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Abstract
The influence of long duration rainfall on the stability and deformation characteristics of
red‐clay slopes in China was evaluated using GeoStudio 2012. The 15 m tall modeled slope
with a slope inclination of approximately 37° was subjected to rainfall at an intensity of
6.25 � 10−3 m/h for various durations. The durations examined in this study ranged
between 1 day and 5 days. The pore water pressure and deformations resulting in the slope
were evaluated using coupled and uncoupled analysis. Specifically, in the coupled analyses,
the combined influence of seepage and deformation on the pore pressure, development of
strains and the slope stability were examined. On the other hand, in the uncoupled analyses,
only the influence of seepage on the pore pressure, strain development and factor of safety
was considered. The results obtained suggest that the rate of pore pressure development
was most significantly influenced when four days of rainfall was applied to the slope. The
slope was found to settle following short duration rainfall events. However, the slope would
swell during the long duration rainfall events. In these events, the greatest swelling was
observed at the head of the slope. Similar to the pore pressure response, the factor of safety
behaved hysterically with larger magnitudes noted in the coupled analysis in comparison to
the uncoupled analysis.
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Introduction

Rainfall-induced slope failures are one among the major
geotechnical disasters causing significant loss of life, dam-
age to infrastructure and economic losses. Among others, the
2014 Oso Landslide in Washington, USA (Haugerud 2014;
Henn et al. 2015; Keaton et al. 2014; Wartman et al. 2016),
the 1973 Attachie Landslide in British Columbia (Fletcher
et al. 2002) and the 2005 La Conchita Landslide in Cali-
fornia, USA are all documented cases of the major damage
and destruction resulting from rainfall-induced slope fail-
ures. These slope failures typically occur during or after
rainfall events that result in a loss of apparent cohesion in
sediments from the infiltration of rainwater. In one of the
first studies on rainfall-induced slope failures, erosion caused
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by rainwater was found to be the cause of active sliding in
areas with high rainfalls (Lumb 1962). In the fifty years
since then, numerical simulations, laboratory scale models
and centrifuge testing have provided insight into the influ-
ences of rainfall intensity, duration, antecedent rainfall and
slope geometry on slope stability (Tiwari et al. 2013, 2014,
2016; Phommachanh et al. 2014; Heark et al. 2014; Tran
2016).

The rainfall intensity, initial ground water table and the
duration of the rainfall were found to control the stability of
slopes (Ng and Shi 1998; Song et al. 2002; Wang and Liang
2010). In addition, the differences in the computed factors of
safety resulting from numerical simulations considering
hydro-mechanical coupling and uncoupling were greater as
the intensity of rainfall increased (Liu et al. 2012). The effect
of rainfall patterns on the stability of shallow slopes were
studied using physical models by Brooks and Richards
(1994) and Dhakal and Sidle (2004), who found variations in
the depth and timing of instabilities with differences in the
rainfall patterns. Similar conclusions were drawn by Tsai
and Wang (2011), who showed differences in the depth and
timing of instability with different rainfall patterns despite
the same amount of rainfall application.

Although the duration and intensity of rainfall, rainfall
patterns and slope geometry have been shown to affect the
stability of slopes, extreme rainfall conditions have not been
extensively examined in the previous work. Extreme rainfall
conditions are defined as a series of long duration wetting
and drying cycles. That is, rainfall will occur for a long
duration followed by a long duration drying period. Previous
studies have examined the variations in the pore water
pressures as a result of wetting and drying cycles for tran-
sient seepage conditions, but an understanding of how
coupling deformation and seepage will influence the stability
of slopes is still lacking. In this study, pore water pressures
and factors of safety for a red-clay slope in Jiangxi Province,
China were examined using coupled deformation-seepage
analyses and uncoupled seepage analyses.

Background on Analyses Methods

Uncoupled Analysis Considering Seepage Only

The fundamental flow laws for steady state and transient
flow were used to conduct uncoupled analysis that consider
seepage only using SEEP/W from the GeoStudio suite.
Although these laws were originally derived from Darcy’s
laws for saturated conditions (Geo-Slope International, Ltd.

2014a), they were shown applicable for water flow through
unsaturated soil by Brooks and Richards (1994). By solving
the transient and two-dimension seepage analysis, the gov-
erning differential equation for water flow, as shown in
Eq. (1), is derived. In Eq. (1), H is the total head, kx and ky
are the hydraulic conductivities in the x- and y-directions,
respectively, Q is the applied boundary flux, cw is the unit
weight of water, mw is the slope of the storage curve, y is the
elevation and t is the time. In the derivation of Eq. (1), it is
assumed that total stress conditions remain constant and that
the pore-air pressure is equal to the atmospheric pressure
during the entire transient process.
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Coupled Analyses Considering Seepage
and Deformation

SIGMA/W of the GeoStudio suite (Geo-Slope International,
Ltd. 2014b) was found to conduct the fully coupled analysis,
which simultaneously considers the equations related to
stress-deformation and seepage dissipation. The finite ele-
ment equilibrium equations are determined using the prin-
ciple of virtual work. Specifically, the total internal virtual
work is set equal to the total external virtual work and results
in Eq. (2) (Fredlund and Rahardjo 1993). In Eq. (2), [B] is
the strain or gradient matrix, [D] is the drained constitutive
matrix, [K] is the stiffness matrix, [Ld] is the coupling
matrix, {Dd} is the incremental displacement vector and
{Duw} is the incremental pore water pressure vector.
X

B½ �T D½ � B½ � Ddf gþ
X

B½ �T D½ � mhf g Nh i Duwf g ¼
X

F

K½ � ¼ B½ �T D½ � B½ �
Ld½ � ¼ B½ �T D½ � mhf g Nh i
mhf gT¼ 1

H
1
H

1
H 0

� �
ð2Þ

Slope Stability

In this study, the general limit equilibrium methods available
in SLOPE/W of the GeoStudio suite (Geo-Slope Interna-
tional, Ltd. 2014c) were used to determine the stability of the
slope. Bishop’s Method for stability analysis was adapted for
this study. A modified version of the Mohr-Coulomb

534 K. Xue et al.



equation, as presented in Eq. (3), was used to represent the
shear strength of the unsaturated soil. In Eq. (3), Sm is the
shear force mobilized on the base of each slice, b is the base
length of each slice, F is the factor of safety, c’ is the
effective cohesion, rn is the total normal stress, ua is the pore
air pressure, ø′ is the effective angle of internal friction, uw is
the pore water pressure, and øb is the angle defining the
increase in the shear strength for an increase in the suction.
When the pore water pressure was negative, øb is used. On
the other hand, when the pore water pressure was positive, ø′
is used.

Sm ¼ b
F

c0 þ rn � uað Þ tan/0 þ ua � uwð Þ tan/b� � ð3Þ

Methods

Based on the results of numerical simulations, Zhang et al.
(2003) suggested that considerations to the slope geometry
that would result in the best results from numerical simula-
tions. In particular, it was recommended that the toe of the
slope be at least 1.5 times the height of the slope away from
the left boundary, while the head of the slope be located at
least 2.5 times the height of the slope from the right
boundary and at least 2 times the height of the slope away
from the bottom boundary. The slope geometry used in this
study is presented in Fig. 1 and adapts all of the suggestions
provided by Zhang et al. (2003). The typical ground water
conditions found in Jiangxi Province, China were used to
determine the initial ground water table, also shown in
Fig. 1. Locations T1–T7 represent the seven points at which
the pore water pressure, water head, stress, strain and dis-
placement was evaluated in this study.

The properties of the red-clay samples obtained from
Jiangxi Province, China are summarized in Table 1. These
properties were adapted in the numerical simulations. The
soil is determined to classify as the silty sand (SM) material.
Figure 2 contains the volumetric water content function,
while Fig. 3 contains the hydraulic conductivity function.
The hydraulic conductivity function was determined using
the methods outlined by Fredlund and Xing (1994).

A rainfall intensity of 168.69 mm per day was found to
be the extreme rainfall intensity in Chongqing City, China.
The average rainstorm duration ranges between two to five
days in Jiangxi Province. For this study, five rainfall dura-
tions of 1, 2, 3, 4 and 5 days with a rainfall intensity of
6.25 � 10−3 m/h was used in this study. Any rainfall lasting
longer than three days is very unlikely, but such events are
referred to as very long duration rainfall events.

Results

Pore Pressure Response

The locations of the water table during the five day rain-
storms are shown in Fig. 4. As the rainstorm progressed, the
water level was found to rise with the highest water level
occurring on the fifth day. As the calculation period was
extended, the water table would drop slightly. However, it
continued to remain significantly higher than the initial
ground water table. In the results from the coupled analysis
shown in Fig. 4a, the water table was higher than that found
from the uncoupled analysis (Fig. 4b). Differences between
the coupled and uncoupled analyses were found to be
insignificantly after steady-state conditions were achieved in
approximately 10 days. Figure 5 contains the pore water

Fig. 1 Slope geometry
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Table 1 Properties of red-clay samples

Property Value

Sand (%) 77

Fines (%) 23

Soil classification SM

Saturated volumetric moisture content (hw) 0.37

Saturated coefficient of permeability (ks in m/h) 0.0323

Residual moisture content (hr) 0.016

Unit weight (kN/m3) 20

Friction angle (u′ in deg) 15

Cohesion (c′ in kPa) 30

Effective modulus of elasticity (E′ in MPa) 8.3

Poisson’s ratio (k) 0.334

Fig. 2 Volumetric water content function

Fig. 3 Hydraulic conductivity function
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pressure response at the seven monitoring points identified
in Fig. 1. It was found that the difference is the pore pres-
sures at each point would decrease as the duration of the
rainfall increased with the greatest changes occurring at T1,
T2, and T3. It was found that the rainwater would continue
to infiltrate after the end of the rainstorm.

Distribution of Shear Strain

The infiltration of rainwater caused a variation in the unit
weight of the red clay and a reduction in its shear strength
with time resulting in shear strains along the slope. The
magnitude of the horizontal (X), vertical (Y) and shear strain
(XY) in the slope is presented in Figs. 6, 7, and 8, respec-
tively. An increase in the duration of the rainfall resulted in
an increase in the horizontal shear strains. Tensile strains up
to 4% and compressive strains up to 2% were observed in

the slope. The toe of the slope was found to have the greatest
vertical strain. The failure of the slope was found to initiate
at the crest of the slope based on examinations of the shear
strain development in the slope.

Factor of Safety

An increase in the rainfall duration is shown to result in a
decrease in the factor of safety, as shown in Fig. 9, which
contains the relationship between the factor of safety and
the duration of the rainfall. Table 2 summarizes the per-
centage reduction in the factor of safety with rainfall
duration for the coupled and uncoupled analyses. It is
seen that the coupled analysis shows a lower cumulative
reduction in the factor of safety which is attributed to the
changes in the void ratio resulting from infiltrating
rainwater.

Fig. 4 Rise in water table as observed through a coupled seepage-deformation and b uncoupled seepage only analyses
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Fig. 5 Pore pressure at monitoring points for different rainstorm durations

Fig. 6 Magnitude of horizontal strains
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Fig. 7 Magnitude of vertical strains

Fig. 8 Magnitude of shear strains

Fig. 9 Variation in factor of safety with rainfall duration
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Conclusions

A red-clay slope was subjected to rainfall intensity of
6.25 � 10−3 m/h for rainstormswith durations of 1, 2, 3, 4, and
5 days. Coupled seepage-deformation and uncoupled seepage
only analyses were conducted to determine the pore pressure
and deformation responseof sevenmonitoring pointswithin the
slope. The results indicate that longer duration rainfall events
will cause a greater increase in the pore pressures at each of the
sevenmonitoring points. The increases in the pore pressurewill
cause variations in the unitweight of the slopematerial resulting
in different amounts of deformations along the slope. Specifi-
cally, it was found that the toe of the slope would experience
compressive horizontal and vertical strains, while the crest of
the slope would experience compressive vertical strains and
tensile horizontal strains. Moreover, the shear strains along the
slope suggested the slope failurewould initiate at the crest of the
slope. The increase in the pore pressure from the rainfall events
also resulted in a decrease in the factors of safety of the slope.
Comparison of the factors of safety obtained from the coupled
seepage-deformation analysis and the uncoupled seepage only
analysis showed substantial differences. In particular, the
amount of reduction in the factor of safety on a daily basis was
greater in the coupled analysis in comparison to the uncoupled
analysis. However, the cumulative reduction in the factor of
safety was greater in the uncoupled analysis.
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