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This paper presents a case study and numerical investigation of two unstable unsaturated slopes along the Taipei
Maokong Gondola system. One slope collapsed because of torrential rainfall during Typhoon Jangmi in Septem-
ber 2008, and another nearby slope developed excessive deformation under consecutive wetting and drying cy-
cles. Recorded rainfall, measured soil parameters, site geology, and slope geometry were used in coupled hydro-
mechanical finite element analyses to investigate the failure and deformation mechanisms of these two slopes.
The stress paths of these two slopes were also examined and are discussed in this paper. The numerical results
demonstrated that the coupled hydro-mechanical analysis satisfactorily predicted the failure and deformation
characteristics of the two unstable slopes. In the collapse case, failure occurred at a shallow depth when the sur-
ficial residual soil was saturated. The slope failure was attributed to a decrease in soil shear strength when the
matric suction gradually decreased as rainfall progressed. In the excessive deformation case, the numerical re-
sults suggested that pore water pressure (PWP) varied at shallow depths under wetting and drying cycles,
whereas positive PWP accumulated at the soil–rock interface and induced non-uniform lateral flows parallel to
the interface. The accumulated positive PWP at the interface mobilized a considerable plastic deformation in
the soil. Examination of the relationships between the slope factor of safety and the corresponding hydrological
data (i.e., rainfall and soil PWP) revealed a positive correlation between the slope factor of safety and accumulat-
ed rainfall. The factor of safety predicted by the infinite slope equation significantly variedwith the input of PWP.
This study demonstrated that the infinite slope equation using the PWPmeasurements obtained from the lower
half of the slope could effectively predict the slope factor of safety.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Typhoons and heavy rainfall from extreme weather events often
cause natural disasters such as floods, landslides, and debris flows.
Rainfall-induced slope failures are major geotechnical disasters and
have been frequently reported in many regions worldwide. The limit
equilibrium method is the most widely used technique for slope stabil-
ity analyses and engineered slope designs. In conventional practice, the
effects of rainfall on a slope were modeled by raising the groundwater
table (GWT) level in slope stability analyses. However, this approach
only considers the saturated slope failures below the GWT, and may
overlook the influence of rainfall infiltration on unsaturated soil condi-
tions, resulting in a possible misinterpretation of the failuremechanism
and an inaccurate prediction of the corresponding factor of safety (FS).
, uzuoka@tokushima-u.ac.jp
ndy540882003@gmail.com
Analytical, statistical, probabilistic, and numerical methods have
been employed to assess the hydrological response and associated sta-
bility of unsaturated slopes subject to transient infiltration flow (Cho,
2014, 2016; Da Costa and Sagaseta, 2010; Davies et al., 2014; Gui and
Wu, 2014; Lu et al., 2013; Urciuoli et al., 2016; Wu et al., 2015a,
2015b). Studies have indicated that for shallow residual slopes, the po-
tential failure surface could be entirely above the phreatic level which
may not have significant variation with rainfall infiltration (Cho and
Lee, 2002; Collins and Znidarcic, 2004; Gerscovich et al., 2006; Kim
et al., 2004). The failuremechanisms of this residual layer, whenwetted,
primarily involve rainfall-induced wetting front advancement, which
causes suction losses, leading to a decrease in soil shear strength (Cho
and Lee, 2002; Iryo and Rowe, 2005; Kim and Borden, 2013;
Muntohar and Liao, 2010; Qi and Vanapalli, 2015; Thuo et al., 2015;
Yoo and Jung, 2006). Studies have discovered that when unsaturated
soil slopes are subject to consecutive wetting and drying cycles, the
soil moisture and PWP exhibit spatiotemporal variations within the
slopes. Slope stability is directly influenced by rainfall-induced PWP,
which is a function of infiltration rate, soil hydraulic characteristics,
and slope geometry (Alonso et al., 1995; Chen et al., 2015; Collins and
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Znidarcic, 2004; Eichenberger et al., 2011; Hossain et al., 2013). There-
fore, assessing the hydrological response of unsaturated slopes subject
to rainfall infiltration is critical and challenging, especially when deter-
mining the variation of PWP within slopes (Baeza and Corominas,
2001; Godt et al., 2009; Lee and Park, 2015; Mori et al., 2011; Morse et
al., 2014; Thuo et al., 2015).

Coupled and uncoupled hydro-mechanical analyses based on the
framework of unsaturated soilmechanics have recently beenperformed
to describe the physical responses of unsaturated soil under infiltration
conditions (i.e., variation of soil moisture, matric suction, effective
stress, soil shear strength, and slope stability) (Casini, 2013; Nogueira
et al., 2011; Oh and Lu, 2015; Qi and Vanapalli, 2015; Wu et al., 2015a,
2015b). In the uncoupled analysis, a seepage analysis is first utilized to
predict pore water pressures within the analyzed slope in a given time
increment, and the generated pore water pressures are then used as
input in deformation or stability analyses (Qi and Vanapalli, 2015; Cai
and Ugai, 2004; Yoo and Jung, 2006). The accuracy and computational
efficiency of the uncoupled analysis highly depends on the selected
time increments. The accuracy of the uncoupled analysis is ensured by
using a small time increment. However, a too-small time increment
may entail unnecessarily long computing times (Huang and Lo, 2013;
VandenBerge et al., 2015). In addition, the change of pore water pres-
sure caused by the soil deformation (i.e., change of soil volume) is
not taken into account in the uncoupled analysis. In contrast, the
coupled analysis robustly integrates the above two computation pro-
cedures together; the soil hydraulic and mechanical responses are
calculated simultaneously in the coupled analysis. Compared with
the uncoupled analysis, Qi and Vanapalli (2015) found the coupled
analysis produced a reasonably well defined wetting front and a
lower critical FS for unsaturated soil slopes. Oh and Lu (2015)
commented that the coupled analysis could lead tomore accurate as-
sessment of slope stability under infiltration conditions and demon-
strate a better physical representation of water flow and stress
variation within unsaturated soils.

Although numerous hydro-mechanical analyses were performed,
focus was placed on predicting hydrological responses and slope factor
of safety. Limited studies have reported the deformation and stress
paths of slopes subject to wetting and drying cycles. In current practice,
slope deformation of unstable slopes is oftenmonitored using inclinom-
eters. However, the stress state and stability levels are difficult to inter-
pret from monitored slope deformation information. The desirable
information on stress and stability could be readily obtained using
coupled hydro-mechanical analyses, where the deformation of unsatu-
rated soil is included and calibrated according to the monitored slope
deformation.

This paper presents a case study and numerical investigation of
two unstable unsaturated slopes along the Taipei Maokong Gondola
system. One slope (Slope 1) collapsed because of torrential rainfall
during Typhoon Jangmi on September 2008, and another nearby
slope (Slope 2) developed excessive deformation under consecutive
wetting and drying cycles. A series of coupled hydro-mechanical fi-
nite element analyses were performed based on the framework of
unsaturated soil mechanics. Field and laboratory test data obtained
from site investigations were applied as input material properties
and initial conditions in the numerical model. The objectives of this
paper are as follows: (1) to investigate the failure and deformation
mechanisms of these two unstable slopes; (2) to evaluate the devel-
oped stress state and stability levels according to the monitored slope
deformation information; (3) to examine the relationships between hy-
drological data (i.e., rainfall and soil PWP) and the corresponding slope
FS. This study demonstrated the suitability and applicability of hydro-
mechanical analysis to predict the failure and deformation of unsaturat-
ed slopes by using the selected case studies. The causes of slope failure
and deformation are discussed and remediationmeasures based on the
revealed failure and deformationmechanism are suggested for mitigat-
ing potential landslide disasters.
2. Formulations of coupled hydro-mechanical analysis

2.1. Governing equation

To consider both the deformation and seepage flow within partially
saturated soil, the fully coupled flow deformation module was imple-
mented into the PLAXIS (version 2D 2015) finite element (FE) program.
Galavi (2010) reported detailed finite element formulations and verifi-
cation for coupled hydro-mechanical analysis. The coupled hydro-
mechanical formulation was developed based on Biot's three dimen-
sional consolidation theory (Biot, 1941), which involves two sets of
governing equations, the partial differential force equilibrium and
water continuity equations, namely, that form the coupling matrix
(Eq. (1)) in which the displacement and PWP can be solved simulta-
neously.
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where K , H and S are the stiffness, permeability, and compressibility
matrix, dependent on the state of stress and suction; Q and C are the

coupling matrices; uandpare vectors corresponding to incremental de-
formation and pore pressure, respectively; f u,qp andG are vectors of ex-
ternal load increment, input flux on boundaries, and the vertical flow
driven by gravity, respectively. Given that the third phase (pore air)
within the surficial layer of the slope is essentially connected to the at-
mosphere, the air pressure ua in the unsaturated soil elements is as-
sumed to be a constant value, resulting in the increment of ua = 0.
This assumption enables the removal of the effect of ua from the analy-
sis. This approach has been adopted bymany researcher in their studies
of unsaturated slopes subject rainfall and seepage (Oh and Lu, 2015; Qi
and Vanapalli, 2015; Zhang et al., 2014). Three-phase (soil, water and
air) coupled analysis should be considered when unsaturated earth
structures are subject to seismic loadings, in which the unsaturated
soils also could be liquefied during earthquakes (Matsumaru and
Uzuoka, 2016).

2.2. Transient seepage analysis and soil–water characteristics

Before performing the coupled hydro-mechanical analysis, a tran-
sient seepage analysis was conducted to generate an initial PWP distri-
bution. Soil deformation was not considered during the modeling of
initial hydrological conditions. The applied governing equation for tran-
sient flow within an unsaturated medium was derived from Richards
(1931).

kx
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∂2h
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¼ ∂θ
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¼ mwρwg
∂h
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ð2Þ

where kx and ky represent the hydraulic conductivities in the x- and y-
direction (k value is a function ofmatric suction); h is the total hydraulic
head of flow; θ is the volumetric water content;mw is the coefficient of
water volume change (slope of thewater characteristic curve); ρw is the
density of water; g is the acceleration of gravity and t is the time.

In this study, van Genuchten-Mualem's model (Mualem, 1976; van
Genuchten, 1980) was applied to define the relationship between
matric suction and soil volumetricwater content and to estimate chang-
es in hydraulic conductivity withmatric suction. The soil–water charac-
teristics and k-function curves are expressed as:

Θ ¼ θ−θr
θs−θr

¼ 1
1þ α ua−uwð Þf gn

� �1−1=n

ð3Þ
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Fig. 1.Map of slope case study location in Taipei City. The solid line inside the map of Taipei City indicate the boundaries of 12 administrative districts.
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where Θ is the normalized volumetric water content; θs is the saturated
volumetric water content; θr is the residual volumetric water content;
(ua - uw) is the matric suction (where ua and uw are the pore air and
porewater pressures, respectively);α and n are the curvefittingparam-
eters in van Genuchten-Mualem's model; krel is the relative hydraulic
conductivity; k is the hydraulic conductivity at any soil degree of satura-
tion; ks is the saturated hydraulic conductivity.

2.3. Effective stress and shear strength under unsaturated conditions

Two numerical approaches have been used to model unsaturated
soil behavior; one group of researchers applied soil models based on
two stress-state variables (Alonso et al., 2003; Cho and Lee, 2001; Qi
and Vanapalli, 2015; Zhang et al., 2005), whereas another group
employed the soil models according to the effective stress principle
(Borja et al., 2012; Chen et al., 2009; Ehlers et al., 2004; Matsumaru
and Uzuoka, 2016; Oh and Lu, 2015; Rojas et al., 2015; Wu et al.,
2015a, 2015b). The latter numerical approach based on the generalized
effective stress principle was adopted in this study. The suitability and
applicability of the generalized effective stress principle to predict the
unsaturated soil behavior (i.e., shear strength, deformation, and pore
pressure generation) has been widely validated by many researches
(Borja et al., 2012; Chen et al., 2009; Ehlers et al., 2004; Matsumaru
and Uzuoka, 2016; Oh and Lu, 2015; Rojas et al., 2015; Wu et al.,
2015a, 2015b). Sheng et al. (2008) concluded that despite challenges
associated with obtaining effective stress parameters of soil, the use of
Bishop's effective stress for unsaturated soil could lead to smooth transi-
tions between saturated and unsaturated states and simplify constitutive
relations and shear strength failure criteria. While the adopted frame-
work presents practical advantages, such approach also have some limi-
tations, especially in the present of complex processes such as collapsible
soils and hydraulic hysteresis under drying and wetting cycles.

Image of Fig. 1
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Fig. 2. Slope 1 near No. 16 support tower: (a) slope failure; (b) retrofitted using grid-type
slope protection and surface drainage/discharge system.
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An effective stress under unsaturated conditions, originally pro-
posed by Bishop (1954), was defined as:

σ 0 ¼ σ−uað Þ þ Se ua−uwð Þ½ � ð5Þ

where σ′ and σ are the effective and total stress, respectively; (σ-ua) is
the net normal stress; (ua - uw) is the matric suction; Se is the effective
saturation, expressed as:

Se ¼ S−Sr
Ss−Sr

ð6Þ

where S is the degree of saturation; Ss is the degree of saturation at fully
saturated state (=100%); Sr is the degree of saturation at residual state.
Note that the effective stress defined in PLAXIS (Eq. (5)) is identical to
Eq. (7) based on the suction stress concept proposed by Lu and Likos
(2004, 2006) because Θ = Se.

σ 0 ¼ σ−uað Þ−σ s ¼ σ−uað Þ þ Θ ua−uwð Þ½ � ð7Þ

FromEq. (7), the suction stressσscan be expressed as a suction stress
characteristic curve (SSCC), which is a function of matric suction (Lu
and Likos, 2006; Lu et al., 2010).

σ s ¼ −Θ ua−uwð Þ ¼ −
θ−θr
θs−θr

ua−uwð Þ

¼ −ψ
1

1þ α ua−uwð Þ½ �n
� �1−1=n

ð8Þ

where parameters α and n are the curve fitting parameters in van
Genuchten-Mualem's model. Suction stress can be perceived as an
equivalent isotropic confining stress or mean intergranular stress acting
on soil particles.When soil is saturated (i.e., Θ=Se= 1), the σschanges
to a positive PWP and the suction-based effective stress then coincides
with Terzaghi's effective stress. The suction stress concept has been val-
idated experimentally by Kim et al. (2016), Oh and Lu (2015), and
Morse et al. (2011).

Soil shear strength was calculated using the Mohr–Coulomb failure
criterion.

τ ¼ c0 þ σ 0 tanϕ0 ð9Þ

where τ is the soil shear strength; c′ and ϕ′ are the effective cohesion
and friction angle; σ′ is the effective normal stress on the failure
plane. When soil is partially saturated, substitute σ′ in Eq. (7) into
Eq. (9):

τ ¼ c0 þ σ−uað Þ tanϕ0 þ Θ ua−uwð Þ tanϕ0 ð10Þ

This equation (Eq. (10)) is known as the extended Mohr–Coulomb
failure criterion proposed by Vanapalli et al. (1996), which can describe
and predict the nonlinear relationship between soil strength and suc-
tion (Qi and Vanapalli, 2015; Zhang et al., 2014).When soil is saturated,
Eq. (10) reverts to the form in Eq. (9), which is valid for saturated con-
ditions, and incorporates the effective stress principle.

3. Case histories and site conditions

Two unstable slopes along the Taipei Maokong Gondola system sit-
uated in the southern mountain area of Taipei City were studied
(Fig. 1). Taipei City, the capital and the largest metropolitan city of
Taiwan, covers 271.8 km2 and has a total population of approximately
2,623,000 people (population density of approximately 9760 people/
km2). Taipei City is located at the central and slightly eastern section
of the Taipei Basin. Approximately 55% of the area of Taipei city is cov-
ered by slopeland (green-colored area, Fig. 1). The geological composi-
tion in the northern region primarily consists of igneous rock layers
formed by the Tatun Volcano group and the remaining area of Taipei
City mostly consists of sedimentary rock and alluvium deposits.

Taipei is at relatively high risk of natural disasters caused by heavy
rainfall because it is situated in the western Pacific typhoon region. On
average, 3.4 typhoons attack Taiwan annually. Taipei City has an annual
average precipitation of 2663mm/year in flatland and 4474mm/year in
slopeland, which is mostly concentrated during the typhoon and heavy
rainfall seasons, and occurs fromMay to October. Because Taiwan is also
located on the convergent boundary between the Eurasian Plate and the
Philippine Sea Plate, relativemovement of these plates causes rock frag-
mentation and complex fractures in Taiwan's geological environment.
Currently, 6.8% of Taipei City area is classified as geologically sensitive
because of special geological environments and potential geological
hazards. Thus, typhoons and heavy rains frequently result in many
slope failures, landslides, and debris flows.

In the presented case studies, Slope 1 (near theNo. 16 support tower
of the Gondola system) collapsed because of torrential rainfall during
Typhoon Jangmi during September 26–28, 2008 (Fig. 2a). The collapsed
area was 20–40 m wide and 220 m long at an elevation of 150–280 m
above sea level. The estimated total volume of collapsed soil mass is ap-
proximately 23,700 m3. The meteorological record indicated that the
total precipitation in that region during the typhoon reached 500 mm
in 3 days. TheMaokongGondola ridewas suspended for sixteenmonths
because of concerns that the foundation of its Gondola pylons could be
damaged. Thereafter, massive geotechnical investigation, instrumenta-
tion, and remediation programs (Fig. 2) were implemented to ensure

Image of Fig. 2
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Fig. 3. Locations of boreholes (BH), permeability tests (G) and suction measurement (S) in Slope 1.
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the stability of the adjacent slopes and the safety of the gondola system.
During monitoring, the inclinometer reading revealed that Slope 2,
whichwas 1.8 km away from Slope 1, developed excessive deformation
(N30mm) under consecutivewetting and drying cycles over a period of
5 years.

Subsurface soil and ground water information along the inspected
slopeswas obtained from in-situ and laboratory tests in the site investiga-
tion program conducted by the Taiwan Professional Geotechnical Engi-
neers Association. Fig. 3 displays the locations of boreholes, permeability
tests, and the suctionmeasurement of Slope 1. Detailed results ofmaterial
properties obtained from laboratory tests are summarized in Table 1 and
further discussed later. Fig. 4 depicts the cross-section of the slope
geometry and geological settings of the two slopes. The average slope an-
gles of Slopes 1 and 2 are β=26° and 29°, respectively, which is close to
the effective friction angles (i.e., the angle of repose) of the residual soil.

The upper layer of the slopes is characteristically composed of resid-
ual soil with a depth from 2 to 6m. The residual soil consist of silty sand
(SP), low-plastic silt, (ML) and limited low-plastic clay (CL with plastic-
ity index PI = 10–15) decomposed from the underlain weathered
Table 1
Material properties.

Soil layer Soil model Analysis type γunsat

(kN/m3)
γsat

(kN/m3)

Residual layer (F) Hardening soil Unsaturated drained 19.5 20.1

Sandstone (SS) Mohr-Coulomb Saturated undrained 24.6 25.4
Shale (SH) Mohr-Coulomb Saturated undrained 23.6 24.5
Sandstone and shale
interbedded (SH-SS)

Mohr-Coulomb Saturated undrained 24.2 24.9

Shale interbedded with
few sandstone (SH/ss)

Mohr-Coulomb Saturated undrained 23.8 24.9

a Soil shear strength properties for Slope 1.
b Soil shear strength properties for Slope 2.
sandstone and shale. The residual soil is susceptible to moisture varia-
tion, often leading to strength and stiffness reduction when wetted.
The SPT values of the residual soils in two slope cases range from
N60 = 12 to 35 with mean of 21 and standard deviation of 8. The
mean SPT value N60 =21 was used to represent the average soil condi-
tion in Slope 1,while higher SPT valueN60=28was selected for Slope 2
because the soil near the inclinometer, located at the slope crest, is
stiffer than the soil below the crest. The selected SPT-N values fall within
±1 standard deviation of the mean.

The Miocene Taliao formation and Shihti formation forms the slope
bedrock, which consists of sandstone (SS), shale, (SH) and a
sandstone-shale interbedded layer (SS-SH). This type of geological com-
position is typical for eastern and southern mountain slopes in Taipei
City. The attitude (strike/dip angle) of rock layers of the two investigat-
ed slopes was N50°–60°/10°–20°SE (Fig. 3). Based on the attitude of the
rock layers, the two slopes were classified as anaclinal slopes (Fig. 4).
The GWT monitored from boreholes varied from 8 to 12 m below the
slope surface and the residual soil layer was entirely above the GWT
under normal conditions.
Poisson
ratio, ν′, νu

Cohesion,
c′, qu/2 (kPa)

Friction
angle, ϕ′ (o)

Saturated hydraulic
conductivity, (cm/s)

Modulus
E, Eu (kPa)

0.3 6a, and 10b 27a, and 30b ks ,v=2.76×10−4

ks ,h=4.14×10−4
5651a, 7800b

0.495 679 0 1×10−6 1.78×106

0.495 256 0 5×10−13 4.91×105

0.495 467 0 2×10−10 1.14×106

0.495 306 0 1×10−11 876×105
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4. Numerical simulation

4.1. Numerical model and boundary conditions

Fig. 4 displays the two-dimensional FEmodels used for Slopes 1 and
2. The slope geometry was constructed according to topographic maps
and the subsurface soil profiles were interpolated from the borehole
logging readings displayed in Fig. 3. Slopes 1 and 2 consist of a total of
2791 and 3195 fifteen-node triangular elements, respectively. Fine-
element meshes were specified for the residual soil layers whereas
medium-element meshes were applied to rock layers (Fig. 4). Because
only the residual soil layer was substantially influenced by rainfall infil-
tration, the aforementioned applied mesh densities ensured accurate
modeling results and reduced computational cost and time.

Hydraulic and mechanical boundary conditions prescribed in the
model slopes are also illustrated in Fig. 4. The standard fixity was ap-
plied as the mechanical boundary; the two lateral boundaries were
allowed to move only in the vertical directions whereas the bottom
Table 2
Input parameters for hardening soil mode for residual soil layer.

Property
Values

Slope 1 Slope 2

Stiffness properties
E50
ref, secant modulus (kPa) 13,750 15,130

Eoed
ref , tangent oedometer loading modulus (kPa) 9625a 10590a

Eur
ref, unloading-reloading modulus (kPa) 41250b 45380b

νur, unloading-reloading Poisson's ratio 0.3 0.3
m, modulus exponent 0.5 0.5
Rf, failure ratio 0.9 0.9

Strength properties
ϕ′, friction angle (degree) 27 30
c′, cohesion (kPa) 6 10
ψ, dilation angle (degree) 0c 0c

Bulk unit weight
γunsat, unsaturated unit weight (kN/m3) 19.5 19.5
γsat, saturated unit weight (kN/m3) 20.1 20.1

a Assumed to be 0.7E50
ref as the default value in PLAXIS.

b Assumed to be 3E50
ref as the default value in PLAXIS.

c Estimated by ψ = ϕ – 30° (Bolton, 1986).
boundary was restrained from movement. Examination of the devel-
oped stress levels in the numerical models revealed that the assumed
mechanical boundary conditions were appropriate.

Hydraulic boundaries at two lateral ends were initially set to be con-
stant head boundary conditions on the basis of the monitored GWT
levels. During the analysis, the hydraulic boundaries were switched to
seepage boundary conditions to enable variations in GWT levels be-
cause of wetting and drying cycles. Downward vertical influx was pre-
scribed on the slope surface to model rainfall, whereas upward influx
was imposed on the surface boundary to simulate evapotranspiration.
The input values of downward flux during rainfall were obtained from
the actual rainfall records from the nearest precipitationmeasuring sta-
tion. The value of upward flux on dry days was estimated to be
10 mm/day based on studies on the average evapotranspiration rate
of mountain areas in Taipei City (Chen et al., 2005; Hsu et al., 2006;
Kao et al., 2012). The effect of evapotranspiration on soil moisture was
not considered during rainfall because of the presence of surface
water and associated high humidity. The hourly data of infiltration
and evapotranspiration were used as the prescribed input flux. Surficial
water run-offwas permittedwhen the developed PWPon the slope sur-
face changed to a positive value.

4.2. Initial conditions

The initial stress within the soil body of the slope was generated
using the PLAXIS gravity loading function for nonhorizontal surfaces
and soil stratifications. For gravity loading, the initial stress was
established by applying the soil self-weight during the first calculation
phase and solving for equilibrium. The initial PWP was generated by
conducting a transient seepage analysis. The value ofmodeling anteced-
ent hydrological conditions on any subsequent hydrologymodeling has
been highlighted by Blake et al. (2003), Oh and Lu (2015), Qi and
Vanapalli (2015), and Yoo and Jung (2006).

For Slope 1, a small, prescribed flux was specified at the top of the
slope model for a considerable time until steady state conditions were
reached. The quantities of the prescribed flux were adjusted until the
calculated initialmatric suction value fell within the range of monitored
field suctions. Fig. 3 displays the locations of matric suction measured
using tensiometers. The measured field suction values range from 50
to 80 kPa at various depths of 0.3–1.5 m from the slope surface. For

Image of Fig. 4
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Slope 2, because the simulated year (2012) was much wetter than the
year (2008) when suction was measured, transient seepage analysis
was performed for one month using the actual rainfall data from Janu-
ary 2012 to establish initial hydrology conditions.

4.3. Material properties

Table 1 summarizes the input soil and rock properties used in the
present study. Residual soil was modeled as a stress-dependent, hyper-
bolic, elastoplastic material by using the Hardening Soil model (Schanz
et al., 1999) and was analyzed using effective stress parameters under
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Fig. 6. Variation of soil modulus with respect to suction.
drained conditions. Table 2 lists the input soil parameters of theHarden-
ing Soil model. Fig. 5 illustrates the unsaturated hydraulic properties of
the residual soil. Unlike the Barcelona Basic model (Alonso et al., 1990)
in PLAXIS which uses effective stress and suction as two state variables,
the Hardening Soil model only uses generalized effective stress as the
main state variable and cannot separately account for the strain incre-
ments associated with changes in effective stress and suction. In other
words, the Hardening Soil model implicitly assumes strain increments
induced by the changes of loading and suction are equivalent. This as-
sumption was considered valid for the presented case study because
the residual soil exhibited a low suction range (b80 kPa).

The effective soil shear strength properties of the residual soil in
Slopes 1 and 2 were determined from direct shear tests on undisturbed
soil samples from the site investigation program. The effect of soil dilat-
ancy was not considered in the simulation because the soil dilation
angle ψ, is negligible based on the empirical relationship ψ = ϕ − 30°
proposed by Bolton (1986). The initial soil modulus Ei was estimated
using the empirical correlation, which involves the related secant soil
modulus being subject to the standard penetration test (SPT) N value,
as suggested by Schmertmann (1970) and Kulhawy andMayne (1990).

Ei ¼ α f paN60 ð11Þ

where αf is the coefficient to account for fine content (αf = 5was used
for sands with fines); pa is one atmospheric pressure; and N60is the
corrected SPT-N value. The calculated Ei values were further converted
to the soil moduli at 50% of the stress level (E50) by using Eq. (12), in
which a default failure ratio Rf value of 0.9 was used.

E50 ¼ Ei
2−Rf

2
ð12Þ

As indicated in Table 1, the soil moduli estimated by Eqs. (11) and
(12) are 5651 and 7800 kPa for Slopes 1 and 2, respectively. The esti-
mated soil moduli fall within the normal range of soil modulus in this
area (Yang et al., 2016a, 2016b).
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Thereafter, the value of reference modulus E50
ref in Hardening Soil

model was determined:

E50 ¼ Eref50
c0 cosϕ0 þ σ 0

3 sin ϕ0

c0 cos ϕ0 þ pref sinϕ0

� �m

ð13Þ

where E50 is the soil modulus at 50% stress level; prefis the reference
stress (=1 atm = 101.3 kPa); c′and ϕ′are the effective cohesion and
friction angle; and σ3′ is the effective minor principal stress at mid-
height of the residual soil layer.

Compared with Mohr-Coulombmodel, the main reason of selecting
Hardening Soil model is twofold. First, a nonlinear (hyperbolic) stress–
strain relation is modeled in Hardening Soil model, while a linear elastic
stress–strain relation is used in Mohr-Coulomb model. The nonlinear
stress–strain relation in Hardening Soil model can effectively model
the changes of soil modulus with different stress levels, which can bet-
ter simulate soil deformation at large soil strain conditions (e.g., the case
in Slope 2). Second, a stress-dependent soil modulus, meaning it chang-
es as effective stress changes, ismodeled in Hardening Soil model, while
a constant (stress-independent) soil modulus is used inMohr-Coulomb
model. The stress-dependent modulus is an essential feature to better
describe changes in soil modulus with matric suction for modeling un-
saturated soil behavior. Fig. 6 displays the numerical relationships be-
tween the soil modulus and matric suction as predicted by Eq. (13).

In regard to the hydraulic properties of soil, soil-saturated vertical
hydraulic conductivity (ks,v) was determined from a field permeability
test (Fig. 3) at a depth of 0.1–0.5 m by using the Guelph permeameter
(GP), a portable field instrument. The applications of the Guelph
permeameter were thoroughly discussed by Hayashi and Quinton
(2004), Reynolds et al. (1985), and Reynolds et al. (1984). Soil saturated
horizontal hydraulic conductivity (ks,h) was assumed to be 1.5 times ks,v
to account for the effect of stratified soil deposits. The soil water charac-
teristic curve (SWCC) of the residual soil (Fig. 5b)was estimated accord-
ing to the particle size distribution as classified by the USDA soil

Image of Fig. 7


Fig. 8. Incremental displacement vectors of Slope 1 at t = 42 h.
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classification system (Fig. 5a). The predicted SWCC of the residual soil
exhibited an air entry value of ψ ≈ 3 kPa and the fitting parameters:
θs = 0.38, θs = 0.1, α = 2 kPa−1, and n = 1.41. The relative hydraulic
conductivity krel (Fig. 5c) of the k-function curve was established using
Eq. (4) according to the measured saturated hydraulic conductivity
value and the curve fitting parameters in the SWCC. The suction stress
characteristic curve (SSCC) was obtained using Eq. (8) (Fig. 5d). Within
the suction range in this study (b80 kPa), suction stress increases as the
matric suction increases (Fig. 5d).

The rock layers were modeled as linear, elastic-perfectly plastic ma-
terials by using theMohr–Coulombmodel andwere analyzed using sat-
urated, total stress properties under undrained conditions. Saturated
conditions for rock layers were selected for two reasons: (1) the prima-
ry sections of rock layers are submerged under the GWT; (2) the unsat-
urated seepage flow displays a limited impact on the rock layer because
of the relatively low permeability of rock layers. The shear strengths
(i.e., cohesions) of rock layers were calculated from the measured uni-
axial compression strength (qu). The rockmoduli and saturated hydrau-
lic conductivities were estimated according to the properties of similar
rock types suggested by Goodman (1989).
5. Results and discussion of Slope 1 (failure case)

5.1. Model validation

Fig. 7 shows model validation for the failure of Slope 1 during Ty-
phoon Jangmi in 2008 by comparing the predicted and observed failure
timing. Fig. 7a depicts the variation of the FS during a 48-hour rainfall
period that was computed using the phi/c reduction function in PLAXIS.
In the phi/c reduction approach, the strength parameters tanϕ and c of
the soil are successively adjusted until the slope approaches the verge
of failure. The FS is computed as follows:

FS ¼
X

Ms f ¼
tan ϕinput

tanϕadjusted
¼ cinput

cadjusted
ð14Þ

whereΣMsf is the totalmultiplier defined in PLAXISmanual (Brinkgreve
et al., 2015). The value of ΣMsf is equivalent to the value of FS; ϕinput and
cinput are the original input soil strength properties and ϕadjusted and
cadjusted are the adjusted soil strength properties calculated during the
phi/c reduction analysis. Notably, the definition of FS in Eq. (14) can be
perceived as the ratio of available soil shear strength to the mobilized
shear stress required for equilibrium,which is identical to the definition
of FS in the conventional limit equilibrium analysis with rigorous slice
methods.

In Fig. 7a, the FS gradually decreased with rainfall until t=42 h and
thereafter the FS rapidly decreased from a value of 1.13 to 1.0 from t=
42 to 48 h. The rapid decrease of FS indicates that the downward wet-
ting front arrived at the depth of critical failure surface. Predicted dis-
placement (Fig. 7b) at the top (300 mm below slope surface) of the
residual soil layer gradually increased with rainfall and sudden rapid
movement occurred after 42 h. The bottom (300mmabove soil-rock in-
terface) of the residual soil layer exhibited relatively little movement.
Although there is no increase in degree of saturation at the bottom of
the residual, the soil deformation at the bottom was driven by the soil
deformation-induced shear stress on the top. The observed predicted
timing for the rapid decrease of FS and increasing displacement corre-
lates positively with the observed failure timing as indicated in Fig. 7;
as a result, it was confirmed that the developed hydro-mechanical
model is capable of accurately predicting the timing of torrential
rainfall-induced slope failure. Fig. 8 shows incremental displacement
vectors at the moment of failure and the displacement vectors can be
clearly observed along the slope surface at a shallow depth.
5.2. Hydrological response and failure mechanism

After themodel was validated, the hydrological response within the
slope model extracted from the numerical simulation (Fig. 9) was ex-
amined to provide insight on stress information and the triggering fail-
ure mechanism. Fig. 9 displays the variation of degree of saturation (S),
PWP, and suction stress at the top (300 mm below slope surface) and
bottom (300mm above soil-rick interface) of the residual soil layer. Be-
cause the hydraulic conductivity of the residual soil limited the maxi-
mum amount of water that can infiltrate the soil, the changes in S
were pertinent to the relationships between rainfall intensity I and ver-
tical saturated hydraulic conductivity of the residual soil ks,v. When I
exceeded ks,v (2.76 × 10−4 cm/s = 9.94 mm/h), the soil at the top be-
came fully saturated (S = 100%) and runoff occurred along the slope
surface. However, surficial water ponding was not allowed in the simu-
lation because of runoff considerations. By contrast, when rainfall inten-
sitywas lower than ks,v, the soil S increasedwhen infiltration progressed
but the soil was not fully saturated at the arrival of the wetting front.
Fig. 9a also displays no change of S at the bottom of the residual soil
layer, suggesting that the wetting front did not reach the bottom of
the residual soil within the short typhoon period.

Fig. 9b and c depict the variation of PWP and suction stress, respec-
tively. Notably, the negative PWP in Fig. 9b is equal to thematric suction
and the positive suction stress in Fig. 9c is equivalent to the positive
PWP because Θ = 1 at S = 100%. The numerical results indicate the
matric suction fully lost at the top of the residual soil layer and positive
PWP (≈1 kPa) developed, resulting in the decrease of effective stress at
the top, ultimately causing the slope failure. Because the wetting front
did not reach the bottom of the residual soil layer during the typhoon
period (Fig. 9a), PWP and suction stress within the soil at the bottom
remained unaltered. Based on the hydrological information and failure
mechanism discussed previously, the failure of Slope 1 was concluded
to be a rainfall-induced shallow slope failure (within a 2-m depth
from the top). After learning the failure mechanism from the numerical
study, remediationmeasures that employ slope surface protection com-
bined with a surface drainage/discharge system (Fig. 2b) are recom-
mended to reduce infiltration, control soil erosion, and improve slope
surface stability.
5.3. Stress path

Fig. 10 illustrates the two- and three-dimensional stress paths (based
on the MIT stress-path approach) for soil at a 2-m depth from the slope
surface subject to rainfall infiltration during Typhoon Jangmi. Fig. 10a
displays the three-dimensional stress path with a net total stress p,
matric suction ua-uw, deviatoric stress q space, and the conventional
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extended Mohr–Coulomb envelope. The three-dimensional stress path
in Fig. 10a is presented as a two-dimensional space (in a net effective
stress p′ and deviatoric stress q space) in Fig. 10b according to the gen-
eralized effective stress principle as defined in Eqs. (5) and (7). In
Fig. 10b, the three-dimensional extended Mohr–Coulomb envelope
was transformed into a unified failure envelope (i.e., Kf line). The use
of the generalized effective stress principle for unsaturated soil enables
a clear presentation of the stress path and unified failure envelope in
the p′-q space.

Fig. 10b indicates that before the arrival of the wetting front
(t b 42 h), the soil stress pathwas spinning; the movement of the stress
path is attributable to themigration of the initial soil moisture driven by
gravity. When the wetting front arrived, a loss of matric suction caused
the negative suction stress within the soil to decrease, causing the net
effective stress to decrease. In addition, decrease of the deviatoric stress
q was also observed in the stress path during rainfall infiltration. It is
t = 0 hr
t = 48 hr (failure)      

(b) two-dimensional p’-q space
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Fig. 10. Stress path of soil at the depth of 2 m from slope surface subject to infiltration
(0–48 h): (a) three-dimensional p-q-(ua-uw) space; (b) two-dimensional p′-q space.
likely due to the fact that the overburden pressure decreased as the
soil deformed downslope. The soil stress path, therefore, moved to the
lower left in the p′-q space, signifying that the soil effective stress
decreased as infiltration progressed, and eventually the soil stress
path contacted the Kf line at the limit state, indicating the failure of
the slope.

6. Results and discussion of Slope 2 (excessive deformation case)

6.1. Model validation

Fig. 11 displays the model validation of Slope 2 that compared the
measured and predicted slope displacement at the inclinometer loca-
tion indicated in Fig. 4b. The analysis for Slope 2 was performed for a
year-long duration in 2012: the recorded hourly rainfall on rainy days
and average daily evapotranspiration rate of 10 mm/day on dry days
were specified as the input flux. Because the actual rainfall data in
January 2012 was applied to establish initial hydrology conditions,
the numerical results present conditions occurring after February
2012. In the present study, eight rainfall events were selected according
to the criteria of rainfall intensity of I ≥ 50 mm/day as the red line
indicated in Fig. 12. Four of these rainfall events were influenced by
typhoons (Typhoons Talim, Saola, Tembin, and Jelawat). Table 3 sum-
marizes the basic precipitation information of the eight rainfall events
in 2012.

Fig. 11 illustrates the measured and predicted slope displacement
over time at the slope top in 2012. The developed hydro-mechanical
model effectively captured the increasing trend of slope displacement.
The predicted total displacement (=7 mm) in 2012 is approximate to
the measured total displacement (=8.5 mm) from inclinometer read-
ings. The precision of inclinometer is ±0.2 mm per meter. Considering
that the residual soil of Slope 2 is 2 m deep at slope crest, the expected
accumulated error of the inclinometer reading is ±0.4 mm, which is
only attributed to 4% error (=0.4 mm/8.5 mm) of the measured total
displacement. The numerical results revealed that substantial plastic
deformation of the slope occurred and was associated with high-
intensity rainfalls (Events 3 and 5) or long durations (Events 2 and 8),
which corresponds to the total amount of water volume entering into
the soil. The effect of the soil modulus on the predicted displacement
was evaluated by reducing the E50 value by 20%. The comparative result
indicated that the discrepancy between two predicted resultswas insig-
nificant beforeMay, but the difference increasedwhen the plastic defor-
mation developed during high-intensity rainfalls (Events 3 and 5) or
long durations (Events 2 and 8). At the end of the simulation, the pre-
dicted displacement increased up to approximately 20% when the
lower E50 value was input.

Fig. 12 displays the variation of the FS of the slope under drying and
wetting cycles. The FS of the slope dropped at each rainfall event and re-
covered during dry days because of the effect ofmodeling evapotranspi-
ration. The values of the FS varied approximately between 1.4 and 1.1.
Although the slope still exhibited a FS N 1.0, the low FS value and in-
creasing slope displacement suggested that the slope approached un-
stable conditions during rainfall.

6.2. Hydrological response and deformation mechanism

Fig. 13 displays the variation of degree of saturation, PWP, and suc-
tion stress at the top and bottom of the residual soil layer at the incli-
nometer location. The numerical results indicated that the S at the top
residual soil reacted immediately towetting and drying cycles, resulting
in a sharp fluctuation in the S. In contrast to the top residual soil, a delay
in soil moisture changes at the bottom of the soil layer was observed.
The variation in the degree of saturation was therefore relatively
smooth. After rainfall events, residual soil at the bottom became fully
saturated and remained fully saturated for a considerable time. Because
of the low permeability of the rock layers preventing water from
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infiltrating further, positive PWP developed at the soil–rock interface at
the bottom of the residual soil layer (Fig. 13b). The maximum PWP
reached uw = 15 kPa at Event 5 and around uw = 10 kPa at Events 2,
3, and 8.
Table 3
Rainfall events in Year 2012.

Event number Date Duration (day)
24-hour

1 February 23–28 6 86
2 April 14–May 4 21 76.5
3 June 11–16 (Typhoon Talim) 6 343.5
4 July 14–16 3 63
5 July 31–August 6 (Typhoon Saola) 7 216
6 August 22–30 (Typhoon Tembin) 9 66.5
7 September 14–16 (Typhoon Jelawat) 3 73.5
8 November 21–December 11 21 52
Fig. 13c also indicated similar trends in suction stress variation. Be-
cause the top residual soil remained unsaturated, nearly no positive suc-
tion stress developed at the top. However, negative suction stresses at
the bottom decreased considerably and positive suction stresses
Maximum
rainfall (mm/day)

Cumulative rainfall
up to maximum rainfall (mm)

Total
cumulative rainfall (mm)

143 235.5
135 435
401.5 615
37.5 100.5
505 558.5
174.5 174.5
73.5 100
240.5 360.5
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Image of Fig. 12
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(i.e., positive PWP) developed after major rainfall events. Therefore,
effective stress decreased because of a loss of negative suction stress.
The negative suction stress could possibly recover following the dry
days.

Fig. 14 shows the predicted seepage discharge vectors at the onset of
Event 3 on June 11, 2012 and after the wetting front reached the soil–
rock interface on June 14, 2012. A downward rainfall infiltration-
induced seepage flow was observed at the onset of rainfall. After the
wetting front reached the soil–rock interface, water remained at the in-
terface and a lateral seepage flow subsequently developed parallel to
the interface. The height of seepage flow increased from the upper to
the lower slope, leading to a nonuniform accumulation of PWP along
the soil–rock interface. Inspection of the numerical results indicated
that the positive PWP likely developed at the middle and bottom sec-
tions of the slope whereas the PWP at the top sections of the slope
remained negative during major rainfall events (Table 4).

Based on the preceding discussion, the deformation of Slope 2 was
caused by the positive PWP accumulation at the bottom of the residual
soil layer along the soil–rock interface. Remediationmeasures involving
subsurface drainage (e.g., horizontal drains and relief wells) in conjunc-
tion with surface drainage are advised to reduce future rainfall percola-
tion and facilitate excessive PWP dissipation. Additionally, soil
reinforcement techniques such as soil nails, anchors, or micropiles can
be installed to enhance slope stability.
Table 4
Maximumsuction stress andporewater pressure at the soil-rock interface for each rainfall
event.

Rainfall
event

Date
(year 2012)

Suction stress (kPa) Pore water pressure (kPa)

Top Middle Bottom Top Middle Bottom

1 February 24 −12.60 12.69 14.01 −27.31 12.69 14.01
2 April 27 2.02 12.72 14.02 2.02 12.72 14.02
3 June 16 5.46 12.72 14.02 5.46 12.72 14.02
4 July 16 −19.25 11.44 14.01 −59.64 11.44 14.01
5 August 2 12.82 12.72 14.02 12.82 12.72 14.02
6 August 30 −8.64 12.71 14.01 −14.34 12.71 14.01
7 September 14 −17.54 12.48 14.01 −50.16 12.48 14.01
8 December 1 5.09 12.72 14.02 5.09 12.72 14.02
6.3. Stress path

Fig. 15 depicts the selected stress path of soil at a 2-m depth, subject
to drying and wetting cycles for three months (September to Decem-
ber). On dry days, the soil stress path moved to the right, indicating
that net effective stress increased because matric suction and negative
suction stress increased. On rainy days, the soil stress path moved to
the left because of the decrease of soil effective stress induced by the de-
crease in matric suction and negative suction stress. Because the varia-
tion of suction stress affected both major and minor principle stresses,
the deviatoric stress q was not influenced by the variation of suction
stress. The stress path moved parallel to the p′ axis under drying and
wetting cycles, but did not contact the Kf line.

6.4. Relationship between the slope FS and rainfall

The relationships between slope FS and the correspondinghydrolog-
ical data (i.e., rainfall and soil PWP)were examined and are discussed in
this section. Table 3 summarizes the hydrological data including the
maximum 24-hour rainfall, cumulative rainfall up to the maximum
24-hour rainfall, and total cumulative rainfall for the eight selected rain-
fall events. Fig. 16a displays the correlation of the maximum 24-hour
rainfall with the corresponding minimum FS for each rainfall event. In
general, no clear correlation between the maximum 24-hour rainfall
and the corresponding FS was observed (Fig. 16a).

Because suction stress is dependent on matric suction (Fig. 5d), the
slope antecedent hydrological conditions prior to the maximum 24-
hour rainfall affected the state of soil effective stress during rainfall
events. To consider this effect, the data points in Fig. 16a are categorized
by the number of rainy/wetting days prior to the maximum 24-hour
precipitation. After categorization, the relationship between the maxi-
mum 24-hour rainfall and the corresponding FS shifts with the number
of wetting days prior to the maximum 24-hour precipitation. At the
same maximum 24-hour rainfall, the rainfall event with fewer prior
wetting days, likely exhibiting higher matric suction (and suction
stress), leads to a higher FS. For example, when comparing Events 4
and 6 which have similar maximum 24-hour precipitation value,
Event 4, which has fewer prior wetting days (i.e., 1 day), exhibits an
FS higher than that of Event 6 (8 prior wetting days).
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To account for the slope antecedent hydrological conditions, the
relationship between the minimum FS and the cumulative rainfall
for each rainfall event is established in Fig. 16b. Fig. 16b displays
that the slope of the FS decreased linearly with an increase in
cumulative rainfall. When the cumulative rainfall up to the maxi-
mum 24-hour rainfall or the total cumulative rainfall in one rainfall
event was applied, a positive correlation with the FS slope was
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wetting days prior to maximum precipitation in each rainfall event).
observed. This study demonstrated that the cumulative rainfall is a
suitable indicator for slope stability when its relationship with the
FS has been established.

6.5. Comparison between finite element and infinite slope analysis

Residual slopes underlain by a low permeable bedrock often exhibit
a surficial infinite slope failure (Rahardjo et al., 1995). Therefore, the FSs
of Slope 2 under the eight selected rainfall events were also analyzed
using the infinite slope equation based on the generalized effective
stress principle:

FS ¼ c0 þ σ 0 tan ϕ0

γH cos β sin β
¼ c0 þ σ−uað Þ þ Θ ua−uwð Þ½ � tan ϕ0

γH cos β sin β
ð15Þ

where H is the depth of the sliding plane; β is the slope angle; other pa-
rameters have been defined previously. Because the PWP was
nonuniformly distributed along the slope as discussed previously
(Table 4), the values of suction stress −Θ(ua-uw) in Eq. (15) were
adopted from the FE analyses of Slope 2 at the soil–rock interface at
three different locations: the top, middle, and bottom sections (Fig. 17).
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Fig. 17 displays comparison results of the FS predicted by FE analysis
(Fig. 12) and the infinite slope equation for eight rainfall events. The
comparison results indicate that the infinite slope equation involving
the suction stress at the top section of the slope produced higher slope
FSs than those involving FE analysis. The FSs predicted using the infinite
slope equation correspond with the FSs involving FE analysis when the
suction stress at the middle section of the slope was considered. The in-
finite slope equationmay underestimate the FSs at FS N 1.2 compared to
those involving FE analysis when the suction stress at the bottom sec-
tion of slope was used as input PWP. Overall, the use of suction stress
at themiddle and bottom sections of the slope produced more accurate
predictions than did the use of suction stress at the top section of the
slope. This is because the accumulated PWP increased from the top to
the bottom of the slope because of the developed lateral seepage
along the soil–rock interface; as a result, high PWP at the lower half of
the slope could dominate the stability conditions of the slope and con-
sequently govern the critical FS of the slope.

As discussed above, although soil suction and PWP directly affected
slope stability, determining a representative PWP as an input value for
the infinite slope equation is crucial because the FS predicted by the in-
finite slope equation could be critically dependent on the input PWP
value. The comparison results in Fig. 17 demonstrated that the infinite
slope equation involving the PWP obtained from the lower half of the
slopes is applicable for evaluating slope stability.

7. Conclusions

This paper presents a case study and numerical analyses that inves-
tigate the failure and deformation mechanism of two unstable slopes
subject to rainfall infiltration. Coupled hydro-mechanical FE analyses
were conducted based on unsaturated soil mechanics and the general-
ized effective stress principle, which allows to account for changes in
soil moisture and effective stress caused by transient, unsaturated
flow. The hydrological response and stress information obtained from
the validated numerical models was examined and discussed. The fol-
lowing conclusions were drawn from the results presented in this
study:

1. This study demonstrated that by using recorded rainfall, measured
soil parameters, site geology, and slope geometry, hydro-mechanical
analysis is capable of accurately predicting the failure, timing, and de-
formation of unsaturated slopes under transient seepage conditions.
Moreover, hydro-mechanical analysis can be effectively used to iden-
tify the underlying mechanism of the effects of rainfall infiltration on
slope instability.

2. The failure of Slope 1 (failure case) was attributed to the rainfall-
inducedwetting front advancement.When thewetting front passed,
the soil became fully saturated. The PWP of surficial soil changed
from negative to positive, causing suction losses, further leading to
a decrease in soil shear strength. The stress path of soil moved to
the lower left in the p′-q space, indicating that the soil effective stress
decreased as infiltration progressed, and eventually the soil stress
path contacted the Kf line at the limit state, indicting the failure of
the slope.

3. The numerical results of Slope 2 (excessive deformation case) sug-
gested that the slope FS varied with wetting and drying cycles. The
development of permanent deformation was caused by the accumu-
lation of positive PWP at the soil–rock interface. Nonuniform lateral
flows parallel to the interface were observed, leading to an increase
of PWP from the upper to the lower slope. The soil stress path
moved parallel to the p′ axis under drying and wetting cycles.

4. Considering the effect of suction in the generalized effective stress
principle enables a clear presentation of the stress path and a unified
failure envelope in the two-dimensional p′-q space.

5. Examination of the relationships between the slope FS and the corre-
sponding hydrological data (i.e., rainfall and soil PWP) indicated that
the FS is positively correlated with the accumulated rainfall, rather
than the maximum 24-h rainfall in one rainfall event.

6. Determining a representative PWP as an input value for the infinite
slope equation is crucial because the FS predicted by the infinite
slope equation could significantly vary with the input of the PWP
value. This study demonstrated that the infinite slope equation in-
volving the PWP obtained from the lower half of the slope could gen-
erate accurate FS prediction results.

For the purpose of effective risk management, coupled hydro-
mechanical analysis combined with detailed site investigation could
be performed to establish the FS vs. accumulated rainfall relationship
for slopes which could affect major protected properties or residents.
The results of the analyses provide a valuable reference for identifying
and assessing potential hazardous sources to subsequently formulate
disaster prevention and mitigation strategies (e.g., establishing early
warning systems and evacuation plans or applying engineering ap-
proaches to enhance slope stability to reduce rainfall infiltration).

Notation

Basic SI units are given in parenthesis.

C coupling matrix (dimensionless)
c′ effective cohesion of saturated soil (Pa)
E soil modulus (Pa)
E50 soil moduli at 50% of stress level (Pa)
E50
ref reference modulus (Pa)

Ei initial soil modulus (Pa)
Eoed
ref tangent oedometer loading modulus (Pa)

Esat saturated soil modulus (Pa)
Eur
ref unloading-reloading modulus (Pa)
f u vector corresponding to external load increment (N)
g acceleration due to gravity (m/s2)
G vector corresponding to the vertical flow driven by

gravity(m3/s)
H depth of the sliding plane (m)
H permeability matrix (m/s)
h total hydraulic head (m)
hp pressure head (m)
I rainfall intensity (m/s)
K stiffness matrix (N/m)
k hydraulic conductivity (m/s)
krel relative hydraulic conductivity (dimensionless)
ks saturated hydraulic conductivity (m/s)
ks,h soil saturated horizontal hydraulic conductivity (m/s)
ks,v soil saturated vertical hydraulic conductivity (m/s)
kx hydraulic conductivity in x-direction (m/s)
ky hydraulic conductivity in y-direction (m/s)
m modulus exponent
mw coefficient of water volume change (dimensionless)
n fitting parameter for van Genuchten equations

(dimensionless)
p net total stress (Pa)
p vector corresponding to pore pressure (Pa)
p′ net effective stress (Pa)
pa atmospheric pressure (Pa)
Q coupling matrix (dimensionless)
q deviatoric stress (Pa)
qp vector corresponding to input flux on boundaries (m/s)
qu uniaxial compression strength (Pa)
Rf failure ratio (dimensionless)
S degree of saturation (dimensionless)
S compressibility matrix (Pa−1)
Se effective saturation (dimensionless)
Sr degree of saturation at residual state (dimensionless)
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Ss degree of saturation at fully saturated state (dimensionless)
t time (s)
u vector corresponding to incremental deformation (m)
ua pore air pressure (Pa)
uw pore water pressure (Pa)
α fitting parameter for van Genuchten equations (Pa−1)
αf coefficient to account for fine content (dimensionless)
β slope angle (°)
ϕ′ effective friction angle (°)
γ unit weight of soil (N/m3)
γunsat unit weight of unsaturated soil (N/m3)
γsat unit weight of saturated soil (N/m3)
Θ normalized volumetric water content (dimensionless)
θ volumetric water content (dimensionless)
θr residual volumetric water content(dimensionless)
θs saturated volumetric water content (dimensionless)
ρw density of water (kg/m3)
σ total stress (Pa)
σ′ effective stress (Pa)
σs suction stress (Pa)
τ soil shear strength (Pa)
ψ soil dilation angle (°)
ν′ Poisson's ratio

Abbreviations

CL low plastic clay
F residual layer
FE finite element
FS factor of safety
GP Guelph permeameter
GWT ground water table
Kf unified failure envelope
MIT Massachusetts Institute of Technology
ML low plastic silt
PI plasticity index
PWP pore water pressure
SH shale
SH/ss shale interbedded with few sandstone
SP silty sand
SPT standard penetration test
SS sandstone
SSCC suction stress characteristic curve
SS-SH sandstone-shale interbedded layer
SWCC soil water characteristic curve
USDA United States Department of Agriculture
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