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Influence of Rainfall-induced Wetting
on Unsaturated Weathered Slopes
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Abstract

Surface failures of slopes in weathered soil are caused by infiltration due to prolonged rainfall. These failures
are mainly triggered by the deepening of the wetting band accompanied by a decrease in suction induced by the
infiltrating water. This paper reports trends of rainfall-induced wetting band depth in two types of weathered soils
that are commonly found in Korea. Both theoretical and numerical analyses are presented based on the soil-water
characteristic curve (SWCC) obtained using filter paper as well as tensiometer tests. It is found that the magnitude
of wetting front suction plays a key role in the stability of slopes in weathered soils. Theoretical analysis based
on modified Green and Ampt model tends to underestimate the wetting band depth for typical Korean weathered
soils. It was also deduced that for Korean weathered soils, the factor of safety drops rapidly once the wetting
band depth of 1.2 m is reached.

Keywords : Infiltration, Rainfall, Slope stability, Unsaturated soils, Wetting front suction

1. Introduction by physical weathering of granite-gneiss of varying
thickness ranging from a few meters up to 40 meters.

Two-thirds of the total land area of the Korean Many slope failures in these weathered soils are
peninsula is occupied by weathered soils that are formed triggered by heavy rainfall that usually occurs between
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the months of June and September. These failures are
characterized by relatively shallow failure surfaces
(typically 2-3 m depth) that develop parallel to the
original slope. The groundwater table is usually located
at considerable depth below ground surface and there is
no evidence that heavy rainfall causes a rise in the water
tabte sufficient to trigger the shatlow failures. Instead, the
failures may be attributed to the migration of a wetting
front pertaining to rainfall infiltration which results in an
increase in moisture content, a decrease in soil matric
suction and a decrease in shear strength on the potential
failure surface (Lumb, 1975; Rahardjo et al., 1995; Ng
and Shi, 1998; Fourie et al., 1999).

Many weathered soils in Korea can be classified as
SW or SM according to the Unified Soil Classification
System (USCS - see Holtz and Kovacs, 1981). These
soils consist mainly of completely weathered material
with a shallow cover of residual soil (Lee and de Freitas,
1989). Slope failures observed in these soils tend to be
shailow with failure plane approximately parallel to the
slope surface (Kim et al., 1994). In Korea, the influence
of rainfall on the stability of slopes located in weathered
soils is usually established using theoretical equations
proposed by Pradel and Raad (1993). Kim et al. (1994)
have noted that these theoretical equations generally tend
to overestimate the factor of safety of such slopes,
resulting in slope failures and extensive damage. This
paper aims to evaluate the potential shortcomings of
these theoretical equations in predicting the rainfall-
induced stability of slopes located in weathered soils.
Several seepage analyses using a two-dimensional finite
element seepage program are conducted to establish the
wetting band depth and the wetting front suction for a
wider range of initial conditions. For these analyses, the
input parameters for soil governing the groundwater flow
are derived from soil water characteristic curves (SWCC)
obtained using filter paper and tensiometer tests. The
results of this parametric study are compared with
theoretical results. These results are also incorporated in
slope stability analyses conducted using limit equilibrium

based slope stability software.
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2. Theoretical Equations

Shallow slope failures in weathered soils are triggered
when the wetting band reaches a critical depth. Lumb
(1962) has proposed an equation to estimate the wetting
band depth on the basis of the initial and the final

degrees of saturation:

k,-t
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where A, is wetting band depth, % is the saturated soil
permeability, ¢ is the rainfall duration, » is the porosity,
and S, and Sy are the initial and the final degrees of
saturation. Eq. (1) has been used to estimate the location
of water table for slope stability analysis (Ng and Shi,
1988; Fourie et al., 1999). However, this equation does
not take into account the duration and the intensity of
rainfall and the magnitude of matric suction present in
the soil. Therefore, it is usually not satisfactory to use
this equation for problems involving infiltration of
rainfall into an unsaturated soil.

Pradel and Raad (1993) have proposed an equation
based on the Green and Ampt model (Green and Ampt,
1911) that considers the intensity and the duration of
rainfall, the volumetric water content of the soil and the

magnitude of wetting front suction:
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where 7 is the rainfall duration, x4 is the difference
between the saturated and the initial volumetric water
content of the soil, & is the saturated soil permeability,
z,, is the wetting band depth from the surface of the
slope, and ¥ is the wetting front suction defined as the
negative pore water pressure just before the soil becomes
saturated. The magnitude of ¥ depends on the type of
soil. For example, ¥ values ranging from 80 cm (= 8§
kPa) for coarse-textured soils to 140 cm (= 14 kPa) for
clays have been reported for soils of southern California
(Moore, 1939). Maidment (1993) has reported ¥ values
from 0.97 to 156.6 cm (= 0.1 to 16 kPa) for 11 different



soil textures classified using the United States Department
of Agriculture (USDA) method.

The rate of infiltration of rain water v can be defined
by Eq. (3) below:

v=k (W—I—ZWJ
oz, 3

In order for the soil to become saturated due to
infiltration, the rainfall intensity (/) must be greater than
or equal to the rate of infiltration (v). Also, the rainfall
duration (T) must be longer than the minimum rainfall
duration (Ty) in order to saturate the slope down to a
depth z,. By taking T = Ti» and I, = v and combining
Eq. (2) and Eq. (3), Eq. (4) was obtained by Pradel and
Raad (1993):

L=ty ln(ﬁz_w] 2ty
T, min 14 z, (4)

where Iy, is the minimum rainfall intensity and T, is
the minimum rainfall duration. Eq. (4) assumes that the
slope is an infinite slope, the soil is initially unsaturated,
the slope is continuously wetted by rainfall and there is
no loss of water due to evaporation or runoff. Eq. (4)
can be used to explore the relationship between wetting
band depth, wetting front suction and the duration and
intensity of rainfall.

3. Soil-Water Characteristic Curves (SWCC)

For the present study, samples of two different
weathered soils were collected from a site near the
campus of Yonsei University in Seoul, Korea. The
grain-size distribution curves of the two soils are shown
in Fig. 1. According to the USCS, these two soils can
be classified as SW (well-graded sand) and SM (silty
sand). The symbols SW and SM will be used hereafter
to denote these two weathered soils.

For groundwater flow through an unsaturated soil, the
coefficient of permeability is not a constant but a
function of soil suction. Therefore, it is necessary to

determine the soil-water characteristic curve (SWCC)
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Fig. 1. Grain-size Distribution Curves for the two Weathered
Soils

that defines the relationship between the soil suction and
volumetric water content (Fredlund and Rahardjo, 1993).
SWCC can be used to derive permeability functions for
use in unsaturated groundwater flow problems (Fredlund
and Rahardjo, 1993). It is also possible to use SWCC
to establish saturated shear strength parameters (Vanapalli
et al., 1996). For such applications, it is useful to express
SWCC by an equation by fitting a curve through experi-
mental data points (Leong and Rahardjo, 1997). In the
present study, the SWCC equation was determined based
on relationships proposed by van Genuchten (1980) and
Fredlund and Xing (1994). These relationships are given
by Eq. (5) and Eq. (6), respectively.
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where a, m and n are constants that govern the position
and the shape of the SWCC in a @-¥ space, ¥ is the
soil suction and @ is the normalized volumetric water

content defined by Eq. (7):

@ — 0w —er
6,90, (N

where 6, is the volumetric water content, &, is the
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residual volumetric water content and 4 ; is the saturated
volumetric water content. Parameter a represents scaling
factor on suction ¥, parameter » represents the slope of
the SWCC and parameter m represents the residual value
of ¥'. By adjusting the values of @, m and n, it is possible
to fit a sigmoidal SWCC through experimental data
points.

Filter paper test as specified in ASTM D5298-94

Normalized volumetric water content, ®

(ASTM, 2000) was used for establishing the SWCC for
the two weathered soils. Two types of filter papers -
Schieicher and Schuell No. 589 and Whatman No.42 -
were used. Typical results of filter paper tests are shown
in Fig, 2 and Fig. 3. Fig. 2 and Fig. 3 also include the
fitted SWCC obtained using Eq. (5) and Eq. (6) that are
superimposed on experimental results. The values of

constants a, m and n for the fitted SWCC are given in
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Fig. 2 SWCC for the SW Weathered Soil - Experimental Data and Fitted Curves
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Fig. 3 SWCC for the SM Weathered Soil - Experimental Data and Fitted Curves

Table 1. Curve-fitting Parameters for the SWCC for SW and SM Weathered Soils

van Genuchten (1980)

Fredlund & Xing (1994)

Filter paper Parameter
SW SM SwW SM
a 22 66 128 136
Whatman No. 42 n 1.95 1.53 0.86 1.2
m 0.27 0.69 2.7 2.9
a 17 53 78 163

Schieicher & Schuell

No. 589 n 1.25 1.22 0.72 0.9
m 0.45 0.92 2.9 4.9
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Table 1. It was found that tests done using Whatman No.
42 filter paper showed repeatability and gave SWCC that
were consistent with SWCC for sandy soils. Leong et al.
(2002) reached the same conclusion in their study of
factors affecting the filter paper test on residual soils of

Singapore.

4. Wetting Front Suction (7)

Wetting front suction ¥ represents the residual value
of soil suction just before the soil becomes saturated due
to water infiltration. The value of water front suction for
a given soil can be obtained experimentally or from

empirical relationships (Green and Ampt, 1911; Skaggs

water supply tensiometer
4— plastic tube
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Fig. 4. Schematic diagram of tensiometer test to measure wetting
front suction
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Fig. 5. Variation of Wetting Front Suction with Dry Density and
Initial Water Content

and Khaleel, 1982; Rawls et al., 1983; Chow et al,
1988). The magnitude of wetting front suction for a given
soil depends primarily on its grain size.

In the present study, the values of wetting front suction
for the two weathered soils (SW and SM) were obtained
in the laboratory using a jet-filled tensiometer. The
schematic diagram of the test set-up is shown in Fig. 4.
The tensiometer was installed in a 50 cm high mold and
weathered soil of known gravimetric moisture content (w,
in %) was compacted uniformly around it. The tensio-
meter was connected to a data logger that recorded its
readings at a frequency of 1 Hz (1 reading per second).
Water was infiltrated from the top of the compacted soil
specimen while monitoring the matric suction at the level
of the tensiometer continuously. Several tests at different
dry density ( o4, in g/cmS) and w values were conducted.
The results for both SW and SM soils are shown in Fig.
5. The initial matric suction value at the tensiometer level
depended mainly on the initial w value. For the SW
weathered soil, it was not possible to maintain an initial
matric suction of more than 8 kPa. The curves for higher
dry density samples (09 = 1.68 g/cm3) all converge to
a wetting front suction of around 2 kPa. However, the
curves for samples with pq < 1.68 g/cm3 showed no such
convergence and therefore, wetting front suction for these

samples could not be measured.

5. Transient Finite Element Seepage Analysis

A two-dimensional finite element program SEEP/W
(Geo-Slope, 1998) was used for transient seepage analysis
of water infiltration during rainfall. Fig. 6 shows a typical
finite element mesh used in the transient seepage analysis.
It represents an infinite slope inclined at 45° with respect
to horizontal. The slope consists of 12 m deep weathered
soil overlying impermeable bedrock that also slopes at 45°
with respect to horizontal. The groundwater table is
located at the bedrock-weathered soil interface and is
considered parallel to the slope. Infinite elements are
used at vertical boundaries of the mesh to simulate
infinite slope conditions. The top boundary is subjected

to a rainfall intensity that is equal to the saturated
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Fig. 6. Finite Element Mesh and Boundary Conditions for
Transient Seepage Analysis

permeability of the weathered soil to ensure downward
infiltration into the weathered soil layer. The SWCC
fitted to the Whatman No. 42 filter paper test results
using Eq. (6) (Fredlund and Xing, 1994) is used to derive
permeability function for the weathered soil. Table 2
gives the lists of relevant SEEP/W input parameters for
both the SW and the SM weathered soils. These input
parameters are also used for theoretical calculation of
wetting band depth using Eq. (2) (Pradel and Raad,
1993).

The total duration of rainfall is 100 hours. It was
divided into 11 time stages - 0.1, 0.5, 1, 2, 3, 5, 10, 24,
48, 72 and 96 hours - and wetting front depth was
obtained for each of these 11 time stages. For simplicity,
the intensity of rainfall was kept constant for the entire
duration of rainfall. For theoretical calculation of wetting
band depth, each of these 11 stages was taken as the
value of T in Eq. (2) along with constant values of &;
and g given in Table 2. For a given value of wetting
front suction ¥, such as 20, 40, 60 80, 100 and 120 ¢m,
the wetting band depth z, can now be calculated using

Eq. (2). Similarly, the wetting band depth from a

Table 2. Material Properties for the SW and SM Weathered Soils

transient seepage analysis is calculated as the normal
distance from the surface of the slope at which a contour
of -0.2 m pressure head is located. The contour for -0.2
m pressure head is chosen based on the observation from
slope stability analyses (described later) that normal
distance between the critical failure plane and the surface
of the slope was always equal to the normal distance

between this contour and the surface of the slope.

6. Wetting Band Depth — Comparison bet-
ween Theoretical and Numerical Analysis

Fig. 7 and Fig. 8 show the comparison between
wetting band depths calculated using Eq. (2) and those
obtained from transient seepage analysis. Both theoretical
and numerical z,, values increase with increasing rainfall
duration. There is good agreement between theoretical
and numerical z, values at ¥ = 80 cm. However, for
¥ < 80 cm, Eq. (2) gives lower z, values as compared
with those given by the numerical analysis. For ¥ > 80
cm, Eq. (2) gives higher z, values as compared with
those given by the numerical analysis. The difference
between theoretical and numerical z, values decreases as
¥ is increased beyond 80 cm. Eq. (2) also appears to
be less sensitive to changes in ¥ as compared with the
numerical analysis. For example, for SM weathered soil
at T = 10 hours, theoretical z,, value changes by less than
10 cm when ¥ is increased from 40 to 120 cm. The
corresponding change in numerical z,, value is more than
35 ¢cm. Moreover, the theoretical and numerical analyses
show opposite trends when ¥ is plotted against z,, for
a given value of T as shown in Fig. 9. Eq. (2) shows
an increase in z, with ¥ whereas numerical analysis
shows a decrease in z, with ¥ . The two trend lines
appear to cross each other at a ¥ value close to 80 cm.

The overall discrepancy between z,, values obtained from

b o
Soil Type ks (m/s) 8 (%) 6 (%) S (%) 2
loose medium dense
SwW 7.08%1077 23.2 43.1 18 10.9 12.9 151
SM 1.30x1077 18.5 43.5 19 6.6 7.8 9.1
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Fig. 9. Variation of Wetting Band Depth with Wetting Front Suction - SW and SM Soils

Eq. (2) and those obtained from numerical analysis can
be attributed to the fact that Eq. (2) does not correlate
z,, with the shear strength of the soil. On the other hand,
for the results obtained from transient seepage analyses,
critical z, is considered a function of the shear strength
of the soil. In other words, the failure plane needs not
be located at the z, value calculated using Eq. (2) for
a given value of ¥ ; a shallower failure mechanism is

possible if ¥ is greater than 80 cm.

7. Slope Stability Analysis

In order to assess the effect of wetting band depth and
the magnitude of wetting front suction on the stability of
slopes in weathered soils, two sets of analyses were
conducted using the limit equilibrium based program
SLOPE/W (Geo-Slope, 1998). For both sets, two infinite
slopes - inclined at 27° and 45° with respect to horizontal
- were considered. Fig. 10 defines the key parameters for
the slope stability analyses. Table 3 gives the physical
properties and shear strength parameters used in the slope
stability analyses. It should be noted no testing was
undertaken in the present study to establish the values
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given in Table 3. These are average values for typical
weathered soils in Korea and are often used in Korean

geotechnical practice. Therefore, no distinction will be
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Wetting band depth

|1_~
I\

\2

Fig. 10. Definition of Various Parameters for Slope Stability
Analyses

Table 3. Strength Parameters for typical Korean Weathered

Soils
Type o (g/cm®) c ' (kPa) ¢ ()
Loose 1.7 10 25
Medium 1.8 10 29
Dense 1.9 10 33




made between SW and SM weathered soils when
presenting the results of these slope stability analyses.

8. Effect of Wetting Band Depth on the
Stability of Slope

In the first set of analyses, the effect of wetting band
depth was investigated. Here, the wetting band depth was
varied from 15 cm to 300 cm by specifying 100% degree
of saturation within the wetting band. For the rest of the
slope, the degree of saturation was estimated using initial
volumetric water content values as shown in Table 2. The
corresponding values of matric suction are estimated
from the SWCC of the two weathered soils. SLOPE/W
calculates the available shear strength of an unsaturated
soil using matric suction, angle of internal friction ¢’
and an angle #° - slope of the Mohr-Coulomb failure
envelope in the shear stress vs. matric suction space
(Fredlund and Rahardjo, 1993), represented by Eq. (8)
below:

7, =c'+(of —u, tan ¢ +(u, —u,, ) tan ¢° (8)
where ¢ is the true cohesion due to cementation of soil
particles, ¢ 1is the total normal stress at failure, u, is the
pore air pressure and u, is the pore water pressure. The
third term on the right-hand side of Eq. (8) represents
function of
matric suction (u, - u,). Vanapalli et al. (1996) have

apparent cohesion that is a soil

proposed the following relationship between ¢°, degree

Siope Angle = 27°

Factor of Safety

150

—
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300

Factor of Safety

of saturation § and angle of internal friction ¢':

N S-S,
tan(¢")= tan(g )[100 — S,J ©
where S, is the residual degree of saturation in percent.
The values of ¢ given in Table 2 have been obtained
using Eq. (9). As stated above, the main effect of #°
is to induce apparent cohesion in the soil if the soil has
some matric suction. The higher the matric suction, the
higher is the value of apparent cohesion and consequently,
the higher is the available shear strength.

The results of the first set of slope stability analyses
are presented in Fig. 11. As expected, the factor of safety
at zero wetting band depth was higher for 27° slope as
compared to 45° slope. For both the slope angles, the
factor of safety decreased gradually as the wetting band
depth increased. When the wetting band depth was
increased beyond 120 cm, there was a sharp decrease in
factor of safety. Beyond a wetting band depth of 200 cm,
the factor of safety changed insignificantly with wetting
band depth, The critical depth of 120 cm is mainly
inﬂuenced by the specified value of true cohesion ¢’. For
soils with ¢’ greater than 10 kPa, the critical depth would
be greater than 120 cm. At z, values greater than the
critical depth, the stability of the slope is ensured mainly
by the specified ¢’. For all these slope stability analyses,
the failure mechanism was surficial and was contained

within the wetting band.
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Fig. 11. Effect of Wetting Band Depth on Factor of Safety
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9. Effect of Wetting Front Suction on
Stability of Slopes

The second set of slope stability analyses investigated
the effect of the magnitude of wetting front suction ¥
on the stability of slope. Here, the pressure heads
calculated using a transient seepage analysis of rainfall
infiltration using SEEP/W were used in SLOPE/W to
establish the available shear strength of the soil. Severai
analyses were conducted at different ¥ values. Fig. 12
shows the results of the second set of slope stability
analyses. It can be seen from Fig. 12 that an increase
in ¥ results in a marginal increase in the factor of safety
for the slope because of a higher apparent cohesion at
higher wetting front suction values. It can also be seen
that the contribution of ¢’ and ¢ outweighs the
contribution of ¢° towards the stability of the slope.

10. Conclusions

A study of rainfall-induced instability in infinite slopes
of typical Korean weathered soils (classified as SW and
SM according to USCS) was undertaken using Pradel and
Raad's (1993) modification of theoretical equations for
the Green and Ampt (1911) model. The objective of this
study was to establish the applicability of these theore-
tical equations to Korean weathered soils. The wetting
band depth calculated using theoretical equations was
compared with those obtained from finite element

transient seepage and slope stability analyses. It was
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found that at wetting front suctions of less than 80 cm,
the theoretical equations predicted lower wetting band
depths than those predicted by the numerical analyses. At
wetting front suctions greater than 80 cm, the theoretical
equations predicted higher wetting band depths than
those predicted by the numerical analyses. This finding
is significant from the point-of-view of using the
theoretical equations proposed by Pradel and Raad (1993)
for Korean weathered soils that typically have wetting
front suction values less than 40 cm (< 4 kPa). For such
soils, these theoretical equations should be used with
caution. The factor of safety of an infinite slope located
in these weathered soils is found- to reduce drastically
when the wetting band depth is increased beyond 120
cm. This critical wetting band depth is closely linked to
the value of true cohesion ¢’ that is around 10 kPa for
Korean weathered soils. There is also a marginal increase
in the factor of safety when the wetting front suction is
increased from 40 ¢m to 120 cm. Although such an
increase in factor of safety is small, it can make a
difference between stability and failure for slopes with
factors of safety only slightly greater than unity. It should
also be noted that the present study was focused on
investigating the effect of infiltration of rainfall. Other
effects such as evaporation and run-off were not
considered. Both evaporation and run-off can reduce the
amount of infiltration significantly. Therefore, the findings
of the present study can be regarded as erring on the safe

side.
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