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Abstract The influences of rainfall patterns on shallow

landslides due to the dissipation of matric suction are

examined in this study. Four representative rainfall patterns

including the uniform, advanced, intermediated, and

delayed rainfalls are adopted. The results show that not

only the occurrence of shallow landslides but also the

failure depth and the time of failure are affected by the

rainfall pattern. The different rainfall patterns seem to have

the same minimum landslide-triggering rainfall amount.

There is a rainfall duration threshold for landslide occur-

rence for a rainfall event with larger than the minimum

landslide-triggering rainfall amount. For each rainfall pat-

tern, the rainfall duration threshold for landslide occurrence

decreases to constant with the increase of rainfall amount.

The uniform rainfall has the least rainfall duration thresh-

old for landslide occurrence, followed by the advanced

rainfall, and then the intermediated rainfall. For each

rainfall pattern, the failure depths and the times of failure

from the same amount of rainfall with different durations

could be largely different. In addition, the differences of

the failure depths and the times of failure between various

rainfall patterns with the same amount and duration of

rainfall could be also significant. The failure depth and the

time of failure, as compared with the occurrence of shallow

landslides, are more sensitive to the rainfall condition. In

other words, in comparison with the evaluation of the

occurrence of shallow landslides, it needs more accurate

rainfall prediction to achieve reliable estimations of the

failure depth and the time of failure.

Keywords Shallow landslides � Matric suction �
Rainfall pattern

List of symbols

C The change in volumetric water content per unit

change in pressure head

c0 Effective cohesion

dZ Water depth

dLZ Slope depth

FS Factor of safety

Gs The specific gravity of soil solid

IZ Rainfall intensity

Ks Saturated hydraulic conductivity

KL Hydraulic conductivity in lateral direction (x and y)

Kz Hydraulic conductivities in slope-normal direction

(z)

S The degree of saturation

Sr The residual degree of saturation

Se The effective saturation

M Fitting parameter

N Fitting parameter

T Rainfall duration

ua Pore air pressure

uw Pore water pressure

Z The coordinates

r Total normal stress

w Groundwater pressure head

h Soil volumetric water content

hs Saturated volumetric water content

hr Residual volumetric water content

a Slope angle

/0 Effective friction angle

f Fitting parameter

v The parameter for shear strength of unsaturated soil
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c The depth-averaged unit weight of soil

cw The unit weight of water

Introduction

Landslide often poses a serious threat to both lives and

property in many places around the world. Slope failures

may happen owing to human-induced factors such as the

loading of the slope or the cutting away of the toe for

construction purposes, but many occur simply due to

rainfall, especially in region with residual soil subjected to

rainstorm. The empirical rainfall threshold concept and the

physical-based model are two commonly used approaches

to the assessment of landslide.

With assumptions of steady or quasi-steady groundwater

table, and groundwater flows parallel to hillslope, various

physical-based models coupling the infinite slope stability

analysis with hydrological modeling (Montgomery and

Dietrich 1994; Wu and Sidle 1995; Borga et al. 1998) were

developed to assess shallow landslides induced by land use

and hydrological conditions. Iverson (2000) further devel-

oped a flexible modeling framework of shallow landslide

with the approximation of the Richards’ equation (1931)

valid for hydrological modeling in nearly saturated soil.

This led to the use of the linear diffusion-type Richards’

equation for modeling rainfall infiltration. The extension

version of Iverson’s model was proposed to take variable

rainfall intensity into account for hillslope with finite depth

(Baum et al. 2002). Without the assumption of constant

infiltration capacity, the Iverson’s model was modified by

amending the boundary condition at top of hillslope to

consider more general infiltration process (Tsai and Yang

2006). Due to efficiency, the physical-based model with the

hydrological modeling in nearly saturated soil (Iverson

2000; Baum et al. 2002; Tsai and Yang 2006) was com-

monly used for the assessment of shallow landslides trig-

gered by rainfall (Crosta and Frattini 2003; Keim and

Skauqset 2003; Frattini et al. 2004; Lan et al. 2005;

D’Odorico et al. 2005; Tsai 2008).

It had been observed that the soil failures could be

caused not only by the increase of positive pore water

pressure in saturated soil due to the groundwater table rise,

but also by the loss in unsaturated shear strength due to the

dissipation of matric suction. The physical-based model

with the hydrological modeling in nearly saturated soil

could not assess the shallow landslides caused by the dis-

sipation of matric suction since the linear diffusion-type

Richards’ equation rather than the complete Richards’

equation was used for modeling rainfall infiltration, and the

effect of matric suction on the unsaturated shear strength

was not reliably considered to examine the soil failures.

Therefore, many physical-based shallow landslide models

using the complete Richards’ equation and the extended

Mohr–Coulomb failure criterion (Fredlund et al. 1978)

valid for describing the shear strength of unsaturated soil

were developed (Anderson and Howes 1985; Tarantino and

Bosco 2000; Collins and Znidarcic 2004; Tsai et al. 2008).

However, in those physical-based shallow landslide mod-

els, the unit weight of soil was assumed constant rather

than varying with the degree of saturation. In addition, the

shear strength of unsaturated soil also remained unchanged

in spite of the degree of saturation, i.e., the nonlinearity in

the shear strength of unsaturated soil was not taken into

account (Gan et al. 1988; Escario et al. 1989; Vanapalli

et al. 1996). Tsai and Chen (2010) further developed

the physical-based shallow landslide model considering the

effect of degree of saturation on the unit weight and the

shear strength of unsaturated soil.

Besides the physical-based model, the empirical rainfall

threshold concept is commonly applied for the assessment

of the occurrence of landslides. Based on historical records

of landslides and the corresponding rainfall data, the

rainfall threshold for landslide occurrence can be simply

related either to the critical cumulative rainfall amount

(Campbell 1975) or to the rainfall intensity (Brand et al.

1984), but the most commonly used was developed by

simultaneously considering the rainfall intensity and the

rainfall duration (Caine 1980). To take the climatic effect

into account, the rainfall intensity-duration threshold for

landslide occurrence was further refined by normalizing the

rainfall intensity with the mean annual rainfall amount

(Cannon and Ellen 1985; Jibson 1989; Wieczorek et al.

2000). Another frequently used rainfall threshold correlates

the amount of rainfall until landslide initiation with the

maximum rainfall intensity (Govi et al. 1985). In addition,

the influence of the antecedent rainfall on the rainfall

threshold for landslide occurrence was also considered

(Glade 2000).

The empirical rainfall threshold for landslide occurrence

was probably associated with the rainfall amount, the

rainfall duration, the mean rainfall intensity, the maximum

hourly rainfall intensity, or the antecedent rainfall, but it

did not take the rainfall pattern into account. Tsai (2008)

applied the modified Iverson’s model (Tsai and Yang 2006)

to investigate the influences of rainfall patterns on shallow

landslides in saturated soils due to the groundwater table

rise. However, as previous mentioned, the soil failure could

be also induced by the decrease in unsaturated shear

strength owing to the dissipation of matric suction besides

the increase of pore water pressure in saturated soil due to

the groundwater table rise. The objective of this study was

to further examine the effects of rainfall patterns on shal-

low landslides in unsaturated soils due to the dissipation of
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matric suction. This examination is conducted using the

physical-based shallow landslide model developed by Tsai

and Chen (2010) in which the complete Richards’ equation

is applied to hillslope hydrological modeling, and the

effects of degree of saturation on the unit weight and the

shear strength of unsaturated soil are taken into account for

the infinite slope stability analysis. In the following sec-

tions, the hydrological modeling and the soil failure mod-

eling used herein are first described. The influences of

rainfall patterns on shallow landslides induced by the

decrease in matric suction are then investigated.

Framework of shallow landslide modeling

Hydrological modeling

The unsteady and variably saturated Darcian flow of

groundwater in response to rainfall infiltration of hillslope

can be governed by the Richards’ equation with a local

rectangular Cartesian coordinate system (Bear 1972; Hur-

ley and Pantelis 1985) as follows:

ow
ot

dh
dw
¼ o

ox
KLðwÞ

ow
ox
� sin a

� �� �
þ o

oy
KLðwÞ

ow
oy

� �� �

þ o

oz
KzðwÞ

ow
oz
� cos a

� �� �
; ð1Þ

in which w is groundwater pressure head; h is volumetric

water content; a is the slope angle; t is time. The coordinate

x points down the ground surface; y points tangent to the

topographic contour that passes through the origin; z points

into the slope, normal to the x–y plane. KL and Kz, a

function of soil properties, and w are hydraulic conduc-

tivities in lateral direction (x and y) and slope-normal

direction (z), respectively.

For the case of shallow soil and a rainfall time shorter

than the time necessary for transmission of lateral pore

water pressure, Eq. 1 can be simplified in vertical direction

(Iverson 2000) as follows:

CðwÞow
ot
¼ cos2 a

o

oZ
KzðwÞ

ow
oZ
� 1

� �� �
; ð2Þ

where C(w) = dh/dw is the change in volumetric water

content per unit change in groundwater pressure head. The

elevation Z is vertically measured downward from a hori-

zontal reference plane that passes through the origin on the

ground surface (Tsai et al. 2008).

The appropriate initial and boundary conditions are

needed for solving Eq. 2. For the initially steady state with

the groundwater table of dZ in vertical direction shown in

Fig. 1, the initial condition in terms of groundwater pres-

sure head can be expressed as:

wðZ; 0Þ ¼ ðZ � dZÞ cos2 a: ð3Þ
For a hillslope soil with depth of dLZ measured in ver-

tical direction, the impervious and pervious boundary

conditions in terms of groundwater pressure head at bottom

of hillslope soil can be, respectively, written as:

ow
oZ

dLZ ; tð Þ ¼ cos2 a ð4Þ

and

wðdLZ ; tÞ ¼ ðdLZ � dZÞ cos2 a: ð5Þ

The ground surface of hillslope subjected to the rainfall

with intensity of Iz yields:

ow
oZ
ð0; tÞ ¼ �IZ

�
ðKZÞZ¼0 þ cos2 a

if wð0; tÞ� 0 and t\T ;
ð6Þ

wð0; tÞ ¼ 0 if wð0; tÞ[ 0 and t\T ; ð7Þ
ow
oZ
ð0; tÞ ¼ cos2 a if t [ T ; ð8Þ

where T is the rainfall duration. (KZ)Z=0 denotes the

hydraulic conductivity at ground surface of hillslope.

Equations 2–8 need to be numerically solved with an

iterative procedure. The groundwater pressure head at

ground surface of hillslope, i.e., w(0,t), is first obtained by

assuming that the infiltration rate equals the rainfall

intensity shown in Eq. 6. If w(0,t) is less than or equals
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Fig. 1 The four representative rainfall patterns
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zero, i.e., the ponding does not happen, the calculated

results are accepted. The computation moves forward to the

next time step. If the calculated w(0,t) is greater than zero,

i.e., the ponding occurs, with neglecting the water depth of

overland flow (Hsu et al. 2002; Wallach et al. 1997; Tsai

et al. 2008) w(0,t) = 0 is used as boundary condition to

recalculate once more for the same time step.

In addition, for solving the Richards’ equation shown in

Eq. 2, the implicit finite-difference scheme (Celia et al.

1990) is used in conjunction with the function of water

retention curve proposed by van Genuchten (1980) as

follows:

S ¼ h� hr

hs � hr

¼ 1

1þ ½n wj j�N

 !M

; ð9Þ

KZðhÞ
Ks

¼ h� hr

hs � hr

� �1=2

1� 1� h� hr

hs � hr

� � 1
M

" #M
8<
:

9=
;

2

;

ð10Þ

where S is the effective degree of saturation. hs denotes the

saturated volumetric water content. hr represents the

residual volumetric water content, and Ks is the saturated

hydraulic conductivity. n, N, and M are fitting parameters,

with M related to N by:

M ¼ 1� 1

N
: ð11Þ

Soil failure modeling

The infinite slope stability analysis is a preferred tool to

evaluate shallow landslide because of simplicity and

practicability (Montgomery and Dietrich 1994; Wu and

Sidle 1995; Borga et al. 1998; Iverson 2000; Morrissey

et al. 2001; Crosta and Frattini 2003; Collins and Znidarcic

2004; Tsai and Yang 2006; Tsai 2008). This concept is

generally valid for the case of landslide with a small depth

compared with its length and width. This assumption is

also compatible with that used for the hydrological mod-

eling in hillslope as shown in Eq. 2.

The shear strength of soil can be represented by the

extended Mohr–Coulomb failure criterion (Bishop 1954) as

follows:

s ¼ c0 þ ðr� uaÞ þ vðua � uwÞ½ � tan /0; ð12Þ

where c0 is the effective cohesion; /0 represents the

effective friction angle; r is the total normal stress; ua and
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Fig. 2 The simulated results of groundwater pressure heads from different rainfall patterns with 320 mm amount and 14 h duration
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uw denote pore air pressure and pore water pressure,

respectively; ua - uw is the matric suction; v is the

effective stress parameter. There are many experimental

evidences showing that the effective stress parameter of

unsaturated soil is a highly nonlinear function of the

matric suction (Gan et al. 1988; Escario et al. 1989;

Vanapalli et al. 1996). A convenient and accurate

representation of effective stress parameter (Vanapalli

and Fredlund 2000; Lu and Likos 2004) was proposed as

follows:

v ¼ h� hr

hs � hr

: ð13Þ

Equation 13 can be further expressed as:

v ¼ Se ¼
S� Sr

1� Sr

; ð14Þ

in which S denotes the degree of saturation. Sr is the

residual degree of saturation. Se represents the effective

saturation. We can observe from Eq. 13 and the water

retention curve shown in Eq. 9 that there is indeed a highly

nonlinear relation between the effective stress parameter

and the matric suction for unsaturated soil. In addition, it

can be found from Eqs. 12 and 14 that the unsaturated

shear strength depends on the degree of saturation. The

effective stress parameter ranges between zero and unity. If

the soil is saturated the effective stress parameter is iden-

tical to unity. The effective stress parameter is zero when

the soil has the residual degree of saturation.

The soil failure is induced at depth Z where the acting

stress is larger than the resisting stress due to friction and

cohesion. Using the infinite slope stability analysis together

with the shear strength of soil given by Eq. 12, and

assuming that the pore air pressure is atmospheric, the

factor of safety can be written as:

FS ¼ tan /0

tan a
þ

c0 � cwwcv tan /0 � cwwp tan /0

cZ sin a cos a
; ð15Þ

where cw represents the unit weight of water. c is the depth-

averaged unit weight of soil and can be expressed as:

c ¼ 1

Z

ZZ

0

ð1� hÞcwGs þ hcw½ �dZ; ð16Þ

where Gs is the specific gravity of soil solid. In Eq. 15,

when the groundwater pressure head is negative, i.e., the

soil is unsaturated, wc is equal to w which can be obtained
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Fig. 3 The simulated results of factors of safety from different rainfall patterns with 320 mm amount and 14 h duration

Environ Earth Sci (2011) 63:65–75 69

123



from Eq. 2, whereas wp is zero. On the contrary, wp is

identical to w, and wc is zero while the groundwater

pressure head is positive, i.e., the soil is saturated.

Examinations

The influences of rainfall patterns, including the uniform,

advanced, intermediated, and delayed rainfalls (Tsai 2008),

shown in Fig. 1, on shallow landslides in unsaturated soils

due to the decrease of matric suction are examined in this

section. The shallow soil with slope of 29� and depth of

2.3 m overlies a more permeable bedrock. The ground-

water table is located at the depth of 4.2 m below the

ground surface of hillslope at the beginning of rainfall. The

groundwater table varies, but is assumed to remain in

bedrock during and after rainfall. The following soil

parameters are adopted: /0 = 22�, c0 = 2.5 Kpa,

cw = 9810 N/m3, Ks = 6.42 9 10-6 m/s, N = 1.65, hs =

0.41, hr = 0.06, and n = 0.024. The shallow soil used in

this examination could be classified between sandy loam

and loam (Carsel and Parrish 1988).

The simulated results of groundwater pressure heads and

factors of safety with respect to time from different rainfall

patterns with 320 mm amount and 14 h duration are shown in

Figs. 2 and 3. We can find from Figs. 2 and 3 that the

groundwater pressure heads and the factors of safety are

strongly related to the rainfall patterns. In this scenario, the

intermediated and delayed rainfalls do not induce soil failure,

whereas the shallow landslides are triggered by the uniform

and advanced rainfalls at 34.74 and 73.46 h after the rainfall.

The uniform rainfall has the failure depth of 1.83 m. The

failure depth of the advanced rainfall is larger than that of the

uniform rainfall, and the difference of failure depths between

two rainfalls reaches 0.3 m. In addition, Figs. 4 and 5 depict

the simulated results of groundwater pressure heads and fac-

tors of safety from different rainfall patterns when the amount

and duration of rainfall are 420 mm and 36 h. We can observe

from Figs. 4 and 5 that the four representative rainfall patterns

all induce shallow landslides, but they have different failure

depths and failure times. It can be clearly known from the

above discussions that the rainfall pattern not only influences

the occurrence of shallow landslides, but also affects the

failure depth and the time of failure.

Effects of rainfall patterns on occurrence of shallow

landslides

To further investigate the influences of rainfall pattern on

the occurrence of shallow landslides, the rainfall threshold
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Fig. 4 The simulated results of groundwater pressure heads from different rainfall patterns with 420 mm amount and 36 h duration
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curves from the four representative rainfall patterns toge-

ther with different durations and amounts are displayed in

Fig. 6. In Fig. 6, for each rainfall pattern, the correspond-

ing rainfall threshold curve can separate the graph into two

regions. The rainfall lying to the right side of the threshold

curve can trigger shallow landslide. On the contrary, the

soil failure cannot be induced if the rainfall lies to the left

side of the threshold curve. For example, the delayed

rainfall with 300 mm amount and 12 h duration cannot

induce shallow landslide, whereas the uniform rainfall with

the same amount and duration can cause soil failure.

It can be seen from Fig. 6 that a rainfall event with

larger than 250 mm amount has a rainfall duration

threshold for landslide occurrence regardless of the rainfall

pattern. This is because that for the same amount of rainfall

the less rainfall duration, i.e., the larger rainfall intensity, is

more likely to cause the ponding. The decrease of rainfall

infiltration capacity due to the ponding could not result in

enough dissipation of matric suction to trigger the soil

failure. For each rainfall pattern, the rainfall duration

threshold for landslide occurrence decreases to constant

with the increase in the rainfall amount. Among the four

representative rainfall patterns, the uniform rainfall has the

least rainfall duration threshold for landslide occurrence,

followed by the advanced rainfall, and then the interme-

diated rainfall. However, each rainfall pattern with less

than 250 mm amount could not induce the shallow land-

slide in spite of the rainfall duration. This indicates that
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Fig. 5 The simulated results of factors of safety from different rainfall patterns with 420 mm amount and 36 h duration
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there is the same minimum landslide-triggering rainfall

amount for different rainfall patterns. This is due to the fact

that the rainfall event with less than the minimum land-

slide-triggering rainfall amount has not enough decrease in

matric suction to induce the soil failure even though the

rainfall infiltrates totally. The influences of rainfall patterns

on the occurrence of shallow landslides in unsaturated soils

due to the dissipation of matric suction, as above men-

tioned, seem similar to those in saturated soils owing to the

groundwater table rise (Tsai 2008).

Effects of rainfall patterns on failure depths and times

of failure

The simulated results of factors of safety with respect to

time from the four representative rainfall patterns with

360 mm amount and different durations of 16 and 48 h are

displayed in Figs. 7 and 8. It can be found from the rainfall

threshold curves shown in Fig. 6 that the above-mentioned

rainfall conditions all induce shallow landslides. However,

Figs. 7 and 8 reveal that for each rainfall pattern the failure

depths and the times of failure from the same amount of

rainfall with different durations could be significantly

different. For example, with the durations of 16 and 48 h,

the delayed rainfall induces soil failures at depths of 2.09

and 1.35 m, and the failure depths of the uniform rainfall

are 1.24 and 1.56 m. The advanced rainfall with the

durations of 16 and 48 h has the failure times of 47.94 and

44.31 h. The uniform rainfall triggers shallow landslides at

15.28 and 50.83 h after the rainfall if the durations are 16

and 48 h, respectively. Furthermore, one can find from

Figs. 7 and 8 that the various rainfall patterns with the

same amount and duration could have largely different

failure depths and failure times. It must be mentioned that

for shallow landslides in saturated soils due to the

groundwater table rise, the slope failures always occur at

the bottom of soil layer, i.e., the failure depth is indepen-

dent of the rainfall condition (Tsai and Yang 2006; Tsai

2008). However, for shallow landslides in unsaturated soils

triggered by the dissipation of matric suction, the slope

failures could happen at any depth of soil layer which

indicates that the failure depth depends on the rainfall

condition.

From above examination, it can be clearly known that

for the soil failure in unsaturated soil induced by the dis-

sipation of matric suction not only the occurrence of
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Fig. 7 The simulated results of factor of safety from various rainfall patterns with 16 h duration
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shallow landslides but also the failure depth and the time of

failure are influenced by the rainfall condition. However,

the failure depth and the time of failure, as compared with

the occurrence of shallow landslides, are more sensitive

to the rainfall condition. Therefore, the more accurate

rainfall prediction is needed for reliably estimating the

failure depth and the time of failure in comparison with

evaluating the occurrence of shallow landslides.

Conclusions

Many places around the world are threatened by rainfall-

induced landslides. The empirical rainfall threshold con-

cept associated with the rainfall amount, the rainfall

duration, the mean rainfall intensity, the maximum hourly

rainfall intensity, or the antecedent rainfall was commonly

used to assess the occurrence of landslides. However, the

rainfall pattern was not considered in the empirical rainfall

threshold concept. Tsai (2008) applied the physical-based

model to investigate the effects of rainfall patterns on

shallow landslides in saturated soils due to the groundwater

table rise. Many researches showed that the shallow

landslide could be also induced by the decrease in shear

strength of unsaturated soil owing to the dissipation of

matric suction. The purpose of this study was to further

examine the influences of rainfall patterns on shallow

landslides triggered by the decrease of matric suction. The

results reveal that the rainfall pattern affects the occurrence

of shallow landslides. There is the same minimum land-

slide-triggering rainfall amount for different rainfall pat-

terns. A rainfall duration threshold for landslide occurrence

is existed in a rainfall event with larger than the minimum

landslide-triggering rainfall amount, and decreases to

constant with the increase in rainfall amount. The delayed

rainfall has the largest rainfall duration threshold for

landslide occurrence, followed by the intermediated rain-

fall, whereas the uniform rainfall possesses the least rain-

fall duration threshold for landslide occurrence. Therefore,

the occurrence of shallow landslides could be misevaluated

if the rainfall pattern is not taken into account. Further-

more, besides the occurrence of shallow landslides, the

failure depth and the time of failure are also related to the

rainfall pattern. The various rainfall patterns with the same

amount and duration could have largely different failure

depths and failure times. For each rainfall pattern, the
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Fig. 8 The simulated results of factor of safety from various rainfall patterns with 48 h duration
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failure depths and the times of failure from the same amount of

rainfall with different durations could be also significantly

different. Hence, in comparison with the occurrence of shal-

low landslides, the failure depth and the time of failure need

more accurate rainfall prediction to be reliably estimated

because of the great sensitivity to the rainfall condition.
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