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ABSTRACT: Rainfall induced landslides can vary in depth and deeper the landslide, greater is the damage it
causes. This paper investigates, quantitatively, the risk of rainfall induced landslides by assessing the conse-
quence of each failure. The influence of the spatial variability of the saturated hydraulic conductivity on the
risk of landslides is studied. It is shown that a critical spatial correlation length exists at which the risk is a

maximum.

1 INTRODUCTION

Landslides cause damage to buildings, infrastructure,
agricultural land and crops. In the majority of cases
the main trigger for landslides is heavy or prolonged
rainfall (Brand 1984, Fourie 1996). The fundamental
aspects connecting the hydrological and geotechnical
processes that cause slope failure have been a sub-
ject of intensive research for many years. Previous
research indicates that, rainfall-induced slope fail-
ures occur in initially unsaturated soil slopes, where,
matric suction contributes to soil strength and, ulti-
mately the slope stability (Rahardjo et al. 1995,
Fredlund & Rahardjo 1993). During rainfall, saturat-
ed hydraulic conductivity controls the infiltration
process, thereby, affecting the matric suction distri-
bution, the soil strength and ultimately, the stability
of the slope. Therefore, it is a very important factor
that influences the stability of a slope during rainfall
(Tsaparas et al. 2002, Rahardjo et al. 2007, Rahimi
et al. 2010).

Most studies involving rainfall-induced landslides
are deterministic in nature, where the soil is assumed
to be homogeneous and averaged (or design) soil
properties are considered in the analysis (Gui et al.
2000). Although few studies have focused on the ef-
fects of the spatial variability of the hydraulic con-
ductivity on rainfall infiltration and subsequent slope
stability by using random field theory (e.g. Santoso
etal. 2011, Zhu et al. 2013, Cho 2014), none of them
have investigated the nature of the triggering mecha-
nism or quantified the risk associated with a rainfall-
induced landslide.

It is now commonly believed that there are two
mechanisms that trigger failure in slopes subject to
rainfall infiltration (Li et al. 2013); loss of suction

during propagation of the wetting front and the rise
of the water table (which generates a positive pore
water pressure). Despite decades of extensive stud-
ies on rainfall-induced landslides, the fundamental
processes which trigger slope failure when the satu-
rated hydraulic conductivity varies spatially are still
not well quantified. Generally speaking, a loss of
suction causes a shallow failure while a rise in the
water table (i.e. generation of a positive pore water
pressure) causes a deep failure. However, this may
not be true when the saturated hydraulic conductivity
varies spatially, as the water may accumulate at shal-
low depths (Huang et al. 2010) leading to a positive
pore water pressure and a shallow failure. To the
authors’ knowledge, this important effect has not
been studied systematically.

Another key aspect of the risk assessment of rain-
fall-induced landslides is the assessment of conse-
quence. Rainfall-induced landslides can be shallow
or deep. It is clear that a deep-seated landslide will
tend to cause more damage and thus has a more se-
vere consequence. Therefore, the consequence asso-
ciated with a shallow or deep failure should be as-
sessed individually. In this study, the saturated
hydraulic conductivity of soil is modelled by random
field theory and the risk of rainfall induced land-
slides is assessed based on the quantitative risk as-
sessment framework proposed by Huang et al.
(2013). The triggering mechanism of rainfall in-
duced slope failure is also studied.

Landslides are characterized as failures occurring
along a plane parallel to the ground surface. Given
the physics involved in landslides, various infinite
slope models have been used to assess their stability
after heavy rainfall (e.g. Iverson 2000, Tsai 2008,
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White & Singham 2012, Zhan et al. 2012, Li et al.
2013).Though the use of an infinite slope model re-
quires certain assumptions (i.e. each slice of an infi-
nitely long slope receives the same amount and in-
tensity of rainfall; the time required for infiltration
normal to the slope is much less than the infiltration
time required for flow parallel to the slope; the
wetting front propagates in a direction normal to the
slope; and the depth of failure is small compared to
the length of the failing soil mass), the validity of
these assumptions has been checked against the pre-
dictions of two-dimensional numerical models, with
the conclusion that an infinite slope approximation
may be adopted as a simplified framework to assess
failures due to the infiltration of rainfall (Li et al.
2013, Zhan et al. 2012). The present study is thus
based on an infinite slope model.

In this study, the landslide risk of a hypothetical
slope, where, only the saturated hydraulic conductiv-
ity varies spatially is investigated. The saturated hy-
draulic conductivity is modelled as a random field
and coupled with Monte-Carlo simulations for the
determination of failure probability, consequence
and risk. To obtain the pore water distributions, the
modified form of one-dimensional Richards equa-
tion (Richards 1931) is solved numerically by the
HYDRUS 1D software (Simunek et al. 2013).
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Figure 1. Geometry and limit equilibrium set-up.

Assuming that the effect of pore-air pressure is
insignificant and that water flow due to thermal gra-
dients is negligible, one-dimensional uniform flow
in a variably saturated soil can be described by a
modified form of Richards equation (Richards
1931). Therefore, the flow in an unsaturated infinite
soil slope can be described by the one-dimensional
equation (e.g. Zhan et al. 2012):
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E_E dz

where 4 is the volumetric water content, t is time, u
is the pore water pressure head, « is the inclination
of the slope to the horizontal, K is the hydraulic con-
ductivity and z is the spatial coordinate as shown in
Figure 1. To solve the above equation numerically,
the water content @ is assumed to vary with the pore
water pressure head, u, according to the van Genuch-
ten (1980) model as:

Se = { 1 } @

- 05 — 6, - 1+(au)N

where S is the effective degree of saturation, 6
and 6, are the saturated and residual water content
respectively, a is the suction scaling parameter and
N, m are the parameters of the van Genuchten model.
To complete the description, the hydraulic conduc-
tivity K can be estimated as:

K = KK, 3

where Ksis the saturated hydraulic conductivity and
K is the relative hydraulic conductivity given by van
Genuchten (1980):

Ky =S3/2[1-(@-st/ ™)™ (4)

In this study, the saturated hydraulic conductivity
is modelled as a random field and Equation 1 is
solved by HYDRUS 1D. The distribution of pore
water pressure and the degree of saturation are then
used in the infinite slope model to assess the slope
stability.

2.1 Slope stability

Once the pore water pressure distribution is obtained
through seepage analysis, the factor of safety FS at
any given time t can then be determined by limit-
equilibrium techniques. The stability of an infinite
slope is estimated by using a closed form solution
similar to that proposed by White & Singham
(2012), where the failure is considered to occur
along a plane parallel to the ground surface. A soil
column of a unit width is considered, where the self-
weight W is used to obtain the normal force Fy and
tangential force Fr at any depth. The expression for
the factor of safety is similar to that considered by
White & Singham (2012). The only difference being
that, instead of using saturation (S) weighted suction
stress, the effective degree of saturation (Se)
weighted suction stress is considered.

The factor of safety FS was analyzed using the
expression:
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where ¢ is the effective friction angle, c' is the effec-
tive cohesion, u,, is the pore water pressure (= uyw).
FS = 1 corresponds to a limiting condition for equi-
librium, and failure occurs when FS is less than 1.

3 PROBABILISTIC ANALYSIS
3.1 Random Field Theory

Random fields are characterized by a distribution
(e.g. log-normal type) and a spatial correlation struc-
ture. The present study considers the saturated hy-
draulic conductivity, K, to be log-normally distrib-
uted which is consistent with field measurements
(Hoeksema & Kitanidis 1985, Sudicky 1986). A log-
normal distribution can be easily arrived at by a non-
linear transformation of the normal (Gaussian) dis-
tribution and it ensures that the random variable is
always positive (Griffiths et al. 2011). Such a distri-
bution has also been used by several investigators for
modelling saturated hydraulic conductivity statisti-
cally (e.g. Santoso et al. 2011, Zhu et al. 2013, Cho
2014). A log-normally distributed Ks is defined by
two parameters, a mean (uy_ ) and coefficient of

variation (v _) which are related by:

O
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where oy is the standard deviation for the log-

normally distributed Ks. The equivalent parameters
of the normally distributed InKs- z4x, and oy,

(i.e. the mean and standard deviation of InKj) are:
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In addition to the mean and the coefficient of var-
iation, a third parameter, the spatial correlation
length 6}, , is required to completely define a ran-

dom field. The spatial correlation length defines the
distance over which the soil properties are signifi-
cantly correlated; with properties separated by a dis-
tance greater than 6, being generally uncorrelat-

ed. A large spatial correlation length means that the
soil properties are highly correlated over a large dis-
tance, implying less spatial variability and more uni-
formity in soil properties. Conversely, a small corre-
lation length implies a higher spatial variability and
less uniformity in the soil properties. In the context
of random fields, the spatial correlation lengths are
generally incorporated through a correlation func-

tion. The correlation function p assumed for the pre-
sent study is an exponential one of the form:

p(2) = exp{— i] )

O K

Based on the log-normal distribution and the cor-
relation function defined above, one-dimensional
random fields for saturated hydraulic conductivity K
can be generated. In the present study, the Karhunen
Loéve (KL) expansion method (Zhang & Lu 2004) is
used for this purpose. Note that the required number
of terms in the KL expansion increases when the
spatial correlation length decreases and, for the
smallest &, considered in this study, more than

5000 terms were used. The Karhunen Loéve expan-
sion method generates a Gaussian (normal) random
field and Ks being log-normal, requires a log-normal
random field. This is obtained through the transfor-
mation:

Ksj =exp(sy, K, TOIK, xJj) (10)

where Kg is the saturated hydraulic conductivity
assigned to the j"" node (of the one-dimensional fi-
nite element mesh) and g; is the Gaussian equivalent
of K obtained from a zero mean and unit standard
deviation. The dimensionless form of spatial correla-
tion length @ is defined as:
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where D is the length of the random field.

3.2 Risk assessment

During rainfall, water infiltrates into the soil from
the top and can cause shallow or deep failures. It is
clear that a deep failure will tend to cause more
damage and thus has a more severe consequence.
Therefore, the consequence associated with shallow
and deep failures should be assessed individually. In
the present study, consequence is assumed to be di-

rectly related to the failure depth (D). The risk (R)
is defined as:
Ng
R=Y psxC; (12)
i=1

where psi and C; are the probability and consequence
of the i" failure , and ny is the number of failures. In
applications (e.g. Cassidy et al. 2008), an additional
vulnerability component would be added to Equation
12. However, it has been assumed to be one here for
simplicity and to concentrate the paper on the novel
developments. Equation 12 can be rewritten in the
traditional form as:
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where C is the consequence and ngjp, is the number of
Monte-Carlo simulations.

Ny

ps = 14
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It can be seen from Equation 15 that consequence
(C) in the traditional risk definition should be rede-
fined as the average consequence of all failures.

4 STUDY

In the present investigation, a hypothetical slope, at
an inclination of a = 36° to the horizontal, is consid-
ered as shown in Figure 1. A 1m thick soil layer
(having the mechanical and hydraulic properties
shown in Table 1) is considered to be underlain by
rock (i.e. D = 1 m). The water table is initially 2m
(all distances measured normal to the slope i.e. along
“z” direction) below the ground surface and is as-
sumed to be constant throughout the analysis. The
initial pore water pressure profile is hydrostatic and,
as rainfall occurs, the water is assumed to infiltrate
in a wetting front normal to the slope. The rainfall
intensity is 1 =0.25._, and the flux g infiltrating

the soil at the top is Icosa. No ponding of water is al-
lowed at the ground surface at any time. Based on
the expression for the factor of safety (Equation 5)
with the parameters described in Table 1 and consid-
ering o = 36°, the factor of the safety before rainfall
(considering a hydrostatic distribution) is 1.285.

In order to investigate the effect of the spatial var-
iability of the saturated hydraulic conductivity Kson
landslides risk, Ks is modelled as a log-normal sta-
tionary random field while other parameters are de-
terministic. The probability of failure (pr), conse-
quence (C), and risk (R) associated with rainfall-
induced failure of the purely frictional soil slope (i.e.
c' = 0) is investigated. From the literature it is ob-
served that the saturated hydraulic conductivity var-
ies in the range of v _= 0.6 to 0.9 (Duncan 2000).

Taking the higher end of the range for the random
field study, v¢_ =1 is considered. Table 2 summa-

rizes the parameters for the random field study. Two
thousand Monte Carlo simulations were conducted
for each spatial correlation length. For each realiza-
tion of the random field of K, seepage analysis is
performed for a duration equal to the time, when the
slope would fail with deterministic Ks = g_. The

pore water pressure results are then used to perform
slope stability analysis.

Table 1. Material properties of the soil (White &
Singham 2012)
Parameter Symbol Value Units
Porosity n 0.40
Unit weight of soil Vs 20 kN/m?
Unit weight of water 10 kN/m®
Mean saturated Hy 8.64  m/day
hydraulic conductivity
Residual water content 6, 0.128
Saturated water content 6 0.40
Scaling suction a 500 1/m
Van Genuchten N 15
model parameter
Van Genuchten m 1-1/N
model parameter
Effective cohesion c' 0 kPa
Effective frictionangle ¢ 35 degrees
Table 2. Parameters for the probabilistic study.
Parameter Symbol  Value Units
Coefficient of variation v 1
of saturated hydraulic
conductivity
Spatial correlation ©] 0.125,0.25,
length 0.50, 1.00,

2.00, 8.00,

100
Length of random field D 1 m
Number of simulations  ngp, 2000
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Figure 2. Variation in probability of failure, consequence and
risk.

The variation in the probability of failure (ps),
consequence (C) and risk (R) with the spatial corre-



lation length (®) is shown in Figure 2. The smallest
correlation length (® = 0.125), has the greatest spa-
tial variability (in this study) and it results in the
highest probability of failure (ps) and the lowest con-
sequence. With an increase in spatial correlation
length (the soil becomes more uniform,) p; decreases
and C increases. On the other hand, the risk reaches
its maximum when ® is equal to the depth of the
slope i.e. ® = 1.0. This highlights the importance of
individual assessment of the failure consequence.
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Figure 3. Scatter plot of pore water pressure at failure for dif-
ferent spatial correlation lengths.
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Figure 4. Histogram of failure depths for different spatial corre-
lation lengths.

Figure 3 shows a scatter plot of the pore water
pressure uy at failure, plotted against the correspond-
ing failure depths, for two extreme values of the spa-
tial correlation length ®: 0.125 and 100. The solid
points represent failures due to the generation of
positive pore water pressures while the hollow
points represent failures due to loss of suction. First-
ly, the greatest scattering can be observed in the dis-
tribution of pore water pressure at failure when the
spatial correlation length ® is small. At large spatial
correlation lengths, the scatter in pore water pressure
is less. Secondly, at smaller correlation lengths
though most of the failures are due to loss of suction,
slope failure may also occur due to the generation of
positive pore water pressures as shown by the solid
points. This could be attributed to non-uniformity in
the weight of the failing soil mass W. The weight W
is obtained by integrating the unit weight y through-
out the depth to account for variations in the water

content. So, at a smaller ®, there is more non-
uniformity (or randomness) in the weight W
throughout the depth, thus requiring a greater reduc-
tion in the pore water pressure to cause failure.

Figure 4 shows the histogram of failure depths for
different spatial correlation length and it can be used
to understand the results observed in Figure 2. When
spatial correlation length is small, there are a large
number of shallow failures (i.e. failures above the
boundary) and few deep failures (i.e. failures occur-
ring at the boundary). Now, as the spatial correlation
length increases, the soil becomes more uniform.
Obviously, if there are more shallow failures, the
probability of failure will also be high. Also, if fail-
ures are shallow, the consequence will be low while
if the failures are deep the consequence will be high.
This explains why, the probability of failure was ini-
tially high, and then decreased with an increase in
spatial correlation length; and why consequence was
initially low and then increased with an increase in
spatial correlation length.

5 CONCLUSIONS

The risk of rainfall induced landslides was studied
quantitatively, based on the logic that the conse-
quence should be assessed individually for each fail-
ure. When the saturated hydraulic conductivity was
modelled as a random field, it was shown that the
probability of failure increases as the spatial correla-
tion length increases. However, when consequence
of failure (measured here by the depth of the failure)
was accounted for, a critical spatial correlation
length exists at which the risk was maximum. This
confirms clearly that the consequence should be as-
sessed individually for a rational risk assessment.
The triggering mechanism for a rainfall induced
landslide was also highlighted by the pore water
pressure distributions at failure. For small spatial
correlation lengths, water can accumulate at shallow
depths thereby generating positive pore water pres-
sures which are sufficient to cause shallow failures.
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