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ABSTRACT: In order to improve the understanding of the influence of rainfall intensity on infiltration and deformation behavior of
unsaturated soil slopes, numerical 2D analyses are carried out by a three-phase elasto-viscoplastic seepage-deformation coupled method.
From the numerical results, it is shown that regardless of the saturated permeability of the soil slope, the increase in the pore water pressure
(reduction in suction) during rainfall infiltration is localized close to the slope surface. In addition, the generation of the pore water pressure
and the lateral displacement are mainly controlled by the ratio of the rainfall intensity to the saturated permeability of the soil.
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RESUMEN: Con el objeto de entender mas claramente la influencia de la intensidad de la lluvia en el proceso de infiltracién y deformacion
de taludes en suelos parcialmente saturados, se han realizado analisis numéricos en 2D usando un método trifasico acoplado que incluye un
modelo elasto-viscoplastico. Los resultados numéricos muestran que independientemente de la permeabilidad saturada del talud, el incremento
en la presion de poros (reduccion de la succion) durante la infiltracion de la lluvia se localiza cerca a la superficie del talud. Adicionalmente,
los incrementos en la presion de poros y en los desplazamientos laterales son controlados pincipalmente por la relacion entre la intensidad
de la lluvia y la permeabilidad saturada del suelo.

PALABRAS CLAVE: suelo parcialmente saturado, estabilidad de taludes, infiltracion de lluvias, analisis numérico

1. INTRODUCTION reduction of suction. This, in turn, leads to a decrease

in the shear strength of the soil and the development

The failure of unsaturated slopes is a common
phenomenon all over the world. Although it can be
attributed to many factors, such as geology, topography,
hydrological conditions, material properties, and
human action; it has been widely recognized that water
infiltration has a dominant effect on slope instability.
Many researchers have reported on embankment and
slope failure due to rainfall infiltration (e.g., [1-7]).
Failure of soil structures can be triggered by a wetting
process (e.g., both short and long infiltration caused by
rainfall or melting snow) from an unsaturated state, as
a result of the increase of the moisture content and the

of deformations. The study of rainfall infiltration-
deformation behavior on unsaturated soils is very
complex because it is controlled by many variables
associated to the non-linear hydraulic and constitutive
properties of the soil, as well as the characteristics of
the rainfall. Therefore, rainfall infiltration becomes an
interesting subject due to the necessity of understanding
its effects on the increase of the pore water pressure and
the generation of deformation in unsaturated slopes.

Some studies have addressed the effect of rainfall
infiltration on the slope stability from the point of view
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of the statistical approach (e.g., [8,9]). On the other
hand, several researchers have been implementing
numerical solutions to analyze the effect of the hydraulic
characteristics on the instability of unsaturated slopes
(e.g., [10-13]). In these formulations, the effects of
the rainfall infiltration on the generation of pore water
pressure and on slope stability are generally evaluated
by a seepage analysis using the finite element method
followed by slope stability analysis; thus, the study
of the coupling of deformation and transient flow is
disregarded. However, the deformation behavior of
unsaturated soil is strongly dependent on seepage
flow and vice versa. Accordingly, rainfall infiltration-
deformation problems are better formulated by the use
of coupled seepage-deformation methods.

Numerical methods that can simultaneously consider
unsaturated seepage flow and the deformation of soil
structures have been used to study the infiltration
process [6,14-16]. Although the seepage-deformation
coupled methods have become more popular for the
study of unsaturated seepage flow; the particular case
of the rainfall infiltration problem and its effects on the
development of deformations in unsaturated slopes has
not yet been fully addressed or understood.

In this paper, a multiphase coupled elasto-viscoplastic
finite element formulation proposed by Oka et al. [17]
is used to describe the rainfall infiltration process and
its effect on the development of pore water pressure
and deformation into an unsaturated slope. A significant
feature of the numerical method addressed here, is the
use of a coupled seepage-deformation model which
allows for the calculation of the displacements along
with the reduction of suction or increase of pore water
pressure. The numerical analysis is based on the porous
media theory (e.g., [18]). The materials are assumed
to be composed of solid, water, and gas phases, which
are assumed to be continuously distributed throughout
space on the macroscopic level. An elasto-viscoplastic
constitutive model is adopted for the soil skeleton.
The skeleton stress, which is determined from the
difference between the total stress and the average
pore fluid pressure, is used for the stress variable in the
constitutive model. In addition, the effect of suction
is expressed as the shrinkage or the expansion of the
overconsolidation (OC) boundary surface and the static
yield surface [17].

A numerical analysis, which focuses on a parametric study
including different rainfall intensities and saturated water
permeabilities, is carried out to observe the influence of
these hydraulic characteristics on the changes of pore
water pressure and the progress of the lateral displacements
during rainfall infiltration into unsaturated slopes.

2. GOVERNING EQUATIONS
2.1 Skeleton stress

Terzaghi [19] defined the concept of a stress tensor for
water-saturated materials. In the case of unsaturated
soils, however, the concept needs to be redefined in
order to consider compressible materials. In the present
formulation, skeleton stress G'l,/. 1s defined and then used
for the stress variable in the constitutive relation for
the soil skeleton. Total stress tensor o, is obtained as
the sum of the partial stresses, namely,

ZG;‘ =c, (a=S,W,G) (1)
o, =c,+n°P'§, (2)
o, =n"P"§, (3)
o, =n’P%, “4)

where P" and P are the pore water pressure and the
pore air pressure, respectively, # is the porosity, n* is
the volume fraction of phase a (o= S:Solid, W:Water,
G:Air), and P” is the average pore pressure calculated
according to saturation s, which is given through
Dalton’s law as follows:

P =sP" + (1—s)PG Q)
From Egs. (1) to (5) we have,
o, =0,-P'3, (6)

The skeleton stress is used as the basic stress variable
in the model for unsaturated soils.

2.2 Conservation of mass

The conservation of mass is given by the following
equation:
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D
. apa)"—napavgi =0
Dt (7)

in which D/Dt denotes the material time derivative,
p, 1s the material density, and v is the velocity of the
a phase. Assuming that the particles and water are
incompressible, the conservation laws for water and
air phases are expressed as functions of s and #, that is

sD, +sn=-V, ®)

(l—s)Dii—s'n+(1—s)z%=—Vif ©)
G

where D, is the volumetric stretching and V* is the
apparent velocity of phase a.

2.3 Equilibrium equation

The rate type of equilibrium equation is expressed as
follows:

[$,,av =0 (10)
14

in which ‘§u is the nominal stress rate tensor. The
above incremental equilibrium equation is used for
the updated Lagrangian formulation of the boundary
value problem.

2.4 Soil water characteristic curve

The relation between saturation and suction is given by
the equation proposed by van Genuchten [20].

s=smm+(smax—smin){l+(aPc)”' }m (11)

in which a, n’, and m are fitting parameters that
describe the shape of the soil water characteristic curve,
and the relation m = [-1/n" is assumed, s, _and s
are the maximum and the minimum limiting values of
saturation, respectively.

The effects of the degree of saturation on permeability
for water and air are assumed as:

I =k.?s"{1-(1_s%)"} (12)

k€ :kf(l—s)b{l—(s%")n}

where a and b are material parameters, k" is the
coefficient of permeability for water under saturated
conditions and & “ is the coefficient of permeability for
air under fully dry conditions.

(13)

2.5 Elasto-viscoplastic model for unsaturated soil

An elasto-viscoplastic model based on the overstress-
type of viscoplastic theory with soil structure
degradation for saturated soil [21] has been extended
to unsaturated soil using the skeleton stress and the
suction effect in the constitutive model [17]. In this
model it is assumed that there is an overconsolidation
boundary that delineates the normally consolidated
(NC) region, fb > 0, and the overconsolidated region
(OC), fb < 0, it is described as follows:

fy =My + M, (07, /0, )=0 (14)
JR— * * * * )
Moy = {(’7,:- 1 (o))(’b 7 (0))}A (15)
* '
where M = Sf' / O , S,-,- is the deviatoric stress tensor,

o’ is the mean skeleton stress, M n* is the value of

77* = 1/17; 7]].* when the volumetric strain increment
changes from contraction to dilation, which is equal to
M/.* at the critical state. The strain-hardening parameter
o’ . controls the size of the boundary surface. The
suction effect on the unsaturated soil is incorporated as:

l+e P
oy =0oh exp(—osf J{1+S, exp{—Sd(‘C—le
A-K P
(16)

where g7 is the viscoplastic volumetric strain, 4
and x are the compression and the swelling indexes,
respectively, and e, is the initial void ratio. Different
parameters are used to include the suction effect: P¢
is the initial suction value, P¢ is the present suction
value, S, is the material parameter that denotes the
strength increment when suction is PC, and S, is the
parameter which controls the rate of increasing or
decreasing strength. Finally, o’ is a strain-softening
parameter used to describe the degradation of the
material caused by structural changes.



Dyna 170, 2011 119

The static yield function is given by:

1, =My + M, In;, fo,5))=0 (17)

Similarly, onto the overconsolidation boundary surface,
the suction effect is introduced in the value G/my(s) as

(s) c
, Sy’ l+e, P,
cm(ys) :70;; Gl exp(x_‘z skfj[HS, exp{—Sd[—PC —IJH (1 8)

The viscoplastic stretching tensor is given by the
following equation which is based on Perzyna’s type
of viscoplastic theory as

0
Dy =Cijkl<q)l(fy)aGL‘l: (19)
ki

in which fp is the viscoplastic potential surface, @
denotes a material function for rate sensitivity, C,, is
the viscoplastic parameter. ‘

More details about the formulation can be found in
Garcia et al. [22].

3. NUMERICAL ANALYSIS

The multiphase seepage-deformation coupled method
including the elasto-viscoplastic model for unsaturated
soil described in Section 2 is used to simulate the
rainfall infiltration into the unsaturated slopes. In this
formulation, an updated Lagrangian method with the
objective Jaumann rate of Cauchy stress is adopted
[17]. The independent variables are the pore water
pressure, the pore air pressure, and the nodal velocity. In
the finite element formulation, an 8-node quadrilateral
element with a reduced Gaussian integration is used
for the displacement, and 4 nodes are used for the
pore water pressure and the pore air pressure. The
backward finite difference method is used for the time
discretization.

3.1 Boundary conditions

The finite element mesh and the boundary conditions
for the simulation of the rainfall infiltration into the
unsaturated slopes are shown in Fig. 1. The mesh is
denser close to the surface where the high hydraulic
gradients due to the rainfall infiltration and seepage flow
are expected. For displacement, the slope is fixed at the
bottom in both horizontal and vertical directions; the
lateral boundaries are fixed only in a horizontal direction.

The initial negative pore water pressure (suction)
distribution is considered to be linear. The water level
in the soil 1s assumed to be located at 5.0 m, measured
from the bottom impermeable boundary. The flux of
air is allowed for the entire boundaries and the initial
air pressure is assumed to be zero. The boundary
conditions for water flux are described in this manner:
an impermeable boundary is assigned to the bottom
or soil foundation; for the lateral sides of the slope
below the water level the boundary is considered to be
permeable; and above the water level the boundary is
initially impermeable, but it changes to be permeable
if the pore water pressure turns positive; the toe, the
slope surface and the crest of the slope are assumed to
be rainfall boundaries.
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Figure 1. FE mesh and boundary conditions

Assuming that there is always water available on the
soil surface due to the rainfall, at the initial stage of the
infiltration, the unsaturated soil has enough space to allow
all the water to infiltrate into the soil; however, once the
soil surface is saturated, ponding occurs and the excess
of water either accumulates on the surface or dissipates
as runoff. Two different boundaries are used to simulate
this kind of behavior: The rainfall boundary is switched
from a flow boundary to a pore water pressure boundary
and vice versa according to the rainfall intensity and the
saturation of the soil surface, as follows:

*  Flow boundary. If the rainfall intensity is smaller
or equal to the saturated water permeability and
the saturation of the surface is smaller than the
maximum saturation, i.e., / < = k" and s, e
s, aprescribed flow boundary is used and all the
water infiltrates into the soil.

» If the rainfall intensity is larger than the saturated
water permeability, and the saturation of the surface
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is equal to the maximum saturation; i.e., [ > k"
ands . =S5, apore water pressure boundary
is prescribed on the surface; in this case, the
incoming of water within the soil is controlled by
the gradient of the matric suction. The pore water
pressure assigned on the surface is calculated
according to the rainfall intensity. In the simulation,
it is assumed that the excess water is dissipated
as runoff.

3.2 Material parameters and simulation cases

The material parameters required by the constitutive
model described in Section 2 are listed in Table 1. In
order to study the effect of the rainfall intensity and
the saturated water permeability on the infiltration and
deformation behavior of the unsaturated soil slopes,
different combinations of rainfall patterns and saturated
water permeabilities are chosen for the simulations and
they are shown in Table 2. The horizontal permeability
is considered to be 10 times the vertical permeability.

Table 1. Material parameters of the soil

Viscoplastic parameter m 23.0
Viscoplastic parameter (1/s) ¢y 13x1071
Viscoplastic parameter (1/s) Cy  23x10°4
Stress ratio at critical state M;, 1.01
Parameter of tangent line rigid method 0 0.50
Coeflicient of gas permeability at s=0 (m/s) k¢ 1.00 x 109
Compression index A 0.144
Swelling index K 0.0186
Initial elastic shear modulus (kPa) Gy 4000
Initial void ratio € 1.03
Structural parameter B 0.0
Van Genuchten parameter (1/kPa) a 0.13
Van Genuchten parameter n' 1.65
Suction parameter Sy 0.20
Suction parameter Sa 5.00
Minimum saturation Smin 0.0
Maximum saturation Smaz 0.99
Parameter of coefficient of saturated water permeability 3.0
Parameter of coefficient of gas permeability b 1.0

Table 2. Simulation cases
Effect of saturated permeability Eftect of rainfall pattern

Saturated vertical permeability (m/s)

ko =k"=1.0x 10°

Rainfall pattern

i R-1

ko =2k,"=2.0x 10 o
ko =5k,"=5.0 x 10°° R
R-3

k"=10k"=1.0x 107

The rainfall patterns used for the analysis are shown
in Fig. 2. The rainfall pattern R-1 corresponds to the
rainfall pattern recommended by the Japan Institute of
Construction Engineering [23] for the seepage analysis
of river embankments. This rainfall pattern consists
of two different minor and major rainfalls; the minor
rainfall event of 200 mm total rainfall is distributed
evenly over a period of time equal to 200 h (/ = 1.00
mm/h), and a major rainfall event of 300 mm total is
distributed evenly over a period of time equal to 30
h (/= 10.00 mm/h). In rainfall patterns R-2 and R-3,
the major rainfall is distributed evenly along smaller
periods of time (R-2: 15 h, R-3: 5 h, respectively),
which leads to higher rainfall intensities (R-2: 1 =20.00
mm/h, R-3: 1 = 60.00 mm/h, respectively).
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Figure 2. Rainfall intensities for the analyses
4. NUMERICAL RESULTS

The distribution of saturation corresponding to the
rainfall pattern R-/, the saturated water permeability
k" =k"=1.0x10°m/s, and for the rainfall infiltration
times t = 100 h, and 230 h are shown in Fig. 3. Figure
3 shows that when the rainfall is applied, the saturation
ofthe slope increases notably in depths relatively close
to the soil surface, and gradually the wetting front
progresses inside the slope when the time increases. For
time t= 100 h, when the rainfall intensity is smaller than
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the saturated water permeability, / < k", the soil above
the water level remains unsaturated and the wetting
front reaches a maximum saturation about 0.70. At the
time t =200 h, the major rainfall starts to be applied on
the slope surface (/= 10.00 mm/h) for a total period of
time t= 30 h. In this case, the rainfall intensity is larger
than the saturated water permeability of the soil, / >
k", the surface of the slope starts to saturate, as well
as the depth of saturation increases with the advancing
of time due to the sufficient amount of water provided
on the slope surface.

03 05 06 07

Figure 3. Distribution of saturation (t = 100h, 230 h)
4.1 Pore water pressure profiles

Figure 4(a) presents the comparison of the pore water
pressure profiles for the different water saturated
permeabilities used for the simulations, namely, £ " =
k”,2k”,5k”,and 10k ", at the end of the rainfall 1 (R-1),
with maximum rainfall intensity /=10 mm/h (2.78 x 10
m/s), and for a rainfall infiltration time equal to 230 h.

Figure 4(a) shows different responses in the pore
water pressure distributions along the selected profile
below the crest of the slope (as shown in Fig. 1). In

the cases when the rainfall intensity is larger than the
permeabilities of the soil, i.e., /=2.78 x 10° m/s > 2k "
=2.00x10°m/s >k "=1.00x 10° m/s, theporewater
pressures on the slope surface reach a value equal to
zero. On the contrary, for the cases when the rainfall
intensity is smaller than the permeabilities of the soil,
I=278 x10°m/s < 5k"=5.00 x 10° m/s < 10k "=
1.00 x 10-° m/s, the slope surface remains unsaturated
(negative pore water pressure); the higher the saturated
water permeability, the smaller the pore water pressure
developed on the surface.

During the infiltration process, if the saturated water
permeability of the soil is smaller than the intensity of the
rainfall, the infiltration capacity of the soil is exceeded and
only a certain amount of water infiltrates into the soil; the
excess of water accumulates on the surface or dissipates
freely as runoff, which causes the surface of the slope
to remain saturated. However, if the rainfall intensity
is smaller than the saturated water permeability of the
soil, the infiltration capacity of the soil is larger than the
rainfall intensity, all the water infiltrates the soil and no
accumulation or excess of water appears on the surface,
maintaining the slope surface unsaturated.

Figure 4(a) also shows an additional considerable
difference in the pore water pressure results obtained
for the different saturated water permeabilities. The
pore water pressures are larger at shallow depths for
the permeabilities that are smaller than the rainfall
intensity; and the pore water pressures are smaller
for the cases when the permeabilities are larger than
the rainfall intensity, between z = 10.0 m and 8.5 m.
Nevertheless, when the depth increases, between z =
8.5 mand 6.5 m, this behavior is inverted and the pore
water pressure becomes larger for the permeabilities
that are larger than the rainfall intensity.

The previous results can be explained in terms of
the saturated water permeability. In the case of soil
with low permeability, although the surface remains
saturated during rainfall, the water cannot be drained
down quickly toward the water table; as a consequence,
the pore water pressure develops closer to the slope
surface. In contrast, for the high permeable soil the
water does not accumulate on the surface and it can be
drained down faster toward the water table, increasing
the depth of the wetting front, as well as the pore water
pressures at greater depths.
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The results of the pore water pressure profiles obtained
for rainfalls 2 and 3 (R-2 and R-3), with maximum rainfall
intensities / =20 mm/h and / = 60 mm/h and for rainfall
infiltration times equal to 215 and 205 h, are shown in
Figs. 4(b) and 4(c), respectively. All of the characteristics
described above for the rainfall infiltration process into
unsaturated slopes with different permeabilities are also
obtained for these two different rainfall patterns. In the
case of rainfall 3 (R-3), where the intensity /= 60 mm/hr is
larger than the four permeabilities used in the simulations,
the pore water pressure at the slope surface becomes zero
for all the simulated cases.
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Figure 4. Pore water pressure profiles for different rainfall
intensities and permeabilities

A comparison of Figs. 4(a) to 4(c) shows that,
regardless of the permeability, the increase of the
pore water pressures due to the rainfall infiltration at
shallow depths is more important than the increase of
the pore water pressures at greater depths. This means
that the rainfall patterns (different rainfall intensities
and rainfall durations) have a more significant effect
on the development of pore water pressures (reduction
of suction) at shallow depths than at greater depths.
This result is consistent with Au’s [5] conclusion on
the report of many soil failures during rainstorms in
Hong Kong, that one of the most prominent ways by
which the rainfall affects the instability of slopes is by
the loss of pore water suction at shallow depths, which
induces shallow and small slope failures. Similarly,
rainfall-induced shallow landslides triggered by
rainfall infiltration in Japan have also been reported
by Yamagishi et al. [2].

4.1 Lateral displacement profiles

The influence of the rainfall intensity on the deformation
of the unsaturated slopes during the infiltration
process is estimated by the comparison of the lateral
displacement at the end of the three rainfall infiltrations
and below the crest of the slope. Firstly, the effect of the
saturated permeabilities, namely, k "=k ", 2k ", 5k ",
and 10k ", on the lateral displacement of the unsaturated
slope is shown in Fig. 5(a) for rainfall 1 (R-1).

In Fig. 5(a), the maximum lateral displacements are
obtained for the saturated water permeability k " =
2k "= 2.00 x 10 m/s. This result suggests that for a
given saturated water permeability, there is a critical
rainfall intensity which leads to maximum deformation.
In this case, the permeability value is the closest value
to the applied rainfall intensity (/ = 10 mm/hr = 2.78
x 10° m/s). The computed displacements are small,
in the order of a few millimeters. The displacement
profile along depth shows that the motion of the slope
reduces when the depth increases. Similarly, Figs. 5(b)
and 5(c) show the lateral displacement profiles for the
cases of rainfalls 2 and 3 (R-2 and R-3), respectively.
In these figures, the maximum lateral displacements
are obtained for the saturated permeabilities k" =
5k”=5.00 x 10° m/s and k"= 10k = 1.00 x 10”
m/s, respectively. These permeabilities are also the
closest to the applied rainfall intensities (/ =20 mm/hr
=556 x 10°m/s and /= 60 mm/hr = 1.67 x 10 m/s,
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respectively); which confirm that for a given saturated
water permeability, there is a critical rainfall intensity
that develops the largest lateral deformations. As
shown by Figs. 5(a) to 5(c), the rainfall intensity has a
significant influence on slope deformation.
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Figure 5. Lateral displacement profiles for different
rainfall intensities and permeabilities

Zhan and Ng [24] pointed out a similar observation
about the critical rainfall intensity, indicating that
the critical rainfall infiltration rate which leads to the
largest total increase of pore water pressure may be
close to the saturated permeability of the soil. However,
in the analysis presented by Zhan and Ng [24], the
deformation behavior of the soil was not investigated.
Alonso et al. [6] studied the rainfall infiltration
process in an unsaturated layered slope composed
of overconsolidated clays and found that there is a
combination of saturated water permeabilities that lead
to larger pore water pressures for a given rainfall record.

The simulation results suggest that higher permeabilities
allow faster infiltrations along the soil profile inducing
larger pore water pressures (reduction in suction);
therefore, larger deformations are obtained through
the slope, as shown in Fig. 5.

5. CONCLUSIONS

A multiphase elasto-viscoplastic FE formulation based
on the theory of porous media was used to describe
the rainfall infiltration process into an unsaturated
soil slope. Numerical analyses were focused on the
effects of rainfall distributions and the saturated water
permeabilities on the development of pore water
pressure and deformations. By using the numerical
results, the effect of the rainfall infiltration on the
deformation of unsaturated slopes was addressed.
The calculated deformations were associated with
the volume change of the soils as saturation increases
during the rainfall infiltration.

The simulation results showed that larger pore water
pressures are obtained at shallow depths when rainfall
intensities are larger than saturated water permeabilities;
in contrast, in the case of rainfall intensities smaller
than the permeabilities, the pore water pressures at
the surface are smaller. This behavior is inverted
when the depth of the soil increases; at larger depths,
the pore water pressures are larger for the soils with
larger permeabilities. The analysis of the deformations
showed that the maximum lateral displacements are
obtained in the cases where rainfall intensity is closer
to the saturated water permeability; i.e., I/k” = 1.0. The
ratio of rainfall intensity to saturated water permeability
is a fundamental property in the deformation response
of unsaturated soils subjected to rainfall infiltration.
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