Jour. of the KGS, Vol. 23, No. 3. March 2007, pp. 101~109

Effect of Fines on the Stability of Unsaturated Soil Slopes
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Abstract

In South Korea, many weathered soil slopes are composed of soil mixtures with certain amount of clay fractions
in natural soil deposits. Accordingly, it is very important to analyze that effect of the fines on the stability of
unsaturated soil slopes. In this study, five different soil types classified by mixture portion of fines were used and
experiment on the soil-water characteristic curve tests (SWCC) using GCTS (Geotechnical Consulting and Testing
Systems) pressure plate were performed in order to analyze the stability of unsaturated soil slopes. Based on the
infiltration analysis which contains SWCC test result by the SEEP/W, it is shown that the increasing rate of the
wetting band depth was decreased as the fines content and the relative density were increased. According to the
stability analysis result of the unsaturated soil slopes through the SLOPE/W, it is found that the transition from
the wetting band depth to the variation of strength parameters which affect the stability of unsaturated soil slopes

appears to occur around 10~15% of clay contents in the mixtures.
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1. Introduction tension-cracks and up-lift water pressures on sliding plane
(s). On the other hand, in case of the stability analysis

Effective factors of rock slopes stability due to rainfall on unsaturated soil slopes, the wetting band depth due
are the value of water pressure in vertical joint or in to rainfall is the main reason of unsaturated soil slope
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failure. Accordingly, it is very important to analyze the
wetting band depth due to rainfall for unsaturated soil
slopes.

Most of the land area of Korean peninsula are composed
of soils formed from the in situ weathering of granite and
genesis. Many slope failures in these weathered failure
of these weathered soils are triggered by heavy rainfall.
These failures are characterized by relatively shallow
failure surfaces that develop parallel to the original slope.
These failures may be attributed to the deepening of a

wetting front into the slope due 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 (Ng and Shi, 1998;
Fourie et al.,, 1999; Lee et al., 2002; Kim et al., 2004).
It is generally said that the unsaturated soil slope failures
due to rainfall are mainly caused by the decrease in
suction of unsaturated soil with the increase of the water
content and wetting band depth.

In South Korea, many weathered soils can be classified
as SW or SM according to the Unified Soil Classification
System (USCS). These soils consist of soil mixture with
certain amount of clay fractions in natural soil deposits.
This paper describes the results of a series of soil-water

characteristic curve tests and numerical analyses aimed

Veertical load (using a Ioading systerry

{a) Schematic of the GCTS pressure plate

at clarifying the effect of the magnitude of wetting band
depth on unsaturated soil slopes. Special attention is given
to the prediction of approximate limit of clay content
which influences the magnitude of wetting band depth in

soil mixtures.

2. Soil-Water Characteristic Curve Testing

The soil suction, generally called ‘total suction’, consists
of matric and osmotic suctions. Soil suction is commonly
referred to as the free. energy state of soil water. 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) that defines the
relationship between the suction and the volumetric water
content of the soil. This curve 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 unsaturated shear
strength parameters (Vanapalli et al., 1996).

2.1 Description of the Apparatus

The GCTS pressure plate was developed by Fredlund
in 2005. The GCTS pressure plate uses the axis-translation

(b) Photo of the GCTS pressure plate measuring for SWCC

Fig. 1. The GCTS pressure plate
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technique to control matric suction in the soil specimen
(Fredlund and Rahardjo, 1993). The GCTS pressure plate
consists of two main parts (Fig. 1) which are a pressure
chamber and a loading system. The pressure chamber was
designed for measuring soil-water characteristic curves.
The pressure chamber is stainless steel and can be
subjected to extremely high air pressure. The soil specimen
is rammed into a stainless steel ring and placed on top
of the high air entry ceramic stone. Different high air entry
ceramic stones can be inserted into the base of the
apparatus and used for different soil types. It is also
possible to use a range of ceramic stone on one soil that
is tested over a wide range of matric suction (i.e., 1 bar,
3 bars, 5 bars and 15 bars). The apparatus is capable of
testing the soil specimen over a wide range of matric
suction from 1 kPa to 1000 kPa. At a low soil suction
(i.e,, from 1 kPa to 10 kPa), a hanging burette can be
attached to provide an accurate value of soil suction to
the soil specimen. At higher soil suctions (i.e., from 3
kPa to 1000 kPa) the axis-translation technique is used.
Dual pressure gauge (i.e., a high pressure gauge and a
low pressure gauge) and regulators are designed to
accurately control the applied soil suction over the entire
range.

The bottom of the pressure chamber (i.e., below the
ceramic stone) is connected to two burettes. The amount
of water drained out (i.e., drying process) or absorbed into
the soil specimen (i.e., wetting process) can be measured
using the two burettes. The burettes can be connected to
a squeezer that is used to flush diffused air from the

bottom of the pressure chamber.
2.2 Materials

The soils used in this study are weathered soil (SW)
and clay soil (CH) in Korea. The grain-size distribution
curves of weathered soil (SW) are shown in Fig. 2 and
the plasticity chart of clay soil (CH) is shown in Fig. 3.
The weathered soil had a liquid limit, LL = 28.7, plastic
limit, PL = 21.35, specific gravity, Gs = 2.683. The clay
soil had a liquid limit, LL = 63, plastic limit, PL = 29.3,
specific gravity, G, = 2.604.
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For measuring soil-water characteristic curves, sample
with different clay contents of 0%, 5%, 10%, 15%, and
20% were formed. The soil-water characteristic curve and
coefficient of permeability were measured for different
densities (Dr = 70, 90%). In case of the 70% densities,
all of the clay contents were used and in case of the 90%
densities, 3 clay contents (i.e., 10%, 15%, 20%) were

used.

2.3 Testing Procedures

A solid stainless steel with diameter of 60 mm and a
height of 30 mm was substituted for soil specimen. It was
assumed that the solid stainless steel was rigid and did
not deform (i.e., a Ko condition). The amount of water
in the burettes was recorded under various soil suctions.

In order to measure the soil-water characteristic curve
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of the soil specimens in the GCTS pressure plate,
specimens were compacted by the ramming. The following
procedures were used to prepare a soil specimen : (1)
Calculate the ymin and vmax, (2) Decide the weight of soil
by the relative densities of 70% and 90%, (3) Compact
the soil mixtures in the solid stainless steel by the
ramming (Fig. 4), (4) Submerge (saturate) the soil
specimen (Fig. 5).

The saturated soil specimen is placed on a saturated
ceramic disk and mounted on the bottom plate. The
ceramic disk acts like a semi-permeable medium and

allows water, but not air, to pass through the disk up to

Fig. 4. Compaction of the soil mixtures

(c) (d)
Fig. 5. Preparation of the soil specimen
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a rated air pressure value (i.e., air-entry value of the
ceramic). The bottom of the ceramic disk is maintained
more or less at atmospheric pressure by connecting the
drain holes to two tubes filled with water. The applied
air pressure represents the applied matric suction. In
response to-the apphlied suction the water moves out of
the soil specimen and drains through the ceramic disk until
the equilibrium is established. The magnitude of the
applied matric suction is the same for each soil specimen
(i.e., 4, 10, 20, 40, 100, 200 and 400 kPa).

2.4 Discussion on the Test Results for Soil~Water
Characteristic Curve

The GCTS . pressure plate was used for defining the
SWCC for each soil mixtures. The values of a, m and
n used in the Fredlund & Xing’s SWCC equation (1994)
(Eq. 1) are given in Table 1.

0= Clp)——

Infe+(y/a)"] M
where C(¥) is the correction function, @ is the volumetric
water content, & is the saturated volumetric water content,
e is the natural number (2.71828), ¥ is the negative
pore-water pressure (suction), and a, n and m are curve
fitting - parameters

The results of the soil-water characteristic curve tests
are shown Fig. 6. It is difficult to compare the results
of the SWCC tests for each soil mixtures, because the
saturated volumetric water content at saturation is different
according to each soil mixture to compare the results of
the SWCC test for each soil mixtures, the volumetric
water content was normalized by the initial volumetric
water content. As you see the Fig. 6, the volumetric
water content decrement was decreased as the fines
content of each soil mixture was increased. And the
volumetric water content had critical differences between
SW100% and other soil mixture “(SW95%+CH5%,
SW90%+CH10%, SW85%+CH15%, SW80%+CH20%).
However, there were no notable distinctions on soils that

were mixed with some fines.



Table 1. Curve-fitting parameters for the SWCC

D=70% D,=90%
SW100 SW95 SW90 SW85 SW80 SW90 SW85 SW80
a 4811 8.819 5.452 7.827 8.368 9.283 8.164 9.477
2.536 8.637 1.690 1.305 1.849 2.515 2.366 1.51
m 0.637 0.151 0.27 0.302 0.221 0.294 0.226 0.217
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Fig. 6. Test results of the SWCC

3. Transient Finite Element Seepage and
Theoretical Analysis

Transient seepage analyses of rainfall infiltration were
carried out by means of the two-dimensional finite
element program SEEP/W (Geo-Slope, 2004). The finite
clement mesh used in these analyses is shown in Fig. 7.
The groundwater table is located at the bedrock-weathered
soil interface. The top boundary is subjected to a rainfall
intensity that is equal to the saturated permeability of the
weathered soil to ensure downward infiltration into the
weathered soil layer. Actually measuring the hydraulic
conductivity function is a time-consuming and expansive
procedure, but the function which was used by SEEP/W

can be readily developed using measured volumetric water

Table 2. Coefficient of permeability at saturation {m/s)

— 2m —P]

Fig. 7. Finite element mesh (seepage analysis)

content function (i.e., SWCC) and the saturated hydraulic
conductivity (Table 2). The results of hydraulic conductivity
which were used in seepage analysis are shown in
Fig. 8.

The total duration of rainfall is 96 hours. It was divided
mto 11 time stages (0.1, 0.5, 1, 2, 3, 5, 10, 24, 48, 72
and 96 hours) and wetting band depth was obtained for
each of these stages. For simplicity, the intensity of
rainfall was kept constant for the entire duration of
rainfall. Similarly, the wetting band depth from a transient
seepage analysis is calculated as the normal distance from
the surface of the mesh 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 analysis that normal distance between the critical

D:=70% Di=90%
SW100 SWo5 SW80 SW85 Sweo SWa0 Sw8b SW80
Ksat (M/s) | 5.06XE~-6 1.13xE-6 7.84¥XE-7 5.87xE-7 2.58xE-7 2.94xE-7 7.84¥XE-8 3.45XE-8
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Fig. 8. K vs. matric suction

failure plane and the surface of the slope was always equal
to normal distance between this contour and the surface
of the slope (Kim et al., 2006).

It is shown that increase of the fines content affects
the decrease of the infiltration rate for all soil mixtures
(Fig. 9). And the increasing rate of wetting band depth
was decreased as the fines contents in the mixtures and
the relative densities were increased. Theses results come
from the decrease of coefficient of permeability and the

increase of the soil suction (Fig. 8).

4. An Internal Friction Angle Associated with
Matric Suction(¢?)

Generally, an internal friction angle associated with
matric suction which is called the ¢° is obtained by the
unsaturated soil triaxial test. However, establishing the
triaxial test on unsaturated soils needs lots of time and
has some difficulties in operation. For an alternative
solution, it has been investigated in different ways in order
to define ¢”. Fortunately, Vanapalli et al. (1996) already

defined the relationship between internal friction angle

Table 3. The residual volumetric water content

1000

100

SW100%(D,=70%)

——J—— SWI5%+CH5%(D,=70%)
——@—— SW90%+CH10%(D,570%)
— 3 SWBS%+CH15%(D,=70%)
——O—— SWB0%+CH20%(D,=70%)
— — &— — SW90%+CH10%(D,=90%)
— — &— — SWB5%+CH15%(D,=90%)
— — A- — SWB0%+CH20%(D =90%)

Rainfall duration, T(hr)

0.1

1000

10 100
Wetting band depth, z(cm)

10000

Fig. 9. Wetting band depth vs. rainfall duration

and internal friction angle of unsaturated soils (i.e., ¢b).
For the friction angle of unsaturated soils, Eq. 2 (Vanapalli
et al., 1996) in this study is used.

b 09,
tan(g”) = tan(¢ )(WJ @
where ¢ is the angle of internal friction, 6 is the
volumetric water content, &. is the residual volumetric
water content (Table 3), &; is the saturated volumetric
water content and ¢” is the angle indicating the rate of
increase in shear strength to the matric suction.

Because the volumetric water content was decreased
as the matric suction was increased, the internal frictional
angle associated with matric suction was decreased as the

matric suction was increased (Fig. 10).

5. Numerical Analysis of the Stability of Un-
saturated Soil Slopes

In order to evaluate the effect of wetting band depth

and magnitude of the matric suction on the stability of

D=70% D=90%
SW100 SW95 SW90 Swss SW80 SWoo SW85 SW80
6 0.038 0.034 0.017 0.026 0.035 0.017 0.026 0.035
Note : @, is the value observed by the filter paper method (Yu, 2003)
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slopes in unsaturated soils, three sets of analysis were
conducted using the limit equilibrium based on SLOPE/W
program (GEO-SLOPE, 2004). Three infinite slopes —

Table 4. Physical properties of soil mixtures

inclined at 26°, 33°, 45° — were considered, and strength
parameter, such as ¢, ¢b and ¢’ of each mixed soil was
fixed as properties of each mixed soil to identify the
relation to the only wetting band depth due to rainfall
in a slope (Fig. 11). The stability of unsaturated soil slope
is analyzed with assumption that the bottom part of infinite
slope would be bedrock and the finite element
mesh(SLOPE/W) used in this study is shown in Figure
11

The physical properties of soil mixtures are shown in
Table 4. It is shown that the internal frictional angle was
decreased as the fines content was increased. But the
internal frictional angle was increased as the relative
density was increased.

Figure 12 and Figure 13 show the analyzing results of
the unsaturated soil slope stability. X-axis means the
amount of matric suction with varying volumetric water
content when measuring SWCC. If the factor of safety was
only affected by the magnitude of wetting band depth, it
must increase as the fines content was increased in soil
mixtures. However, the factor of the safety decreased by
a certain point — slope containing 20% fines content
inclined to 26° and 33° hardened 70% relative density came
to have 15% fines content inclined to 45° and hardened
70% relative density (Fig. 12), and any slope contained
15% fines content and hardened 90% relative density (Fig.
13). This means that the effect of the wetting band depth
on slope stability is somewhat limited to fine content in
soil mixtures. That is, the factor of safety is affected by
the wetting band depth rather than the variation of strength
parameters as the fines content increase, especially the fines

content increases as much as 10~15% approximately.

Soil Mixtures vg (kN/m®) vsar (KN/m®) ¢ (kN/mP) ¢ ()
SW100% (D=70%) 11.976 15.889 0 31.84
SW95% (D,=70%) 12.877 16.482 12.847 27.75
SW90% (D,=70%) 13.22 16.836 22.948 26.32
SW85% (Dr=70%) 13.436 17.444 26.086 23.85
SW80% (D=70%) 13.524 17.655 28.635 20.75
SW90% (Dr=90%) 13.507 17.367 14.21 28.78
SW85% (D=90%) 13.782 17.867 16.856 24.03
SwW80% (D, 90/0) 14.148 18.202 25.284 22.89
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Besides this range, it is affected by the variation of the

strength parameters as the fines content increases.

6. Conclusion

(1) The volumetric water content decrement was decreased
as the fines content of the each soil mixtures and the
relative densities were increased. And the volumetric
water content had critical distinction between SW100%
and other soil mixtures (SW95%+CH5%, SW90%+
CHI10%, SW85%+CH15%, SW80%+CH20%).
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(2) The increasing rate of the wetting band depth was

€)

decreased as the fines contents in the mixtures and
the relative densities were increased: These results come
from the decrease of the coefficient of permeability
and the increase of the soil suction.

According to the stability analysis result of the
unsaturated soil slopes through the SLOPE/W, it is
found that the transition from the wetting band depth
to the variation of strength parameters which affect
the stability of unsaturated soil slopes appears to occur

around 10~15% of clay contents in the mixtures.
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