
merical results indicated that the slope displacement at FScr =
1.1 considerably increased as the soil modulus decreased be-

cause, as expected, soil with low Eref
50 has high deformability.

However, Eref
50 appeared to have little influence on the critical

deformation timing and displacement rate. In addition, by

inspecting the hydraulic response of the slopes, Eref
50 was dis-

covered to have no effect on the VWC and PWP in the slope.
Regarding the influence of soil dilation angle (Fig. 12j), the

numerical results revealed that the soil dilation angle affected
the slope displacement magnitude and displacement rate but
had only a slight effect on the critical deformation timing. The
slope displacement magnitude and displacement rate in-
creased asψ decreased. The s–t curves for the slope cases with
ψ = 16° (= ϕ′/2) and ψ = 31.5° (= ϕ′) exhibit gradual develop-
ment in the accelerated deformation stage, whereas the curves
for the slope cases with ψ = 0° and 1.5° exhibit sudden

γs

(b) I/ks = 0.5

(a) I/ks = 0.02

γs

Fig. 13 Effect of rainfall intensity
on slope failure surface: a I/ks =
0.02 and b I/ks = 0.5
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increases. The influence of ψ on slope displacement magni-
tude and displacement rate can be attributed to the augment in
the stiffness of the slope system with increasing ψ value,
which dominates the change in volumetric plastic behavior
of soil. The numerical results are consistent with the findings
of Iverson (2000, 2005), who proposed an analytical model
considering the effect of soil dilatancy for predicting the rate
of landslide motion. Iverson found that if the soil with dense
compactness in the shear zone was dilated, slow and steady
landslide motion occurred when positive pore pressure was
generated due to rainwater infiltration.

Sensitivity assessment

The effect of each parameter on the slope deformation char-
acteristics was quantitatively compared in a sensitivity assess-
ment. Figure 14 presents the results of the sensitivity assess-
ment in terms of the percentage of change in the critical de-
formation timing, displacement magnitude, and displacement
rate versus the percentage of change in the input parameters.
In general, all the slope deformation characteristics evaluated
were influenced by hydrological and geological factors.
Figure 14 a indicates that ψ0, I/ks, ks, α, n, and c′ had a signif-
icant effect on the critical deformation timing. The hydrolog-
ical conditions and soil hydraulic parameters generally had a
strong influence on the critical deformation timing because
these parameter groups influenced the rainfall infiltration rate
and PWP development. In addition, c′, the soil shear strength
parameter, was directly related to slope stability and, there-
fore, also affected the critical deformation timing. Among the
aforementioned parameters, I/ks and ks showed the most influ-
ential effects; the critical deformation timing increased by
485% and 408% when I/ks and ks were decreased by 89%
and 97% on the basis of the baseline case, respectively.

Figure 14b indicates that I/ks, ks, n, Eref
50 , c′, ϕ′, and ψ had a

considerable effect on the slope displacement at FScr = 1.1.
The sensitivity assessment suggested that slope displacement
was affected by the input parameters in all three parameter
groups (i.e., hydrological conditions and soil hydraulic and
mechanical parameters). Among these parameters, I/ks, ks, n,
and Eref

50 had the most influential effects; the slope deformation
increased by 272%, 202%, 233%, and 202% when I/ks was
increased by 233%, whereas ks, n, and Eref

50 decreased by 97%,
35%, and 200% on the basis of the baseline case, respectively.

Figure 14c indicates that I/ks, ks, α, n, Eref
50 , c′, ϕ′, and ψ had

considerable effects on the average slope displacement rate in
the accelerated deformation stage. Similar to the findings for
slope displacement, the slope displacement rate was affected
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by the input parameters in all three parameter groups. The
parameters I/ks, ks, n, and ψ had the most influential effects;
the displacement rate increased by 624%, 128%, 864%, and
157% when I/ks was increased by 100%, whereas ks, n, and ψ
decreased by 90%, 35%, and 100% on the basis of the base-
line case, respectively.

In summary, the slope deformation characteristics are
highly sensitive to the hydrological condition I/ks and
the hydraulic parameters ks and n, which show great
influences on the numerical calculation of critical defor-
mation timing, slope displacement at FScr = 1.1, and
slope displacement rate.

Slope deformation with FS

The relationships of slope displacement magnitude and dis-
placement rate with the FS were established using the numer-
ical data obtained from the parametric study. The relationships
allow the interpretation of the slope stability level according to
the monitored slope displacement information. Figure 15(a)
displays the nonlinear relationship between slope displace-
ment and the FS for different parameter groups. The
displacement–FS relationship was consistent at FS > 1.3 but
began to diverge at FS < 1.3 for various input parameters. As

illustrated in Fig. 15(a), I/ks, ks, n, Eref
50 , and ψ had the strongest
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influences on the displacement–FS relationship. For example,
under heavy rainfall conditions (I/ks > 0.3), the slope displace-
ment increased by a factor of 3–4 at low FS. The maximum
slope displacement at FScr = 1.1 was approximately 5–20 mm
under various input parameters. These slope displacement
values, corresponding to landslide timing at the beginning of
the critical deformation stage, can be used as criteria for pro-
viding early warning and alert before the occurrence of a
landslide.

Figure 16 displays the relationship between the normalized
displacement and FS for all slope cases. The normalized dis-
placement was defined as E50δmax/γH

2, where E50 = secant
modulus corresponding to the 50% stress level, δmax = maxi-
mum displacement at the slope surface, γ = soil unit weight,
and H = thickness of the residual soil. Because the displace-
ment was only normalized using the soil mechanical parame-
ters, the normalized displacement–FS relationship, especially
for FS < 1.3, still had a wide range under different hydraulic
conditions and soil hydraulic parameters. This study suggests
that the normalized displacement of the slope can be further
divided into three zones according to the I/ks values (Fig. 16).
In the first zone, the normalized displacement at FScr = 1.1 is
less than 0.25 at I/ks < 0.15. The majority of slope cases fell
within this zone, and this finding is supported byHearman and
Hinz (2007). In their study, they concluded that low rainfall

intensity (i.e., I/ks < 0.2) is insufficient to saturate soil; conse-
quently, the surface displacement under this condition is not
much different. In the second zone, the normalized displace-
ment at FScr = 1.1 ranged from 0.25 to 0.55 at I/ks of 0.15–0.3.
Some soil mechanical parameters were discovered to still have
influence in this zone. For the third zone, the normalized dis-
placement at FScr = 1.1 varied from 0.55 to 0.80 at I/ks of 0.3–
0.5. In this zone, the normalized displacement–FS relationship
was mainly influenced by the rainfall intensity and soil hy-
draulic parameters.

Figure 15 (b) illustrates the relationship between the dis-
placement rate v and FS for the different parameter groups.
The majority of slope cases fell within v ≤ 10 mm/h at FScr =
1.1; however, v could significantly increase under some input
parameters. Similar to the results for slope displacement, I/ks,
ks, n, Eref

50 , and ψ had the strongest effects on the displacement
rate–FS relationship. For example, under extremely heavy
rainfall conditions (I/ks = 0.5), the displacement rate increased
considerably over 10 mm/h at FScr = 1.1, which implied that a
rapid landslide could occur under high rainfall intensity.

The following hyperbolic function is proposed to describe
the displacement rate–FS relationship:

v tð Þ ¼ v0 � FS

FS−FScr
ð9Þ

where v(t) = displacement rate (mm/h), v0 = constant in the
hyperbolic function representing the initial value of velocity,
and FScr = critical factor of safety (= 1.1 in this study). The
proposed hyperbolic equation can predict the rapid increase in
displacement rate as the slope approaches the critical defor-
mation stage (i.e., FS ≈ FScr). Table 5 lists the ranges of v0 in
Eq. 9 for different parameter groups. The parameter v0 had the
widest range (up to 0.47 mm/h) under the influence of
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Table 5 Regression results for displacement rate and FS relationships

Parameter group Range of v0 (mm/h) R2

Hydrological conditions 0.0035–0.4715 0.986–0.992

Soil hydraulic parameters 0.0265–0.1793 0.892–0.991

Soil mechanical parameters 0.0230–0.1014 0.988–0.991
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hydrological conditions compared with other parameter
groups. Figure 17 depicts the regression results of the dis-
placement rate–FS relationships using Eq. 9 for the different
parameter groups (i.e., hydrological condition and soil hy-
draulic and mechanical parameters). The influence of hydro-
logical conditions (i.e., the green color zone) caused the wid-
est range in the displacement rate–FS relationship, followed
by the influence of soil hydraulic and soil mechanical param-
eters. The wide range of influence of hydrological conditions
can be mainly attributed to the variation in rainfall intensity
considered in this study.

An additional parametric analysis was performed on a 5-m-
thick soil layer to evaluate the influence of the soil thickness
on the hydraulic response and slope displacement. The result
of the additional parametric study (not shown in the figure)
revealed that the timing of wetting front advancement and the
timing of slope failure increased substantially as the soil layer
becomes thicker. However, the soil thickness only has a minor
effect on the positive PWP accumulation, slope displacement,
displacement rate, and failure mode. Consequently, the soil
thickness also has a minor effect on the relationship between
FS and displacement rate.

Practical implications

The model validation results indicated that fully coupled
hydro-mechanical analysis can predict the deformation char-
acteristics and failure mode of shallow slopes subjected to
rainfall with accuracy. For effective landslide risk manage-
ment, coupled hydro-mechanical analyses with comprehen-
sive site investigation can be conducted on specific slopes
with high potential of landslides that would jeopardize human
life and estate of residential community. The numerical results
from coupled analyses provide a valuable reference for iden-
tifying the variations of PWP (or matric suction) and VWC,
slope deformation characteristics, and slope stability level.
Disaster prevention and mitigation strategies, such as setting
up an early warning system and evacuation plan or design and
construction of engineering remedial measures, can be imple-
mented on the basis of the numerical results of FE coupled
analyses.

The baseline case results indicate that slope deformation
occurs in the accelerated deformation stage when the soil is
fully saturated and the PWP is positive at the base of the soil.
Subsequent slope failure is triggered by the positive PWP
reaching a critical threshold. For field monitoring and instru-
mentation, measured PWP and VWC values can be indicators
of slope stability level. However, in contrast to the trend of
continuous increase in the positive PWP, the VWC remained
constant after the soil became saturated. Consequently, com-
pared with the VWC, the PWP may be a more suitable

indicator of slope stability after soil saturation in the later
stages (i.e., the acceleration and critical deformation stages).

The parametric study and sensitivity assessment indicate
that the slope deformation characteristics, namely the critical
deformation timing, displacement magnitude, and displace-
ment rate, are influenced by various hydrological and geolog-
ical factors. It is found that for practical application and oper-
ation in landslide risk management, the use of a single value
for the slope displacement criterion in an early warning system
for all slope cases is inappropriate and irrational. Further study
is required to develop a slope displacement criterion with cus-
tomized values for slopes with different hydrological and geo-
logical conditions.

This study found that the relationship between slope
deformation and the FS is not unique for all slope
cases. The displacement–FS relationship was consistent
at FS > 1.3 but began to diverge at FS < 1.3 under var-
ious input parameters. Meanwhile, a similar trend was
also observed for the displacement rate–FS relationship.
Conclusively, among all the input parameters, rainfall
intensity (I/ks) had the most influential effect on the
aforementioned relationships. On the basis of this find-
ing, this study proposes that the displacement–FS and
displacement rate–FS relationships can be divided into
several types according to the I/ks value, as illustrated in
Fig. 16. In addition, incorporating slope displacement
information with PWP and VWC measurement is sug-
gested for engineering practice to reduce the uncertainty
in interpreting the slope stability level from the moni-
tored slope displacement information. Furthermore, the
suggested approach offers a comprehensive understand-
ing of the relationship between slope deformation and
stability level.

Conclusions

This study performs a series of fully coupled hydro-
mechanical analyses to investigate the hydraulic re-
sponse, failure mechanism, and deformation characteris-
tics of slopes subjected to rainfall infiltration. The ef-
fects of hydrological and geological factors on slope
deformation characteristics under rainfall were evaluat-
ed. The effects of each factor on the timing, magnitude,
and rate of slope displacement prior to landslide occur-
rence were quantitatively compared through a systematic
sensitivity assessment. The following conclusions were
drawn according to the numerical results:

1. The numerical model validation procedures demonstrated
that the fully coupled hydro-mechanical analysis based on
the framework of unsaturated soil mechanics can effec-
tively capture the mechanical and hydraulic responses and
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deformation characteristics of shallow slopes subjected to
rainfall. The locations of the phreatic surface and failure
surface, ground surface displacement, and slope failure
timing of prediction are in good agreement with those of
measurement.

2. The baseline case results revealed that slope deformation
is highly correlated with PWP development as rainfall
lasting. Slope failure is triggered by full saturation of the
soil and accumulation of positive PWP at the soil–
bedrock interface. The failure surface develops along the
soil–bedrock interface, and the failure type can be catego-
rized as a translational slide failure.

3. The development of slope displacement over time can be
divided into three stages, namely the constant, accelerat-
ed, and critical deformation stages, according to the rate of
slope movement. In the constant deformation stage, the
slope gradually moves with a low displacement rate (v <
1 mm/h) and the PWP remains negative. In the accelerat-
ed deformation stage, slope deformation increases with a
displacement rate ranging from 1 to 3 mm/h and the PWP
becomes positive at the base of the soil. In the critical
deformation stage, the displacement increases rapidly
with a large displacement rate (v > 3 mm/h) when the
positive PWP reaches a critical threshold.

4. The trend of the slope displacement rate over time can be
accurately expressed using Fukuzono’s model. The deter-
mined αv (= 2.0) is consistent with the general range ofαv

reported in the literature (= 1.6–2.0), and the determined tf
(= 29 h) agrees with the failure timing at FS = 1 predicted
in the FE analysis.

5. The parametric study and sensitivity assessment results
suggest that the slope deformation characteristics, namely
the critical deformation timing, displacement magnitude,
and displacement rate, are influenced by various hydro-
logical and geological factors. The parameters I/ks and ks
have the most influential effects on the critical deforma-

tion timing; on the other hand, I/ks, ks, n, Eref
50 , and ψ have

crucial effects on the slope deformation magnitude and
displacement rate.

6. For all slope cases, no unique relationships between slope
displacement and the FS can be found in this study. The
displacement–FS relationship is consistent at FS > 1.3 but
begins to diverge at FS < 1.3 under various input param-

eters. The parameters I/ks, ks, n, Eref
50 , and ψ have signifi-

cant influence on the displacement–FS relationship. The
maximum slope displacement at FScr = 1.1 approximates
5–20 mm under different input parameters.

7. Regarding the displacement rate–FS relationship, the ma-
jority of slope cases fall within v ≤ 10 mm/h at FScr = 1.1;
however, the displacement rate can considerably increase
under some input parameters. The influence of hydrolog-
ical conditions causes the widest variation in the

displacement rate–FS relationship, and then followed by
the influence of soil hydraulic and soil mechanical param-
eters. The proposed hyperbolic function can accurately
express the displacement rate–FS relationship.

In real conditions, the rainfall intensity could change over
time, and soil properties in a slope may exhibit spatial vari-
ability. The variability and uncertainty of the hydrological
condition and soil parameters are different from the uniform
conditions assumed in this study. For further study, reliability
analyses and probabilistic assessments are recommended to be
performed in order to quantify the influence of these uncer-
tainties on the slope deformation characteristics. Finally, the
slope deformation results and values presented in this study
are only limited to slopes subject to rainfall. Slope displace-
ment induced by other loading excitations, such as soil creep,
toe excavation due to engineering construction, and seismic
loading, may result in different displacement magnitudes and
rates. These conditions are not included in the present study.
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NotationBasic SI units are given in parentheses A, empirical parameters
in Fukuzono’s model (dimensionless); c′, effective cohesion (kPa); E50,

undrained soil moduli at 50% of stress level (kPa); Eref
50 , reference

modulus (kPa); Eref
oed , tangent oedometer loading modulus (kPa); Eref

ur

, unloading–reloading modulus (kPa); Eu, undrained Young’s modulus
(kPa); H, thickness of soil (m); I, rainfall intensity (mm/h); k, unsaturated
hydraulic conductivity (m/s); krel, relative hydraulic conductivity (dimen-
sionless); ks, saturated hydraulic conductivity (m/s); L, length of the slope
(m); m, modulus exponent (dimensionless); n, fitting parameter for van
Genuchten equations (dimensionless); pref, reference confining pressure
(i.e., 101.3 kPa); q, input infiltration flux (mm/h); R, correlation coeffi-
cient (dimensionless); Rf, failure ratio (dimensionless); ru, pore water
pressure coefficient (dimensionless); S, degree of saturation (%); Se, ef-
fective saturation (%); Sr, degree of saturation at residual state (%); Ss,
degree of saturation at fully saturated state (i.e., 100%); s, surface dis-
placement (mm); t, time (h); tf, time to slope failure (h); tcr, timing corre-
sponds to FS = 1.1 (h); u, pore water pressure at the slope base (kPa); ua,
pore air pressure (kPa); uw, pore water pressure (kPa); v, velocity (mm/h);
v0, the initial value of velocity (mm/h); α, fitting parameter for van
Genuchten equations (kPa−1); αv, empirical parameter in Fukuzono’s
model (dimensionless); β, slope inclination (°); ϕ, friction angle (°); ϕ′,
effective friction angle (°); γ, unit weight of the soil (kN/m3); γsat, satu-
rated soil weight below the phreatic level (kN/m3); γunsat, unsaturated soil
weight above the phreatic level (kN/m3); γw, unit weight of water (kN/
m3); δmax, maximum displacement at slope surface (mm);Μ, mean value
of samples; Θ, normalized volumetric water content (dimensionless); θ,
volumetric water content (dimensionless); θs, saturated volumetric water
content (dimensionless); θr, residual volumetric water content (dimen-

sionless); σ, total stress (kPa); σ′, effective stress (kPa); σ
0
3 , effective

minor principal stress (kPa); σn, total normal stress (kPa); (σ − ua), net
normal stress (kPa); τ, soil shear strength (kPa); νu, undrained Poisson’s
ratio (dimensionless); χ, suction coefficient (dimensionless); ψ, soil dila-
tion angle (°); ψ0, initial soil suction (kPa)
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