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Abstract. A significantly thick zone of steep slopes is commonly encountered above groundwater table
and the soils within this zone are unsaturated with negative pore-water pressures (i.e., matric suction).
Matric suction contributes significantly to the shear strength of soil and to the factor of safety of
unsaturated slopes. However, infiltration during rainfall increases the pore-water pressure in soil resulting
in a decrease in the matric suction and the shear strength of the soil. As a result, rainfall infiltration may
eventually trigger a slope failure. Therefore, understanding of shear strength characteristics of saturated
and unsaturated soils under shearing-infiltration (SI) conditions have direct implications in assessment of
slope stability under rainfall conditions. This paper presents results from a series of consolidated drained
(CD) and shearing-infiltration (SI) tests. Results show that the failure envelope obtained from the
shearing-infiltration tests is independent of the infiltration rate. Failure envelopes obtained from CD and
SI tests appear to be similar. For practical purposes the shear strength parameters from the CD tests can
be used in stability analyses of slopes under rainfall conditions. The SI tests might be performed to obtain
more conservative shear strength parameters and to study the pore-water pressure changes during infiltration.

Keywords: shear strength; triaxial test; consolidated drained test; shearing-infiltration tests; pore-water
pressure.

1. Introduction

Matric suction contributes significantly to the shear strength of soil (Lim ef al. 1996, Han 1997,
Melinda 1998, Wong et al. 2001, Anderson and Sitar 1995, Ng and Chiu 2003, Melinda et al.
2004). Variation in matric suction influences the shear strength of a soil in zones above the
groundwater table. High matric suction in a slope gives an additional factor of safety to the slope.
However, infiltration during rainfall increases the pore-water pressure in the soil resulting in a
decrease in the matric suction and the shear strength of the soil (Brand et al. 1984, Lim et al. 1996,
Rahardjo et al. 2001, Wei et al. 1991, Melinda ef al. 2004). This process may eventually trigger a
landslide.
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Yoshida er al. (1991) noted that reduction in strength due to infiltration of rainfall is the major
cause for triggering slope failures. Many researchers in civil engineering attempted to simulate the
failure mechanism of soils due to the infiltration of rainfall using laboratory models. However,
limitation due to heterogeneity of soils and difficulties associated with adopting an appropriate
testing method has hampered the study of the mechanism of rainfall-induced slope failures.

Brand (1981) proposed that rainfall-induced slope failures should be simulated in a shear strength
test under a constant total stress and increasing the pore-water pressure. Some researchers have
investigated the shear strength of soils under shearing-infiltration conditions (Sasitharan et al. 1993,
Anderson and Sitar 1995, Anderson and Riemer 1995, Brenner er al. 1995, Han 1997, Melinda
1998, Wong et al. 2001, Ng and Chiu 2001, 2003, Melinda et al. 2004). However, the characteristics
of the pore-water pressure changes have not been thoroughly studied due to the limitations of pore-
water pressure measuring devices for unsaturated soil testing. In addition, the characteristics of shear
strength, particularly the characteristics of the failure envelope under infiltration conditions in
unsaturated soils have not been fully understood. Therefore, pore-water pressure measurement in
unsaturated soil testing and shear strength characteristics of unsaturated soils under infiltration
conditions warrant a careful investigation.

The objective of this study is therefore to study; (i) the shear strength characteristics of saturated
and unsaturated soils under shearing-infiltration conditions; and (ii) the pore-water pressure characteristics
of saturated and unsaturated soils during infiltration and at pre-failure conditions.

2. Methodology

The methodology for the study comprised three steps: (i) modifying or assembling two triaxial
apparatuses for consolidated drained (CD) and shearing infiltration (SI) tests; (iii) specimen
preparation; and (iv) designing the experimental procedure for CD and SI tests.

2.1 Modified triaxial apparatus for CD and Sl tests

CD tests were performed in a modified triaxial apparatus similar to the modified triaxial apparatus
described by Fredlund and Rahardjo (1993). The modified triaxial apparatus for the CD tests consisted
of a triaxial compression cell, compression machine, digital pressure and volume controller (DPVC),
linear variable differential transformer (LVDT), auto-volume change indicator (AVCI), diffused-air
volume indicator (DAVI), data acquisition unit and a personal computer. Prior to test, all the
transducers, load cell, LVDT, AVCI were calibrated.

SI test were performed by using another modified triaxial apparatus designed and constructed by
Wong et al. (2001). The modified triaxial apparatus consisted of a large triaxial cell, three mini
suction probes for pore-water pressure measurements, a force actuator for shearing and maintaining
a constant axial force on the specimen and an additional DVPC for water infiltration. The three
mini suction probes were installed at the % (i.e., “top”), 2 (i.e., “middle”) and % (i.e., “bottom™)
heights of a specimen from its base and at 120 degrees apart in the lateral circumferential direction
and was used to measure the pore-water pressures along the height of a specimen. Detailed installation
procedure for the mini suction probes is described in Meilani et al. (2002). All transducers were
connected to a data logger and readings are obtained using a personal computer. The force actuator
and DPVC were also controlled by the personal computer. A computer control program, Triax 4.0
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Table 1 Properties of soil (kaolin) used in the study

Properties Value
Specific gravity, G; 2.65
Bulk density, 04 max (Mg/m®) 1.35
Optimum water content, Wy (%) 22
Liquid limit, LL 51
Plastic limit, PL 36
Plasticity index, PI 15
Sand content 0
Silt silt (%) 15
Clay content (%) 85
uscs” MH
Swelling potential (%) 1.89
Swelling pressure (kPa) 27
Collapse potential (%) 0.06
Saturated permeability, kg (m/s) 6.40x107
Permeability at pore-water pressure 100 kPa (m/s) 2.01x10°®
Permeability at pore-water pressure 200 kPa (m/s) 4.44x107°

*USCS = Unified Soil Classification System (ASTM, 1997)

(Toll 1999), was used for data acquisition.
2.2 Specimen Preparation

To ensure homogeneity of the soil, specimens were prepared identically. Table 1 shows the
properties of the coarse kaolin from Kaolin Malaysia SDN BHD (Malaysia) used in the study. The
kaolin was statically compacted to a maximum dry density of 1.35 Mg/m® at 22% optimum water
content. A fixed displacement rate of 1 mm/min was applied by a compression machine to obtain a
specimen with a diameter of 50 mm and a height of 100 mm.

2.3 Consolidated Drained (CD) and Shearing Infiltration (Sl) test program

A summary of combination of confining pressure and constant matric suction used in consolidated
drained (CD) and shearing-infiltration (SI) tests on saturated and unsaturated specimens is shown in
Table 2. Within each series of tests, all combinations of confining pressure and constant matric
suction (within parenthesis, see Table 2) were studied.

Four CD tests at effective confining pressures of 25, 50, 100, and 200 kPa were performed on
saturated specimens. Twenty CD tests with a combination of 4 levels of net confining pressure (25,
50 100, and 200 kPa) and 5 levels of constant matric suction (15, 30, 50, 100, and 200 kPa) were
performed on unsaturated specimens (Table 2).

Three SI tests at effective confining pressures of 50, 100, and 200 kPa and at a constant low
infiltration rate of 0.04 mm®/s were performed on saturated specimens. Nine SI tests with a combination
of 3 levels of net confining pressure (25, 100, and 200 kPa) and 3 levels of constant matric suction
(50, 100, and 200 kPa) under a constant low infiltration rate of 0.04 mm?®/s was performed on
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Table 2 Summary of combination of confining pressure and constant matric suctions used in consolidated
drained (CD) and shearing infiltration (SI) tests on saturated and unsaturated specimens

Effective confining Net confining Constant matric  Infiltration

%‘es‘; EEEZIESE pressure, (G3 —u,) pressure, (03 —u,) suction, (u, —uy) rate Ir[[gs?sf
yp (kPa) (kPa) (kPa) (mm?/s)
25
CD Test Saturated >0 N/A N/A N/A 4
100
200
15
25
0 30
CD Test Unsaturated N/A > 50 N/A 20
100
100
200
200
50 Low rate
SI Test  Saturated 100 N/A N/A (0.04 mmYs) 3
200
>0 >0 Low rate
SI Test Unsaturated N/A 100 100 (0.04 mm’s) 9
200 200
High rate
SI Test Unsaturated N/A 25 100 (0.25 mms) 1
SI Test Unsaturated N/A 200 200 High rate 1

(0.25 mm?/s)

Note: Within each type of test, all combinations of variable levels (within parenthesis) were studied.

unsaturated specimens (Table 2). Two additional SI tests were performed on unsaturated specimens
under a constant high infiltration rate of 0.25 mm®/s with net confining pressures of 25 and 200 kPa
and corresponding to constant matric suction of 100 and 200 kPa, respectively (Table 2).

Specimens and test results were identified using notations as CDS 25-200 (LR). The first two
alphabets identifies the test type (CD for consolidated drained test or SI for shearing infiltration
test), the third alphabet identifies specimen condition (S for saturated condition or U for unsaturated
condition), the first set of numbers in the specimen notation represents the effective confining
pressure for saturated specimens or the applied net confining pressure for unsaturated specimens.
The second set of numbers after the separator sign represents the applied matric suction and the last
two alphabets within parenthesis represents infiltration rate (LR for low infiltration rate or HR for
high infiltration rate). Thus a test identified by CDS 25-200 (LR) represents a consolidated drained
test on saturated specimen using a low infiltration rate and at an applied effective confining pressure
of 25 kPa and a constant matric suction of 200 kPa. Similarly, a test identified by SIU 25-200 (HR)
represents a shearing-infiltration test on an unsaturated specimen using a high infiltration rate and at
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an applied net confining pressure of 25 kPa and a constant matric suction of 200 kPa.

The CD test consisted of three stages for the saturated specimens (i.e., saturation, consolidation,
and shearing stages) and four stages for the unsaturated specimens (i.e., saturation, consolidation,
matric suction equalization, and shearing stages). During saturation stage, the specimen was saturated
by applying cell pressure and back pressure (Head 1986). Pore pressure parameter B of 0.95 was
used to confirm full saturation. After saturation, the specimen was consolidated to the desired effective
confining pressure. Subsequently, the shearing stage was carried out on saturated specimens when
there was no more excess pore-water pressure. During the matric suction equalization stage on
unsaturated specimens, the matric suction in the specimen was controlled using the axis-translation
technique (Hilf 1956). Pore-air pressure was controlled from the top cap through a coarse porous
stone. Pore-water pressure was controlled from the base through a 5-bar high air-entry ceramic disk.
Matric suction equalization was considered to be accomplished when there were no more changes
in water volume. The saturated and unsaturated specimens were sheared at a constant cell pressure
with the same strain rate of 0.0008 mm/min until failure occurred. The optimum strain rate of
0.0008 mm/min was used during the shearing stage in order to reduce the testing duration in triaxial
test on an unsaturated specimen. In addition, the strain rate was sufficient to allow pore-water
pressure dissipation in saturated and unsaturated specimens. Shearing was carried out at a constant
cell pressure on saturated and unsaturated specimens. The stress path followed by the specimen in a
CD test under constant matric suction is illustrated in Fig. 1. Point F (in Fig. 1) represents the initial
condition of the specimen. The stress path moved from point F to point O during the saturation stage.
The specimen was then consolidated under an applied net confining pressure as shown in Fig. 1
from point O to A. In the matric suction equalization stage, the stress path moved along path AB.
Loading of the specimen started at point B until failure occurred at point D.

SI tests on unsaturated specimens consisted of saturation, consolidation, matric suction equalization,
shearing, and infiltration stages. The matric suction equalization stage was not conducted in the SI
test on saturated specimens. Saturation, consolidation and matric suction equalization stages in the
SI tests were the same as the corresponding procedures used in the CD tests. During the infiltration
stage, water was injected from the base at a constant rate of 0.04 mm®/s while the top drainage was
kept closed. The deviator stress was maintained constant and therefore, there was no shear strain
applied to the specimen. The rate of water injection allowed the transient pore-water pressure
development to be observed during the shearing-infiltration test. The rate or water injection used in
this study was similar to those used by Han (1997), Melinda (1998) and Wong et al. (2001). Prior
to the infiltration stage, the specimen was sheared to 85-90% of peak shear stress as obtained from
the CD test. The range of 85 to 90% of peak shear stress was chosen as the shear stress in steep
slopes under field condition can be as high as 85 to 90% of peak shear stress.

The stress path for each stage in the SI tests is illustrated in Fig. 1. The stress path moves along
path FOAB during the saturation stage, consolidation stage and matric suction equalization stage.
Shearing started at point B and stopped at point C which was 85-90% of peak shear stress as
obtained from the CD test. During the infiltration stage, the deviator stress was maintained by the
force actuator while water was injected from the base using DPVC. The stress path during the
infiltration stage followed path CE until the specimen failed under infiltration at point E.

When a decline in the deviator stress or an excessive increase in the strain rate commenced during
a shearing-infiltration test, the specimen was considered to have failed. This failure criteria for
specimen was based on previous shearing-infiltration test studies on residual soils from Bukit Timah
Granite in Singapore (Han 1997, Melinda 1998, Wong et al. 2001) and on soils from Briones Hills



40 H. Rahardjo, 1. Meilani, E. C. Leong and R. B. Rezaur

FO = saturation
OA = consolidation under certain net normal stress
AB = matric suction equalization
BD = constant suction shearing
CE = infiltration
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Fig. 1 Schematic representation of stress paths of specimens at triaxial testing

field site (Anderson and Sitar 1995) which used the start of a decline in the deviator stress or the
start of an excessive increase in the strain rate as the failure criteria for a shearing-infiltration test.

3. Results and discussion
3.1 Failure envelopes from the CD tests

Fig. 2 shows the stress paths from the CD tests under a constant matric suction of 0 kPa, 25 kPa,
50 kPa, 100 kPa and 200 kPa. The inflection points along the x-axis in Fig. 2 were derived from the
inflection points along the Mohr-coulomb failure envelope. The mean effective stress p’, mean net
stress pye, and deviator stress ¢, are defined as

. o, to
p' = mean effective stress = (f) -u,

o+ 03)

Pnet = Mean net stress = ( u

q = deviator stress = (%)
where, o7 and o3 are the major and minor principal stresses.

Table 3 summarizes the intercept (d), of the failure envelope on the g-axis, the inflection point
along the x-axis, the angle of failure envelope (i) with respect to p, before the inflection point,
and the angle of failure envelope (y/,) with respect to p axis after the inflection point, that were
obtained from the stress paths from the CD tests (Fig.2). As the matric suction increased the
intercept (d) of the failure envelope on the g-axis increased from 14 kPa to 48 kPa. The angle v/, is
consistent between 33° to 34° (with the exception of y/; = 30° at matric suction of 50 kPa) while
v, increased from 25° to 27°. The failure envelope on the ¢ versus (u,-u,,) plane obtained from the
CD test on unsaturated specimens is shown in Fig. 3. The variation of angle y* which indicates the
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Fig. 2 Stress paths from consolidated drained tests of saturated and unsaturated specimens under various net
confining pressures and a constant matric suction of (a) 0 kPa; (b) 15 kPa; (c) 30kPa; (d) 50 kPa;
(e) 100 kPa; and (f) 200 kPa

rate of change in d with respect to changes in matric suction at zero net stress are shown in Fig. 3.
Fig. 3 shows that the angle y” decreased from 43° to 5.7° as the matric suction increased from 0 to
200 kPa.
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Table 3 Summary of shear strength parameters obtained from failure envelopes shown in Fig. 2

No. Matric sug&c)):), (U, —uy) d, (kPa) Inﬂectlxo_r;)f)icsn?l‘i;;;)ng the v’ ) w' )

1 15 14 100 33 25

2 30 20 106 33 25

3 50 27 184 30 25.9

4 100 38 131 33 27

5 200 48 128 34 27
Note: d = intercept of the failure envelope on the g-axis (kPa); v, = angle of failure envelope with respect to
Pnet -axis before the inflection point (°); y,' = angle of failure envelope with respect to py. -axis after the

inflection point (°)

3.2 Failure envelopes from Sl test

To show the behavior of specimens during shearing-infiltration test one of the shearing-infiltration
tests results from unsaturated specimen SIU 25-200 (LR) is presented in Fig. 4. Test SIU 25-
200 (LR) was conducted in a single stage loading under 25 kPa net confining pressure and 200 kPa
matric suction. The specimen was first saturated and then consolidated under 25 kPa effective
confining pressure and 200 kPa initial matric suction. During the shearing stage the specimen was
sheared until the deviator stress reached 85% of the peak deviator stress. The deviator stress was
then maintained constant at this value until the end of the shearing-infiltration test. Water was then
injected from the base at a low infiltration rate of 0.04 mm?®/s until the specimen failed during the
infiltration stage.

In expressing the test results, total volumetric strain (g,), was defined as the ratio between the
total volume change and the initial total volume of the specimen. Water volumetric strain (&), was
defined as the ratio between the water volume change and the initial total volume of the specimen.
The sign convention used in presenting the triaxial test results was that; a positive total volumetric

50

40 -

30

20 H

Deviator stress, g (kPa)

0 50 100 150 200 250
Matric suction (u,—u), (kPa)

Fig. 3 Failure envelope on the g versus (u, — ) plane indicating the rate of change (1) in d with respect to
changes in matric suction
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Fig. 4 Behaviour of a saturated specimen (SIU 25-200 (LR)) during shearing-infiltration at a low infiltration
rate; (a) variation in deviator stress (oy — o3) in response to changes in axial strain (&); (b) variation in
matric suction (i, — uy) in response to changes in axial strain (&); (c) variation in volumetric strain (&)
and water volume strain (&,) in response to changes in axial strain (&); (d) determination of failure
point

strain indicates the dilation of the specimen while a negative total volumetric strain shows
compression. A positive water volumetric strain indicates that water infiltrates into the specimen and
a negative water volumetric strain indicates that the pore-water drains out from the specimen. In
addition, a positive axial strain demonstrates that the specimen is compressing and a negative axial
strain demonstrates swelling of the specimen in the vertical direction.

Fig. 4a shows variation in deviator stress (oj—03), in response to changes in axial strain (&),
throughout the shearing and infiltration stages of SI test on specimen SIU 25-200 (LR). The specimen
was sheared to 85% of its peak deviator stress (i.e., 268 kPa) and maintained at 268 kPa during the
infiltration stage. As can be seen in Fig. 4a, the deviator stress could not be maintained by the
computer control program after failure occurred. The deviator stress dropped gradually after failure
due to the shearing-infiltration on specimen SIU 25-200 (LR).

Fig. 4b shows variation in matric suction in response to changes in axial strain (&), throughout the
shearing and infiltration stages of SI test on specimen SIU 25-200 (LR). The readings from the mini
suction probes along the height of the specimen demonstrate that the matric suction remained
constant during the shearing process (Fig.4b). The pore-air and pore-water pressure were under
drained conditions during the shearing stage. During the infiltration stage, the pore-air pressure was
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Fig. 5 Stress paths from shearing-infiltration test of saturated specimens

under drained while the pore-water pressure was found to increase thus the matric suction decreased.
The average value of matric suctions at failure from the top (i.e., 155.7 kPa), middle (i.e., 152.4 kPa)
and bottom (i.e., 148.7 kPa) probes was 152.3 kPa.

Fig. 4c illustrates the total volumetric strain and water volumetric strain in specimen SIU 25-
200 (LR) during the shearing and infiltration stages of the SI test. During the shearing stage, the
specimen was subjected to compression because water drained out from the specimen. On the other
hand, a positive volumetric strain (i.e., dilation) was induced during the infiltration stage when water
was injected from the bottom of the specimen.

Fig. 4d shows the changes in axial strain (&), with elapsed time (), during the infiltration stage of
specimen SIU 25-200 (LR). The axial strain increased sharply after failure. In order to find the axial
strain at failure (&), two tangent lines were drawn on the axial strain versus elapsed time curve and
were extended to intercept each other. The intersection point indicated that the axial strain at failure
(&) was 4.1%. Figs. 4a to 4c indicates that at &=4.1% the corresponding deviator stress, matric
suction, total volumetric strain and water volumetric strain at failure are 266 kPa, 152 kPa, 0.31%
and 0.13%, respectively.

Fig. 5 shows the stress paths from the SI test on saturated specimens SIS 50 (LR), SIS 100 (LR)
and SIS 200 (LR). The intercept (d') of the failure envelope on the g-axis from SI tests on saturated
specimens was 0 kPa and the angle of failure envelope (') with respect the p'-axis was found to be
27.3°. For comparison the failure envelope from CD tests on saturated specimens are also plotted in
Fig. 5. As expected, the failure envelope from the SI tests on saturated specimen seems to be same
as the failure envelope from the CD tests on saturated specimens. The saturated specimens for SI
tests were under drained condition during the shearing stage but were under undrained condition
during the infiltration stage. As the pore-water pressure increased due to injection of water, the
stress path moved to the left and eventually coincided with the failure envelope from the CD tests
(Fig. 5).

Fig. 6 shows the comparison between the failure envelopes from the CD tests on unsaturated
specimens and the stress paths from nine SI tests on unsaturated specimens at the same p, value.
The stress paths from two SI tests (i.e., SIU 25-50 (LR) and SIU 100-100 (LR)) are not presented
here because these specimens had not reached failure due to equipment breakdown. The SI tests on
unsaturated specimens demonstrate that the failure envelope obtained from the shearing-infiltration
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Fig. 6 Comparison between the failure envelopes from CD tests on unsaturated specimens and stress paths
from SI test on unsaturated specimen at the same p, value

tests is unique regardless of the infiltration rate and valid at least for the range of data investigated
(Meilani et al., 2005). Fig. 6 also suggests that, unsaturated specimens with the same net confining
pressure and initial matric suction when subjected to shearing-infiltration tests under low or high
infiltration rates showed failure at the same matric suction. For instance, unsaturated specimens
SIU 25-100 (LR) and SIU 25-100 (HR) subjected to low and high infiltration rates, respectively
during the SI test failed at the same matric suction of 75 kPa (see Figs. 6a and 6b). Similarly,
specimens SIU 200-200 (LR) and SIU 200-200 (HR) subjected to low and high infiltration rates,
respectively failed at nearly the same matric suction of 30 kPa and 35 kPa, respectively (see Figs.
6h and 6i). Of course, the time required to fail the specimen will depend on soil type and stress
state (mean net stress and matric suction) of the specimen.

Fig. 7 shows a comparison between the failure envelope with respect to mean effective stress (i.e.,
q versus p') and mean net stress (i.e., ¢ Versus p,.) obtained from the SI and CD tests on matric
suction planes of 0kPa, 15kPa, 30 kPa, 50 kPa, 100 kPa and 200 kPa. In general, there is no
significant difference between ' values obtained from the SI and CD tests at various p, values on
the constant matric suction plane of 0 kPa, 15 kPa, 100 kPa and 200 kPa (Figs. 7a, 7b, 7e and 7).
However, there is a difference of 2.5 times to 3 times between i’ values obtained from the SI and
CD tests at various p,e values on the constant matric suction plane of 30 kPa and 50 kPa (Figs. 7c,
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Fig. 7 Comparison between failure envelopes from CD and SI tests under different matric suctions: (a) 0 kPa;
(b) 15 kPa; (¢) 30 kPa; (d) 50 kPa; (e) 100 kPa; (f) 200 kPa

7d). The failure envelope (i.e., g versus p,,) for unsaturated specimens (i.e., (u,— uy)# 0 kPa)
shows non-linearity at around a p,. value of 150 kPa. At p, values less than 150 kPa, ' is around
30-33° and at p, values greater than 150 kPa, ' is around 25-27°.

Fig. 8 shows the comparisons between the failure envelope with respect to matric suction (i.e., ¢
versus (u, —u,)) obtained from the SI and CD tests at a constant p' and p,. planes of 0kPa,
150 kPa, 300 kPa and 450 kPa. The failure envelope (i.e., g versus (u, —u)) from the SI tests is the
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Fig. 8 Comparison between failure envelopes from the CD and SI tests at different mean net stress, ppe

same as the failure envelope (i.e., ¢ versus (u, —u,)) from the CD tests for p, value of 0 kPa at all
matric suction values and for p,. value of 150 kPa at matric suctions less than 80 kPa. These
characteristics can also be observed from the SI tests results from unsaturated specimens SIU 25-
100 (LR), SIU 25-100 (HR) and SIU 200-50 (LR) shown in Fig. 6 (Figs. 6a, 6b and 6f).

It is observed that generally the failure envelope from the SI tests is similar to the failure
envelope from the CD tests. However, slight difference was noticed at p, values from 150 to
450 kPa depending on the matric suction. The failure envelope from the SI tests is higher than the
failure envelope from the CD tests at matric suctions from O to 80 kPa while the failure envelope
from the SI tests is lower than the failure envelope from the CD tests at matric suction higher than
80 kPa. Nevertheless, considering the number of tests performed, the natural variability of the
samples prepared and limitation in the laboratory testing equipment, the minor differences can be
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Fig. 9 The volumetric water content from CD tests and SI tests
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considered negligible or in other words, the failure envelope from the SI tests is similar to the
failure envelope from the CD tests.

In order to determine the type of shear strength tests required for the stability assessment of a
slope under rainfall infiltration conditions, this study postulated that the shear strength from the
consolidated drained tests gives more conservative results than the shearing-infiltration tests. In
addition, the shearing-infiltration test may not be necessary due to its tedious test procedure unless
the pore-water pressures during infiltration conditions need to be studied. However, shearing-
infiltration tests might be performed to obtain more realistic shear strength parameters under
infiltration conditions for specimens at p,y values higher than 150 kPa (i.e., specimens at depths
around 8 meters) with a matric suction higher than 80 kPa.

The characteristics of the failure envelopes from the CD and SI tests on unsaturated soils can be
related to their volumetric water contents. The relationship between the volumetric water content at
failure (), and the matric suction (u, — u,,), for the SI and CD tests are illustrated in Fig. 9. A
comparison between Fig. 9 and Fig. 8 shows that between 0 kPa and 80 kPa matric suction range
the volumetric water content curve from the SI tests is lower than that from the CD tests (Fig. 9)
whereas, the failure envelopes from the SI tests are higher than that from the CD tests (Fig. 8). On
the other hand, a reverse trend is observed at matric suctions greater than 80 kPa. At matric suction
range greater than 80 kPa the volumetric water content curve from the SI tests is higher than that
from the CD tests (Fig. 9) whereas the failure envelopes from the SI tests are lower than that from
the CD tests (Fig. 8). It can therefore be deduced that a low volumetric water content gives a higher
shear strength to the soils or in other words a higher volumetric water content produces a lower
shear strength of the soils.

The reverse trend in the volumetric water contents can be explained in terms of the difference in
stress paths for each stage in the CD and SI tests. Point C1 to C2 and point D1 to D2 show the
volumetric water content during shearing-infiltration stage in the SI tests (Fig. 9). The volumetric

Table 4 Residual deviator stress (o, — 03),, failure mode, degree of saturation at failure Sg, and matric suction
at failure (u, — uy)g, from shearing infiltration tests on unsaturated specimens

Deviator stress Residual Ratio, . Degree of Matric suction
Test before infiltration, deviator stress, M (% Failure saturation at at failure,
(61-03), (kPa) (c1-03), (kPa) (01— 03), mode . iure, Sr (%) (ttgtiy)r (kPa)
SIU 25-50 (LR) 188 N/A
SIU 25-100 (LR) 245 129 53 Brittle 70.84 74.60
STU 25-100 (HR) 245 159 65 Brittle 59.00 74.40
SIU 25-200 (LR) 268 123 46 Brittle 39.39 152.30
SIU 100-50 (LR) 339 304 89 Ductile ~100.00 26.00
STU 100-100 (LR) 298 N/A
STU 100-200 (LR) 432 272 63 Brittle 40.67 164.60
SIU 200-50 (LR) 467 409 88 Ductile ~100.00 12.60
STU 200-100 (LR) 550 488 89 Ductile 93.70 39.50
SIU 200-200 (LR) 578 575 100 Ductile 95.40 29.40

SIU 200-200 (HR) 578 504 87 Ductile 91.97 34.80
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Table 5 Matric suction at failure from shearing infiltration tests on unsaturated specimens

Net confining Matric suction before Matric suction at Reduction of matric suction

Test pressure, (o—1u,) infiltration (u, —uy); failure (u, —uy)¢ 1— w(%)
(kPa) (kPa) (kPa) (uy—u,);
SIU 100-50 (LR) 100 50 26.0 49.33
SIU 200-50 (LR) 200 50 12.6 76.30
SIU 25-100 (LR) 25 100 753 24.39
SIU 25-100 (HR) 25 100 74.4 27.84
STU 200-100 (LR) 200 100 39.5 60.38
SIU 25-200 (LR) 25 200 152.3 22.86
SIU 100-200 (LR) 100 200 164.6 16.15
STU 200-200 (LR) 200 200 29.4 85.03
SIU 200-200 (HR) 200 200 34.8 82.27

water content increased from point Al to A2 during shearing in the CD tests under a constant
matric suction less than 80 kPa. In contrast, the volumetric water content decreased from point Bl
to B2 during shearing in the CD tests under a constant matric suction higher than 80 kPa. As a
result, the volumetric water content at failure from the CD tests are higher between 0 to 80 kPa
matric suction range and lower at matric suctions greater than 80 kPa. Therefore, the volumetric
water content curve from the Sl tests is lower than the volumetric water content curve from the CD
tests at matric suctions less than 80 kPa (Fig. 9) and higher at matric suction greater than 80 kPa

(Fig. 9).
3.3 Characteristics of shear strength from the Sl tests

The characteristics of shear strength from the SI tests were found to depend on the degree of
saturation or the value of matric suction at failure. The failure mode observed in the SI tests on the
saturated specimens SIS 50 (LR), SIS 100 (LR) and SIS 200 (LR) was ductile. Table 4 shows the
failure mode, degree of saturation at failure (Sy), and matric suction at failure, (u, — uy,)g from the SI
tests on unsaturated specimens. The failure mode was ductile for specimens which failed at a degree
of saturation higher than 90% or at a matric suction in the range of 0 kPa to 50 kPa. On the other
hand, the failure mode was brittle for specimens which failed at a degree of saturation lower than
90% or at a matric suction higher than 50 kPa. The 90% degree of saturation at failure therefore, can
be used as a limit to determine the failure mode. Ductile failures occurred at [(o7 — 03)/(07 —03)i]
ratio higher than 80% and brittle failures occurred at [(o7 — 03)/(01 — 03 )] ratio lower than 80%. It
is also important to note that specimens that exhibited brittle failure, the residual deviator stress
after failure ranged between 46-65% of the deviator stress before the infiltration stage commenced.

3.4 Characteristics of matric suction from the Sl tests
During the SI tests since the specimens were sheared under a drained condition there was no

change in matric suction condition throughout the shearing stage. During the infiltration stage water
was injected from the base until failure occurred. As water infiltrated into the specimen, the matric
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suction decreased during the infiltration stage. Table 5 shows the average matric suction at failure
(uy —u,)g (average of mini suction probe reading at specimen top, middle and bottom) and the
percentage of reduction in matric suction at failure (u, —u,);, from the matric suction before
infiltration (#, —u,);. Results presented in Table 5 suggests that under the same initial matric suction
a larger reduction in matric suction occurred in specimens subjected to a larger net confining pressures.
For example, specimens SIU 100-50 (LR) and SIU 200-50 (LR) had a net confining pressure of
100 kPa and 200 kPa, respectively. The percentages of reduction in matric suction from the matric
suction before infiltration for these specimens were 49.33% and 76.30%, respectively.

The net confining pressure in soils at shallow depths of a slope is generally low, therefore, a small
reduction in matric suction due to infiltration can cause failure for soils at shallow depths. On the
other hand, the net confining pressure in soils at greater depths is high and a large reduction in
matric suction during rain infiltration is required to cause failure in soils at greater depths. Therefore, it
is easier for soils at shallow depths than soils at greater depths to fail during a rainfall as commonly
observed in shallow slip surfaces of rainfall-induced slope failures. However, cracks, which allow
water from rainfalls to penetrate to greater depths may also cause a large reduction in matric suction
and trigger failure in soils at greater depths.

4. Conclusions

The SI tests on unsaturated specimens demonstrated that the failure envelope obtained from the SI
tests is unique in the sense that they are independent of the infiltration rate. Unsaturated specimens
subjected to low infiltration rate (SIU 25-100 (LR)) and high infiltration rate (SIU 25-100 (HR)) during
SI tests showed failure at the same matric suction of 75 kPa. Other SI tests on unsaturated specimens
with low (SIU 200-200 (LR)) and high (SIU 200-200 (HR)) infiltration rates but different net confining
pressure and matric suction also failed at almost the same matric suctions of 30 kPa and 35 kPa,
respectively.

The failure envelope from the SI tests is similar to the failure envelope from the CD tests. For
practical purposes the shear strength parameters from CD tests can be used in stability analyses of
slopes under rainfall conditions. The SI test is recommended for obtaining more conservative shear
strength parameters and studying the pore-water pressure during infiltration at p, values higher
than 150 kPa (i.e., soils at depths around 8 meters) with a matric suction higher than 80 kPa.

Ductile failure can be assumed to occur at [(o; — 03)/(07 — 03);] ratio higher than 80%. As a
result, it can be implied that ductile failure occurred at a degree of saturation at failure (Sp) higher
than 90%. These findings were derived for the coarse kaolin; therefore further study needs to be
carried out for other soil types.

The percentage of reduction in matric suction during infiltration is higher for a higher mean net
stress. A large percentage of reduction in matric suction is required to cause failure in soils at a high
mean net stress, p,e value. On the other hand, a small percentage of reduction in matric suction can
trigger failure in soils at a low p, value. The effect of matric suction and p, values on the failure
envelopes obtained from the CD and SI tests can be explained using the volumetric water content at
failure (6,r). A lower volumetric water content gives a higher shear strength or conversely, a higher
volumetric water content produces a lower shear strength of the soils.
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