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Both rainfall characteristics (rainfall intensity and duration) and saturated permeability of soil may influence
the type andmechanism of surficial slope failures. In general, the failures can be initiated by twomechanisms, i.e.
loss of matric suction through propagation of wetting front, and rise of water table. Up to date, there are still no
clear indicators to identify the dominant parameters that control the type of failure for these shallow landslides.
This paper investigates the hydraulic responses of soils to the variations of rainfall characteristics and soil perme-
ability through numerical analyses. The results showed that the hydraulic responses to rainfall for a homogeneous
infinite slope underlain by an impermeable layer can be divided into two stages: 1) the propagation of wetting
front, and 2) the rise of water table. Based on these hydraulic responses, the type and mechanism of failures
were deduced from the analytical analyses. Both the rainfall characteristics and saturated permeability were
found to be predominant in controlling the hydraulic responses of soil, and hence the occurrence time, depth of
failure plane, and type of surficial slope failures.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Instability of unsaturated soil slope triggered by rainfall is a common
geohazard in many parts of the world (Au, 1998; Dai et al., 1999; Toll,
2001; Guzzeti et al., 2008; Rahardjo et al., 2009; Godt et al., 2012).
Both rainfall characteristics (rainfall intensity, I and duration, t) and sat-
urated permeability of soil, ksat, may influence the type and mechanism
of slope failure initiations (Pradel and Raad, 1993; Lee et al., 2009). In
general, the long duration andmoderate intensity rainfall is responsible
for deep-seated failures, while the short duration and high intensity
rainfall triggers shallow failures (Keefer et al., 1987; Wieczorek, 1987;
Iverson, 2000; Leroueil, 2001; Aleotti, 2004).With respect to the saturat-
edpermeability of soil, thedeep-seated failures normally occur in the soils
of low saturated permeability, while the shallow failures are typical for
the soil slopes with high saturated permeability (Cho and Lee, 2001).

Numerous researchers have attempted to quantify the combined
effect of saturated permeability of soil and rainfall characteristics on
the rainfall infiltration, suction distributions, and hence slope instability.
Mein and Larson (1973) developed an infiltration model known as

Mein–Larson model which suggested that the rainfall infiltration into
a soil mass is governed by the infiltration capacity of the soil. At the
start of a rainfall event when the near-surface soil is in the unsaturated
statewith highmatric suction, the infiltration capacity is higher than the
saturated permeability of the soil. As the result, runoff may not occur
even if the rainfall intensity is higher than the saturated permeability
of soil (i.e. I>ksat). However, as the rainfall continues to saturate the
near-surface soil, the infiltration capacity will be reduced to aminimum
value equals to the saturated permeability. Beyond this point, the rainfall
infiltration is controlled by the saturated permeability of soil. Kasim et al.
(1998) performed a series of numerical simulations to investigate the
influence of hydraulic properties of soil on the pore-water pressure dis-
tributions. They concluded that the steady state pore-water pressure
was governed by the ratio of rainfall intensity to saturated permeability
(i.e., I/ksat) and the air-entry value of soil. Their findingwas supported by
Ng et al. (1999) who extended the research works by considering more
parameters such as soil water characteristic curve, initial groundwater
table, the presence of impeding layer etc. Lee et al. (2009) investigated
the hydraulic responses of four typical types of soils under extreme rain-
fall conditions. They concluded that the ratio of rainfall intensity to soil
saturated permeability (i.e., I/ksat) plays an important role in determin-
ing the critical rainfall pattern for a soil slope. From the foregoing, it
can be concluded that most of the previous researches have focused
on the effects of rainfall characteristic and saturated permeability on

Engineering Geology 153 (2013) 105–113

⁎ Corresponding author at: Department of Geotechnical Engineering, China Institute
of Water Resources and Hydropower Research, Beijing 100048, China.

E-mail address: liwc@iwhr.com (W.C. Li).

0013-7952/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.enggeo.2012.11.017

Contents lists available at SciVerse ScienceDirect

Engineering Geology

j ourna l homepage: www.e lsev ie r .com/ locate /enggeo



Author's personal copy

the rainfall infiltration and suction distribution in unsaturated soil. Very
few studies have addressed their roles on the type and mechanism of
slope failure initiations.

Previous studies suggested that the rainfall-induced slope failure
can generally be initiated by two mechanisms: 1) rainfall infiltration
induces a rise of groundwater which exerts seepage force and adds
weight to the slope, and eventually triggers the slope failure. (Cho and
Lee, 2002; Crosta and Frattini, 2003; Soddu et al., 2003); 2) rainfall re-
sults in a propagation of wetting front causing an increase in water con-
tent and loss in matric suction, and subsequently leads to slope failure
(Ng et al., 2001; Collins and Znidarcic, 2004; Rahardjo et al., 2007).
These two mechanisms are responsible for shallow landslides on many
occasions, particularly associated to pyroclastic or volcanic rocks as
reported by numerous researchers across the world, i.e. Chigira et al.
(2002) in northern Japan, Cardinali et al. (2006) in central Italy,
De vita et al. (2012) in southern Italy, Apip et al. (2009) in West Java,
Indonesia, etc. These slopes are commonly characterized by shallow vol-
canic deposits (b5 m), underlain by less permeable rocks. Rainwater
tends to infiltrate into the volcanic deposits and flow laterally along the
interface of the less permeable rocks. The soil would become saturated
if rainfall is sufficiently intense, and eventually trigger a landslide. Despite
of the fact that studies pertaining to the two failure mechanisms can be
found in abundance, the dominant factors that govern the type of failure
mechanism are still unclear. The understanding on the type of failure
mechanism of slope is essential for anticipating the landslide occurrence.

This paper aims to investigate the combined effect of rainfall charac-
teristics and saturated permeability on the hydraulic responses of soil
slope to rainfall infiltration, and hence on the mechanism of slope fail-
ure. First, numerical simulations are carried out to assess the hydraulic
responses of soil to various rainfall characteristics and soil permeability.
Based on the hydraulic responses obtained, the type and mechanism of
failureswere deduced from the analytical analyses on the factor of safe-
ty equations developed from an infinite slope model.

2. Surficial slope stability analysis

Rainfall-induced slope failures are generally shallow and the fail-
ure planes are commonly parallel to the slope surface. For this reason,
the surficial stability of slope is often evaluated using a single layered
infinite slope model (Skempton and DeLory, 1957; Cho and Lee, 2002;
Lu and Godt, 2008; Godt et al., 2009).

Fig. 1 shows a section of a typical infinite slope model (Cho and
Lee, 2002). The factor of safety (FOS) of the slope is defined by the
ratio of resistance force (quantified by the shear strength of soil) to the
mobilized force. The resistance force or shear strength of soil computed
from the conventional Mohr–Coulomb failure criterion and effective
stress concept (Terzaghi, 1936) is expressed as:

τf ¼ c0 þ σ 0 tan θ0 ð1Þ

where

τf shear stress at failure
c′ effective cohesion
σ ' effective normal stress
ϕ' effective friction angle

Based on theMohr–Coulomb failure criterion in Eq. (1) and the limit
equilibrium approach, the factor of safety (FOS) of the infinite slope
shown in Fig. 1 can be expressed as:

FOS ¼ c0 þ σ 0 tan θ0

W sinα cos α
ð2Þ

where α is the slope angle and W is the weight of the soil slice. To ex-
tend the effective stress concept to unsaturated soil mechanics, several

functional relations between the effective stress and matric suction have
been proposed by numerous researchers (Bishop, 1959; Aitchison, 1960;
Jennings and Burland, 1962; Fredlund et al., 1978). Recently, a unified
effective stress under both saturated and unsaturated conditions has
been suggested by Lu and Likos (2006) and Lu and Godt (2008):

σ ′ ¼ σn−uað Þ−σ s ð3Þ

where ua is the pore-air pressure which can be conveniently taken as
0 (equal to atmospheric), σn is the total stress due to self weight of soil,
and σs is defined as the suction stress characteristic curve of soil with a
general functional form of (Lu and Godt, 2008):

σ s ¼ − θ−θr
θs−θr

ua−uwð Þ ¼ −Se ua−uwð Þ
σ s ¼ Seuw < 0 for unsaturated conditions uw<0ð Þ
σ s ¼ uw ≥ 0 for saturated conditions uw≥0ð Þ

ð4Þ

wherebyuw is the pore-water pressure, θ is the volumetricwater content,
θr is the residual volumetric water content, θs is the saturated volumetric
water content, and Se is the degree of saturation.

By substituting the modified effective stress (Eq. (3)) into Eq. (2),
the unified FOS equation for unsaturated and saturated soils can now
be expressed as:

FOS ¼ c′þ σn−uað Þ−σ s� �
tan θ′

W sin α cos α
ð5Þ

AsW=γt zw, σn=γt zw cos2α, and ua=0 at atmospheric (where zw
is the vertical depth of soil slice,γt is the total unitweight of soil), Eq. (5)
can be rewritten as:

FOS ¼
c′þ γtzw cos2a−σ s

� �
tan θ′

γtzw sin α cos α
ð6Þ

The advantage of using Eq. (6) for assessing stability of unsaturated
slope is that the analysis can account for both the reduction inmatric suc-
tion and development of positive pore water pressure in a continuous

Fig. 1. Surficial stability analysis of infinite unsaturated soil slope (reproduced from
Cho and Lee, 2002).
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form neglecting the non-linear relation between the shear strength and
matric suction as proposed by Fredlund et al. (1978).

For an existing infinite unsaturated slope in which the slope geome-
try, inclination angle, and shear strength parameters of soil are deemed
to be constants, Eq. (6) shows that the stability of slope is dominated by
the suction stress characteristic curve of the soil (σs) which in turn is
governed by the hydraulic responses of the soil to rainfall, i.e. variation
of matric suction and/or development of positive pore water pressure.

3. Hydraulic responses of soils to variations of rainfall characteristics
and saturated permeability

The hydraulic responses of soil to variations of rainfall characteristics
and saturated permeability were evaluated through a series of numerical
simulations. A finite element module, Seep/W (GeoSlope International
Ltd., 2007), was employed to perform the saturated and unsaturated
seepage analysis.

3.1. Soil properties

The analyses were carried out to observe the hydraulic responses
of two soil slopes in Hong Kong to rainfalls of different constant inten-
sities. The two selected slopes consisted of completely weathered gra-
nitic materials at Shouson Hill, and completely weathered volcanic
materials at Chai Wan (Sun et al., 1998). The granitic material represent-
ed a coarse-grained soil that has a relatively high saturated permeability
(ksat=3.5×10−4 m/s), while the volcanic soil has a moderate saturated
permeability of 6.9×10−6 m/s. Figs. 2 and 3 show the soil water content
curves (SWCC) and permeability matric suction functions of the soils
(Sun et al., 1998).

3.2. Numerical model

Through analytical descriptions of all possible groundwater flow
fields in infinite slope, Iverson (1990) shows that these flow fields

may have any spatial orientation and may be affected by hydraulic
anisotropy and heterogeneity, but they produce pore-water pressure
and hydraulic gradients that vary only as functions of the space coor-
dinate y, which is oriented normal to the slope (Figure 4) (Iverson,
1990, 2000). The results were supported by Lee et al. (2011) who
compared the performances of two instrumented laboratory models,
i.e. one-dimensional soil column and two-dimensional slope. They con-
cluded that the simpler one-dimensional soil column can be used for
the study of hydraulic response in single-layered homogeneous soil be-
cause the vertical flow plays a more dominant role than the lateral flow
in this type of soil slope. For these reasons, one dimensional soil column
model along y-direction was adopted in this numerical simulation.

The soil column model has the dimensions of 5 m in height, and
1 m in width (Figure 5). Fine quadrilateral elements (0.5 m×0.5 m)
were used for the entire column. No flowboundary (Q=0)was assigned
at the bottom edge of the model representing the soil was underlain
by an impermeable layer. For an infinite slope (such as that shown in

Fig. 2. Soil water characteristics curves for the completely weathered granitic material
and the completely weathered volcanic material (Sun et al., 1998).

Fig. 3. Permeability functions for the completely weathered granitic material and the
completely weathered volcanic material (Sun et al., 1998).

Fig. 4. Schematic illustrating the water flow in the infinite slope, which assumes no
variation of any quantity in the x direction (modified from Iverson, 2000).

Fig. 5. One-dimensional soil column model.
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Fig. 1), the direction of lateral flow is normally parallel with the under-
lying impermeable layer. The inflow to an arbitrary vertical column in
the slope can be assumed to be equal to the outflow yielding a zero
net influx into the column. Thus, the left and right edges of the soil
column were also assigned as no flow boundaries (Q=0).

In this parametric study, three rainfall intensities, i.e. 5, 20 and
80 mm/h, were chosen to represent a low, a moderate, and an intense
rainfall condition, respectively. The constant rainfalls were assigned
as a unit flux boundary (q) with no ponding option on the top surface
of the soil column. The no ponding option was adopted based on the
rationale that the rainwater exceeding the infiltration capacity of soil
will be drained away from the soil slope as surface runoff. The analysis
was terminated once the water table has risen to the column surface.

The initial condition, whichwas required for performing the transient
infiltration analysis, was obtained by running a steady-state analysiswith
a so-called background rainfall intensity of 10 mm/day. Fig. 6 shows the
initial conditions corresponding to the volcanic and granitic soils. These

profiles generally resembled those obtained from field measurements
(Sun et al., 1998).

3.3. Simulation results

Figs. 7 and 8 present the vertical pore-water pressure profiles for
the granitic soil and volcanic soil, respectively, under the three con-
stant rainfall intensities, while Figs. 9 and 10 show the variations of
pore-water pressure over time for the two soils, respectively. From the
pore-water pressure results, it can be concluded that the hydraulic re-
sponses of soils to rainfall can essentially be divided into twomain stages:

(1) The first stage is a process involving propagation of wetting front
until it reaches the interface of impermeable layer (Figures 9 and
10). In this stage, the variations in matric suction are predomi-
nant. When rainfall intensity is lower than the saturated perme-
ability of soil (i.e. Ibksat or I/ksatb1), thematric suction decreases
significantly due to the propagation of wetting front. Neverthe-
less, the soil still remains in the unsaturated state as the matric
suction behind the wetting front is not completely dissipated.
Figs. 7 and 8a and b show that the higher the ratio of rainfall
intensity to saturated permeability of soil (I/ksat), the lower the
matric suction behind the wetting front. These observations
showedgood agreementswith the experimentalfindings reported
by Lee et al. (2011). When rainfall intensity is higher than the
saturated permeability of soil (i.e. I>ksat or I/ksat>1), the matric
suction will be wholly dissipated during the propagation of wet-
ting front, as shown in Fig. 8c.

(2) The second stage involves rise of water table which occurs in-
stantly after the first stage (Figures 9 and 10). In this stage, the
increase of positive hydrostatic pore-water pressure is predomi-
nant. The mechanism of the rise of water table can be observed

Fig. 6. Initial conditions for the numerical simulation.

Fig. 7. Vertical transient pore-water pressure profiles for the granitic soil under constant
rainfall intensities: (a) 5 mm/h (I/ksat=0.004); (b) 20 mm/h (I/ksat=0.016); (c) 80 mm/h
(I/ksat=0.063).

Fig. 8. Vertical transient pore-water pressure profiles for the volcanic soil under constant
rainfall intensities: (a) 5 mm/h (I/ksat=0.2); (b) 20 mm/h (I/ksat=0.8); (c) 80 mm/h
(I/ksat=3.2).
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through the positive pore-water pressure developed at the inter-
face of the impermeable layer at−5 m elevation, as indicated by
the red dotted lines in Figs. 9 and 10. The rate of rise of the water
table is strongly affected by the rainfall intensity and saturated
permeability of soil.Within a same soil, when the rainfall intensity
is lower than the saturatedpermeability (i.e. Ibksat or I/ksatb1), the
rate of rise of the water table increases with an increase in I/ksat
ratio. When the I/ksat ratio exceeds unity, the water table rises
almost instantaneously, as shown in Fig. 10c. Similar observa-
tions were obtained from the field experiments carried out by
Springman (2010) and Askarinejad et al. (2010). By comparing
the rise of water table in Figs. 9 and 10, it is found that the find-
ings above are only valid within a same type of soil. There is no
continual trend between the two types of soil. The results imply
that besides the rainfall intensity and saturated permeability of
soil, other hydraulic properties of soil such as SWCC and perme-
abilitymatric suction function could also play a role in themech-
anism of rise of water table.

4. Influence of hydraulic responses on surficial failures

To clarify the influence of hydraulic responses of soil on the mecha-
nism of surficial slope failure, Eq. (6) can be simplified as:

FOS ¼ Aþ B
zw

ð7Þ

where

A ¼ tan θ′

tanα

B ¼ c′−σ s tan θ′

γt sin α cos α

The component A in Eq. (7) is a function of slope angle (α) and soil
internal friction angle (ϕ′). These parameters are regarded as contributing
factors to slope stability which are unaffected by the hydraulic responses
of soil. On the contrary, the component B consists of the suction stress
characteristic curve (σ s) which is a variable subject to the hydraulic re-
sponses of soil to rainfall.

4.1. Surficial failure induced by propagation of wetting front

In the first stage of hydraulic responses, the propagation of wetting
front caused a reduction in matric suction, with no positive hydrostatic
pore-water pressure generated. Under such circumstances, it is safe to
say that the component B in Eq. (7) will never become negative, and
the component A appears to be the limiting value for the factor of safety
of slope. For a slope that has a soil internal friction angle (ϕ′) greater
than slope angle (α), i.e. A>1, the slope will remain stable throughout
the propagation of wetting front (Figure 11b). Conversely, if Ab1, slope
failure induced by the loss of matric suction is possible. The depth of

Fig. 9. Variationsof pore-water pressures over time for the granitic soil under constant rain-
fall intensities: (a) 5 mm/h (I/ksat=0.004); (b) 20 mm/h (I/ksat=0.016); (c) 80 mm/h
(I/ksat=0.063).

Fig. 10. Variations of pore-water pressures over time for the volcanic soil under constant
rainfall intensities: (a) 5 mm/h (I/ksat=0.2); (b) 20 mm/h (I/ksat=0.8); (c) 80 mm/h
(I/ksat=3.2).
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failure plane (zf) can be deduced from Eq. (6) by taking FOS equal to
unity:

zf ¼
c′−σ s tan θ′

γt cos
2α tanα− tan θ′

� � ð8Þ

Eq. (8) can be rewritten as follows:

zf ¼ C−Dσ s ð9Þ

where

C ¼ c′

γt cos
2α tan α− tan θ′

� �

D ¼ tan θ′

γt cos
2α tanα− tan θ′

� �

For an existing slope in which the c’, ϕ′, and α parameters are as-
sumed to remain unchanged throughout the infiltration process, the
components C and D can thus be treated as constants. The linear rela-
tionship of Eq. (9) can be presented graphically in Fig. 12.

From Fig. 12, it is obvious that the possible depth of failure plane
caused by the propagation of wetting front is in between Z and C,
where Z is the depth from ground surface to impermeable layer
(Figure 1). The depth of failure plane is controlled linearly by the suc-
tion stress characteristic curve (σ S) which in turn is characterized by
the degree of saturation (Se) and matric suction (uw). Within the zone
of wetting front, the soil is normally close to full saturation; thus, Se
can be reasonably assumed to be equal to unity. As the result, the
depth of failure plane is solely dictated by the matric suction behind
the wetting front. The lower the matric suction, the shallower the fail-
ure plane of the slope. The shallowest failure plane occurs when matric
suction is completely dissipated. This is associatedwith the condition of
I/ksat>1, as demonstrated in Fig. 8c. The shallowest failure plane is
equal to C, which is a function of the effective cohesion of soil. This ex-
plains the failures of cohensionless soil slopes tend to be shallow during
intense rainfall.

If the computed depth of failure plane (zf) is greater than the
thickness of soil concerned (Z), the slope failure induced by the prop-
agation of wetting front is unlikely to occur. Under this condition, the
slope failure could be triggered by the rise of water table (stage two of
hydraulic response) which will be discussed in the following section.

4.2. Surficial failure induced by rise of water table

The instability of slope due to the rise of water table (stage 2 of
hydraulic response) should be assessed if the slope still remains stable

after the propagation of wetting front (stage 1 of hydraulic response).
In this stage, the positive hydrostatic pore-water pressure increases
with the rise of water table. Similarly, the FOS of the slope can be calcu-
lated by making reference to Eq. (7). As the highest positive pore-water
pressure always occurs on the interface of impermeable layer, as indicat-
ed in Figs. 7 and 8, this would certainly yield the highest suction stress
characteristic curve (σ s), and the lowest B component and FOS.

Fig. 13a depicts the relationships between variations in FOS and
depth of failure plane. During the propagation of wetting front, the
FOS decreases gradually from point N to point O with the increase
in depth of failure plane. The FOS at point O is controlled by the limiting
value of component A, as explained in Section 4.1. The development of
positive pore-water pressure at the interface of impermeable layer is a
prerequisite to further reduce the FOS from point O to the critical FOS
value of 1 (point P). The FOSmay drop frompoint O to point P following
different paths subjects to the intensity of rainfall (Figure 13b). A low in-
tensity rainfall would results in a slow reduction of FOS (Path O′–P′). This
can be explained by the variations of pore-water pressures shown in
Fig. 10a. The increase of positive pore-water pressure from0 to 50 kPa re-
quires a continuous rainfall of more than 35 h. On the contrary, a sudden
drop of FOS (Path O′– P″) can be expected when an intense rainfall is
applied on the slope. The intense rainfall has caused the pore water
pressures at the interface of impermeable layer increased instanta-
neously (within 2 h) after the stage one of hydraulic response (Figure
10c). These observations reveal that slopes are prone to sudden failure
under intense rainfall condition.

Fig. 11. Relationships between factor of safety and propagation of wetting front for: (a) Ab1; (b) A>1.

Fig. 12. Relationship between depth of failure plane and suction stress characteristic
curve (σs).
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5. Discussions

5.1. Effective stress under unsaturated conditions

The limit equilibrium factor of safety equation in this study was de-
veloped based on the relatively new unified concept of effective stress
as proposed by Lu and Likos (2006) and Lu and Godt (2008). The
validities of the findings are further verified by adopting themorewide-
ly accepted independent stress state variable approach as proposed by
Fredlund et al. (1978). In this approach, the shear strength contribu-
tions from the net normal stress and matric suction are characterized
by the soil internal friction angle (ϕ′) and the angle of frictional resis-
tance due to the contribution of matric suction (ϕb):

τf ¼ c0 þ σn−uað Þ tan θ0 þ ua−uwð Þ tan θb ð10Þ

The limit equilibrium factor of safety equation can then be expressed
as (Cho and Lee, 2002):

FOS ¼ c′ þ σn−uað Þ tan θ′ þ ua−uwð Þ tan θb

γtzw sin α cosα
ð11Þ

Fredlund et al. (1996) found that ϕb remains constant and can be
approximated to ϕ′ up to the air entry value (AEV) of soil. Beyond the
AEV, ϕb decreases to 1/2–2/3 of ϕ′. During the propagation of wetting
front, the matric suction behind the wetting front is very likely to be
below the AEV. Thus, the ϕb can be conveniently taken as equal to ϕ′.
With this assumption, Eq. (11) can be simplified as:

FOS ¼
c′ þ γtzw cos2α−uw

� �
tan θ′

γtzw sin α cos α
ð12Þ

The expressions in Eq. (12) developed from the independent
stress state variable approach (Fredlund et al., 1978) were found to
be analogous to Eq. (6) developed from the unified stress approach
(Lu and Likos, 2006; Lu and Godt, 2008). It appears that Eq. (12) is
just referring to a specific condition of unsaturated soil (when the soil
close to full saturation and matric suction is below AEV), while Eq. (6)
can be applied universally for the soils in both partially or wholly satu-
rated conditions. This proves that the findings in this study are valid re-
gardless of which stress approach is adopted in developing the model.

5.2. 1-Dimensional versus 2-dimensional analyses

Fig. 10c shows that water table rises almost instantaneously when
I/ksat ratio exceeds unity. Since the one-dimensional model simulated
in the present study has neglected lateral flow effect, the validity of
the instantaneous water table rise phenomenon observed may be
questionable. A more rigorous two-dimensional model was adopted

to further verify the observation. The two-dimensional model was
constructed at a typical slope angle of 25°, vertical height of 5 m,
and horizontal length of 60 m, as illustrated in Fig. 14. For an indis-
putable comparison to the result of Fig. 10c, the two-dimensional
modelwas assignedwith the hydraulic properties of volcanic soil. Rainfall
intensity of 80 mm/hwas applied to the top boundary,while the side and
bottom boundary conditions were identical to that of one-dimensional
model.

To eliminate the influence of side boundary of two-dimensional
model on the hydraulic responses, only the pore-water pressure on the
interface of impermeable layer at the middle slope was selected for com-
parison purpose. Fig. 15 shows the comparison results of pore-water
pressures between the one and two-dimensional models. The patterns
of pore-water pressure variations for the two models were found to be
comparable, in which the water table increased almost instantaneously
after certain elapsed time. However, it should be noted that the hydraulic
response of the two-dimensional model (11.7 h) was slower than that of
the one-dimensional model (9 h). Besides, the ultimate pore water
pressure of the two-dimensional model (40.3 kPa) was also lower
than that of the one-dimensional model (49.0 kPa). These observations
can be attributed to the influence of slope angle on hydraulic gradient
and gravity component, as well as the lateral flow effect. From the fore-
going comparison, it can be concluded that the instantaneouswater table
rise when I/ksat ratio exceeds unity observed in the one-dimensional
model may represent a real phenomenon occurs in an infinite slope.

5.3. Hydraulic response and slope stability to rainfall infiltration

This study provided an insight into the hydraulic responses of soil
to various rainfall characteristics and soil permeability, and related
these hydraulic responses to the type and mechanism of slope failures.
From the numerical and analytical analyses, some simple yet useful equa-
tions and figures were reported for anticipating the type andmechanism
of surficial slope failures.

The hydraulic responses of soil slope to rainfall infiltration can es-
sentially be divided into two stages, namely, propagation of wetting
front, and rise of water table. For a slope with the soil internal friction
angle (ϕ′) greater than slope angle (α), the slopewill never fail through
propagation of wetting front. The development of positive pore-water
pressure induced by the rise of water table is required to trigger the
failure. The failure plane for this type of failure is normally developed
on the interface of impermeable layer where the positive pore-water
pressure is the highest.

For a slope with the soil internal friction angle (ϕ′) smaller than
slope angle (α), the slope failure is potentially induced by the propaga-
tion of wetting front provided the thickness of soil above the imperme-
able layer is sufficient for the development of failure plane. This type of
failuremechanismwould normally require a rainfall of relatively shorter
duration compared to the case of rise of water table. The depth of failure
plane is influenced by thematric suction behind thewetting front, which

Fig. 13. Relationships between factor of safety due to rise of water table and: (a) depth of failure plane; (b) time of occurrence.
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in turn is governed by the rainfall intensity. An intense rainfall would
result in a lowmatric suction behind thewetting front, and hence a shal-
low failure plane.

Besides the rainfall intensity, Ng and Shi (1998) found that the
factor of safety of slope is also influenced by the rainfall duration. In
reality, the intense rainfall is normally characterized by short dura-
tion. The short duration rainfall may not be sufficient to induce the
rise of water table (stage 2 of hydraulic responses). Thus, a shallow
failure induced by the propagation of wetting front is a more probable
type of failure under this rainfall condition. On the contrary, the low
intensity rainfall is normally of long duration. The potential slope fail-
ure plane for this type of rainfall is relatively deep due to the presence
of matric suction behind the wetting front. The failure plane will be
ultimately developed along the interface of impermeable layer if the
rainfall duration is sufficiently long to induce a rise of water table.

The findings reported in this study were developed based on an
infinite slope model. The infinite model made it simpler and more at-
tractive in describing the failure initiation of slope. Somehow, the use
of this simplified model has imposed certain limitations on the prac-
tical applications of the findings. This is because the actual slope is
normally more realistically represented by a finite model. In the finite
slopemodel, the lateral flow, which is neglected in this infinite model,
could be predominant. This would result in an accumulation of water
at the toe of slope fomented by the emergence of lateral flow, as
shown in Fig. 16 (Take et al., 2004). Furthermore, the infinite model
considered in this study constitutes a homogeneous soil layer under-
lain by an impermeable layer (bedrock). In reality, the soil profile may
be characterized by two or more layers of soils overlying the bedrock.
As the hydraulic responses of overlying soil are significantly governed
by the hydraulic properties of the underlying soil, this area is worthy
of further investigations.

6. Conclusions

A series of numerical simulations were carried out to investigate
the hydraulic responses of soil to various rainfall characteristics and
saturated permeability. The findings from the numerical simulations

were used to explain analytically the type and mechanism of surficial
slope failures. The following conclusions can be drawn from this study:

(1) The hydraulic responses to rainfall for a homogeneous infinite
slope underlain by an impermeable layer can be divided into
two stages. The first stage involves the propagation of wetting
front, while the second stage constitutes the rise of water table.
The rainfall intensity and saturated permeability control the
two stages of hydraulic responses. In the first stage, the higher
the rainfall intensity, the lower the matric suction behind the
wetting front. The matric suction is wholly dissipated if the
rainfall intensity is higher than the saturated permeability of
soil. In the second stage, the higher the rainfall intensity, the
quicker the rise of water table. The water table rises almost in-
stantaneously if the rainfall intensity is higher than the saturated
permeability of soil.

(2) The type and failure mechanism of a slope are controlled by the
hydraulic responses of soil to rainfall, which in turn are governed
by the combined effects of rainfall intensity and saturated per-
meability. In the first stage of hydraulic response, both the rain-
fall intensity and saturated permeability control the depth of
failure plane of slope through the propagation of wetting front.
The higher the ratio of rainfall intensity to saturated permeability
of soil, the shallower the failure plane of the slope. In the second
stage of hydraulic response, both the rainfall intensity and satu-
rated permeability control the occurrence time of failure. When
the rainfall intensity is higher than the saturated permeability
of soil, positive pore-water pressures may develop instanta-
neously on the interface of impermeable layer resulting in sud-
den drops of shear resistance and factor of safety.

(3) The contributing factors of slope such as soil internal friction
angle (ϕ′) and slope angle (α) could also influence the mecha-
nism of surficial slope failure. For a slope with the soil internal
friction angle (ϕ′) greater than slope angle (α), the slope will
never fail through loss of matric suction during the propagation
of wetting front. This type of slope is more likely to be associated
with the failuremechanism induced by the rise of water table. On
the contrary, the slope with the soil internal friction angle (ϕ′)
lower than slope angle (α) is likely to be triggered by the propa-
gation of wetting front if sufficient thickness of soil exists above
the impermeable layer for the development of failure plane.
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