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Abstract. In recent years, more considerable attentions are paying on the hazards
of large-scale landslides induced by heavy rainfall. However, the heterogeneity in
hydraulic properties of soils may affect the seepage pattern of water infiltrated into
soil slopes. Inspired by this fact, this paper aimed to evaluate the effect of the
spatial variability in hydraulic conductivity on failure mechanism of an
unsaturated soil slope subjected to rainfall infiltration, being implemented in the
framework of a transient coupled hydro-mechanical analysis. The concept of
random field was adopted to model the spatial randomness of saturated hydraulic
conductivity &, following a uniform distribution. The finite element method was
then incorporated to conduct Monte Carlo simulations. The resultant findings show
that the mode of shallow slope failure is more likely to occur than the deep one
due mainly to the highly variable distribution of £ near slope surface. Note that the
decrease in the effective stress of soils resulting from the increase of pore water
pressure is the most critical reason for the occurrence of slope failure. In addition,
from the random element analyses results, it indicates that the value of QO
calculated by performing a deterministic analysis based on arithmetic average
value ki gives a prediction of flow rate on average, but the calculated Qnax based
on maximum value kn,x provides a more conservative assessment on total flow rate
across soil slope, which can offer useful suggestions for practitioners to take
available measures to drain in advance.
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1. Introduction

369

Rainfall-induced landslides are one of the most common geotechnical disasters in
practice (e.g. a landslide event shown in figure 1a), often resulting in severe threats to
both the human safety and surrounding buildings [1-3]. Actually, the phenomenon of a
rainfall-induced landslide is a typical coupled hydro-mechanical problem from the
viewpoint of physical mechanics, which is of great interest in the risk assessment of
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landslides [4]. When heavy rainfall occurs, the hydraulic conductivity of soil directly
influences the hydraulic output responses relating to slope performances [5]. Generally,
deterministic methods were widely adopted for the stability assessment of rainfall-
induced landslides [2,4,6]. In reality, however, the physical properties of natural soils
are highly variable in space [1,5,7,8]. During the infiltration of rainfall into soil slopes,
the uncertainty in the distribution of pore water pressure, caused by heterogeneous
hydraulic conductivity, may be the main source of slope instability due to the fact that
it is likely to affect the shear strength of soils [2].

Various studies have investigated the influence of the spatial variation of hydraulic
conductivity on soil slope stability. For instance, Cho [5] conducted probabilistic
stability analyses to study the effects of spatial heterogeneity of saturated hydraulic
conductivity on the failure mechanism of rainfall-related shallow infinite landslides.
However, a common assumption was made in their studies; that is, the hydraulic
conductivity was usually modeled as a lognormal random field. This may be not an
appropriate consideration because the saturated hydraulic conductivity of soil in a
limited space generally varies over one to three orders of magnitude or even large [9].
Therefore, using a marginal uniform distribution for the representation of saturated
hydraulic conductivity may be more reasonable because of the equal likelihood of data
of each point being retrieved from situ field.

This paper mainly aimed to evaluate the effect of spatially variable hydraulic
conductivity on the failure mechanism of a soil slope suffering from rainfall infiltration.
Moreover, it should be noted that for simplicity the strength properties of soils were
treated as deterministic for the whole slope model.

2. Governing Equations of Coupled Hydro-mechanical Behavior of Unsaturated
Soils

In general, coupled solutions related to the soil structure and water flow are required to
simulate the process of seepage and deformation in a soil slope subjected to rainfall.
Due the complexity of unsaturated soils, the effective stress state variable is used in the
slope stability analysis:

o'=oc-u,+yu,-u,) (1

where ¢’ is the effective stress; u, is the pore air pressure, which is equal to zero
because the air phase within soil is assumed to be connected with atmosphere; u,, is the
pore water pressure, and (#, — u,,) is the matric suction; y is the unsaturated soil
parameter between zero and unity, which is equal to degree of saturation (S) in this
study. Transient water flow through the pore of unsaturated soils follows the
generalized Darcy’s law. A number of empirical and semi-empirical functions have
been proposed to represent these soil hydraulic functions. In this study, the van
Genuchten [10] and Mualem [11] (VGM) model was adopted for describing the
unsaturated hydraulic functions, which can be written as:
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where 0,, is the volumetric water content; 6, and 6, denote the saturated and residual
volumetric water content, respectively; a,, n,, and m,, are retention parameters, with
m,, = (1-1/n,); k is the hydraulic conductivity of soils, changing as a function of S; k; is
the saturated hydraulic conductivity.

3. Methodology
3.1. Coupled Modeling of an Unsaturated Soil Slope

In this study, a soil slope subjected to rainfall was considered, as depicted in figure 1b.
The finite element model consists of 625 four-node quadrilateral elements with full
integration. The soil slope with a height of 30 m is inclined at 40° to the horizontal. The
initial ground water table is assumed to be horizontal and located at the lower slope toe
surface. Above the water table, the pore pressure is negative and assumed to be
proportional to the vertical distance from the water table. The left and right boundaries
of this model were constrained in the horizontal direction, and the bottom was fixed in
all directions.

In order to simulate the process of rainfall infiltrating into soil slope, a water flux ¢
was controlled as a seepage boundary condition at the slope free surface abced. The
corresponding rainfall intensity shown in figure lb was applied to reflect the real
scenarios that the rainfall increases gradually with duration time. For surface bc, the
rainfall intensity was set to the value of gxcos40°. With the purpose of assessing the
slope stability under rainfall conditions, four monitoring points near slope surface
denoted in figure 1b were set up to obtain some important responses associated with
slope sliding at different rainfall times.
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Figure 1. (a) A typical event of rainfall-induced landslide; (b) soil profile of a coupled hydro-mechanical
slope model analysed in this study.
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3.2. Spatial Variability in Saturated Hydraulic Conductivity

Unlike to previous literatures, the saturated hydraulic conductivity k; was modeled as a
random field following a uniform distribution in this study. To reach this goal, a
Gaussian random field with a squared exponential auto-correlation structure was first
generated using the modified linear estimation method [7], and the uniform random field
could then be obtained through a memoryless translation. The latter is a special case of
beta random field that can be translated from the former. The range of the value of &, used
in the analysis varies from 0.0018 to 0.018 m/h. Two typical realizations of k field are
shown in figures 2a and 2b. In order to perform a comparison with the results of random
element analyses, deterministic analyses were also conducted based on the several
constant values of &; they are the minimum value ki, the magnitude average value kg,
the arithmetic average value k,;, and the maximum value k., of the selected range,
respectively. The parameters of soil properties used are summarized in table 1.

Without loss of generality, the & field was then incorporated with finite element
program to perform the coupled analysis of soil slope. 100 realizations of k; field were
conducted to evaluate qualitatively the spatial randomness effect of hydraulic property on
slope performance in a statistical manner.

Table 1. Parameters of soil properties used in the coupled analysis.

Parameter Definition Value

E (kPa) Elasticity modulus 10,000

v Poisson’s ratio 0.3

¢’ (kPa) Effective cohesion 15

' (°) Effective internal friction angle 30

ks (m/h) Saturated hydraulic conductivity, random field 0.0018-0.018
a,, (kPa™), n,, 6, Retention parameters 0.05,1.2,0

4. Results and Discussion
4.1. Mode of Slope Failure Induced by Rainfall Infiltration

Figure 3 shows the results of normalized horizontal displacement (i.e. D/H, where H is
the slope height of 20 m) of four monitoring points against rainfall duration time. Two
modes of slope failure, both the shallow and deep failures, can be observed. The region
T denoted in figure 3 illustrates the variation range of beginning time for slope to slide,
and the discrepancy reaches about 10 hours. This is because that the infiltration of
rainfall takes different times to flow to the slope toe due to regular seepage paths
resulting from the spatially random k. With the concentration of water, the pore water
pressure increases and the effective stress of soil skeleton reduces, eventually resulting
in a slope failure. From figure 3, it can be found that the earlier the beginning time of
sliding, the larger is the possibility of a shallow slope failure. This may be attributed to
the scenario in which the large hydraulic conductivity exists and concentrates near the
lower slope surface. Figures 2a and 2c illustrate a typical k distribution and its
corresponding critical slip surface of a shallow slope failure, respectively. This can be
preliminarily judged by the occurred displacement of monitoring points 4 and B.
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Another mode is the deep slope failure, of which the displacement of the upper
monitoring points increases significantly with the increase of rainfall duration. At the
stage approaching failure, a sharp fall in displacement occurs. Figure 4 presents the
evolution of a typical deep slope failure based on the realization shown in figure 2b.
The contour of k; field in figure 2b shows that several local regions with a large
hydraulic conductivity exist near the slope surface but they are not connected. As
shown in figure 2d, during the process of rainfall, the water within soil slope is more
likely to flow toward those regions. As expected, a local slip surface nearby the slope
toe is first formed and then moves slowly toward to the upper slope surface. When
rainfall continues, the pore water pressure increases quickly, and a critical slip surface
across the slope crest can be observed at the stage of slope failure
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Figure 2. (a) and (b) Two typical realizations of &, field; (c) a shallow slope failure based on
figure 2a; (d) the seepage velocity vectors based on figure 2b.
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Figure 3. Contours of normalized horizontal displacement of four monitoring points against
rainfall duration time based on 100 realizations of Monte Carlo simulations.

4.2. Assessment of Flow Rate after Slope Failure

Figure 5 shows the histogram of total flow rate Q across the entire soil slope after slope
failure, which was calculated from 100 realizations of Monte Carlo simulations; the
corresponding mean and coefficient of variation are 3.6 and 0.07, respectively. Four
vertical dashed lines labelled in figure 5 denote the corresponding flow rates (i.e. Quin,
Omag> Qari> and Onay) calculated by performing deterministic analyses based on these
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constants of hydraulic conductivity as explained in Section 3.2. All these values of flow
rate obtained from random element analyses are between QOni, and QOn.., Which
demonstrates the rationality of coupled analysis results. Note that although the
calculated flow rate is relevant to the mode of slope failure and rainfall time, the
uncertainty in prediction of the amount of infiltration water can be represented
basically. It can be found that the flow rate Q,; gives a basic reflection on the average
state of these random results, but it may underestimate the possible larger value caused
by the strongly spatial variability of k. In contrast, if the upper bound value k.« of the
selected range of &, is employed to perform the deterministic coupled analysis, the
corresponding value Oy, can provide a more conservative estimation of the total flow
rate from the point of engineering safety. Therefore, these results indicate the necessity
of considering the spatial heterogeneity in hydraulic conductivity when conducting the
coupled analysis of an unsaturated soil slope subjected to rainfall infiltration.
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Figure 4. Evolution of critical slip surface with rainfall time for a deep slope failure mode based on the
typical realization shown in figure 2b.

5. Conclusions

In this paper, a series of transient coupled hydro-mechanical analyses were conducted
to evaluate the effect of the spatial variability in hydraulic conductivity on failure
mechanism of an unsaturated soil slope under rainfall condition. The results indicate
that two typical modes of slope failure are likely to occur. The occurrence possibility of
a shallow slope failure is greater than the deep one, which depends mainly on the
distribution of k and its connectivity near the slope surface. The primary reason for
these slope failures caused by rainfall infiltration may be attributed to the fact that the
increase of pore water pressure results in the reduction of the effective stress of soil
skeletons, and the critical slip surface develops progressively with rainfall duration.
Moreover, the investigation on total flow rate across slope after failure shows that
although the value of Q,; calculated based on arithmetic average value k,; reflects the
average state of flow rate in the random analyses, the obtained Qp,.x based on maximum
value kn.x can provide a more conservative assessment on the total flow rate that is
likely to occur in potential scenarios. As a result of the limitation of text length, the
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spatial variability in shear strength parameters of soils was not considered together in
this paper, but which forms a strand of future works.
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Figure 5. Histogram of total flow rate across soil slope after failure obtained from 100 realizations. CoV =
coefficient of variation.
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