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Abstract To reduce and mitigate rainfall-induced problems, there is a need to
improve understanding of the failure mechanism of unsaturated soil due to changes
in water content in the soil body. Natural slopes, man-made slopes and embank-
ments are generally made of unsaturated soils. In this regard, the objective of this
study is to investigate the behavior of unsaturated silty soil due to change in water
content and suction. The change in the water content of the sample represents the
effect of rainfall. Moreover, this study aimed at understanding the effect of the degree
of compaction on the strength and deformation characteristics of unsaturated silty
soil. In the experiments, two series of laboratory element tests on double-cell triaxial
machine carried out on DL clay (silty soil) in which water content varied from dry
to wet of optimum moisture content, and the degree of compaction varied to study
the effect at diverse overburden pressures. The test series is conducted in constant
water content condition, and the measurements are closely monitored throughout
the test course (initial suction to shear) to observe the changes in effective stress.
The observed changes in the parameters are also presented in three dimensions to
show the behavior of soil under the influence of more than two parameters. From
this research, it is examined that with the increase in degree of compaction, volume
change behavior transformed from compressive to dilative. Moreover, the strength
of the silty soil increased with the increase in suction, i.e., due to decrease in water
content, and vice versa.
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1 Introduction

Afirm and stable subgrade is essential for the pavement structure’s long-term bearing
performance under vehicle loading. Some of the common problems of subgrade
that affect the pavement stability are subgrade subsidence, subgrade slope collapse
and ruts. These problems occurred due to insufficient bearing capacity of subgrade.
The shear strength properties of the subgrade (compacted clayey soil) are affected
by soil type, water content, degree of compaction and state of stress. The water
content and degree of compaction are the main factors that affect the shear strength
of a specific subgrade compacted soil [1]. In the case of compacted clayey soil,
the suction and internal friction angle decreased with the increase in compaction and
water content, and the cohesion peak appeared around the optimummoisture content
[2]. In unsaturated soils, the cohesion and internal friction angle linearly decreased
with the increase in water content. The decrease in cohesion due to water content
is more evident than the internal friction angle [3]. The generation of pore water
pressure during loading may cause geotechnical problems like slope failure [4]. The
behavior of soil with a known initial state, a boundary condition and type of loading
(due to any mechanical process) can be studied experimentally via the triaxial test
[5, 6].

Melinda [7] investigated the shear strength and deformation characteristics of the
residual soil during water infiltration that leads to failure. Rasool et al. [8] studied the
behavior of unsaturated silty soil under constant shear stress andmatric suction plane.
The results indicated that with the increase of confinement (confining pressure),
the water infiltration decreased due to the reduction in void ratio. The results also
showed that a failure surface is a unique planewhich is not affectedmuch by drainage
conditions.

Natural slopes, man-made slopes and embankments are generally made of unsat-
urated soils. In case of unsaturated soils, the important state variables are mean
effective stress (p′), shear stress (q), void ratio (e) and one more variable among
the following: suction (s), water content (w) and degree of saturation (Sr). In the
above-mentioned studies, the research focused on the shear phase only to investigate
the effect of various stress paths, water content variations during the constant net
stress/shear stress/matric suction planes and variation of water content in the sample
on the shear strength of unsaturated soils. The present study investigates the effect
of water content and suction on the behavior of unsaturated silty soil (DL clay) in all
the phases, i.e., initial suction, axis translation, consolidation and shear. The effect
of degree of compaction on the behavior of unsaturated silty soil is also investigated.
Finally, different stress variables are plotted in three dimensions (3D) to explain the
behavior of unsaturated soil in all the phases of the experiment under the influence
of more than two parameters.
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2 Experimental Setup

Double-cell triaxial test apparatus having a strain control loading system was used
in this research, as shown in Fig. 1. The advantage of using double-cell triaxial test
apparatus is in its precise measurement of volume change [9] which is complex in
unsaturated soils due to the presence of pore water pressure and pore air pressure.
Pore water pressure was controlled and monitored from the bottom of the pedestal,
whereas pore air pressure was controlled and monitored at the top cap. A membrane
filter of high air entry value 420 kPa is used at the pedestal which does not allow the
flow of air, while polytetrafluoroethylene (PTFE) sheet is used in the top cap, which
does not allow the flow of pore water. A low-capacity differential pressure transducer
(LCDPT) is used tomeasure the volume change behavior. Linear variable differential
transducer (LVDT)was used tomeasure the axial deformation. The data/signals were
acquired by all the transducers and then shifted to the amplifier, which minimizes
the noise and increases the signal voltage. These analog signals were converted
into digital signals by A/D board, and finally, a software (Digit Basic) was used,
which presents the data in the form of physical values. The schematic diagram of the
equipment is shown in Fig. 1.

Fig. 1 Schematic illustration of double-cell triaxial test equipment
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3 Material and Methodology

To study the behavior of unsaturated silty soil, DL clay (commercial name of soil) is
used in this study, because its suction value stabilizes in a shorter interval of time so
that each test could be performed in a stipulated time frame. According to Japanese
Geotechnical Society (JGS), it is classified as having medium–low compressibility
(ML) and composed of 90% silt and 10% claywhich shows that its grain size is larger
than average clay. This silty soil has a relatively uniform grain size distribution with
a mean grain size D50 approximately 0.03 mm. The optimum moisture content of
the soil was 20%, the maximum particle size was 0.039 mm, and maximum dry
density was 1.55 g/cm3. The appearance of freshly and freely deposited DL clay
looks yellowish brown. The physical properties of DL clay are summarized in Table
1.

3.1 Sample Preparation and Test Phases

In this research, the samples (5 cm × 10 cm) were prepared with different initial
water content (having the same dry density). Each sample was compacted in five
layers by static compaction to achieve the uniform density (in element test; a slight
change in the sample properties affects the test results). Two series of tests were
performed in this study. In the first series of tests (Test Series # 1), three samples of
DLclaywere prepared. Thewater contentwas varied fromdry towet side of optimum
moisture content. Moreover, two more samples were prepared for the second series
of tests (Test Series # 2) with a higher degree of compaction to check the behavior
of unsaturated silty soil at higher overburden pressure. The sample properties are
shown in Table 2.

In this study, the tests were carried out in four phases, i.e., PI, PII, PIII, PIV,
under constant water condition which replicates the situation in which excess pore
air pressure dissipates rapidly, while pore water pressure dissipates with time [10] at
confining stress of 100 kPa (see Fig. 2). High confinement was considered because,
at this confinement, the top cap fully rests on the sample without any gap so that

Table 1 Physical properties of DL clay

Properties Unit Value

Density of soil particle, s g/cm3 2.654

Consistency – NP

Maximum dry density, dmax g/cm3 1.55

Optimum moisture content % 20

Maximum particle size, dmax mm 0.039

Coefficient of permeability, ks m/s 10−7
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Table 2 Sample properties

Test Dry density
(g/cm3)

Degree of
compaction (%)

Water content, w
(%)

Void ratio, e Remarks

1 1.26 81 15 1.07 Test Series # 1

2 1.26 81 20 1.07

3 1.26 81 25 1.07

4 1.37 88 10 1.01 Test Series # 2

5 1.37 88 15 1.01

Fig. 2 Schematic diagram of test phases

the clear behavior of sample can be studied. In phase I (PI), the initial suction was
measured by placing the sample on the pedestal. It was observed that suction value
increased and then stabilized at a specific value and time for different water contents
(see Fig. 3). It was also observed that the sample at higher water content has taken less
time to reach the stabilized value of suction. In phase II (PII), as shown in Fig. 2, the
axis translation technique (ATT) was applied to keep the pore water pressure positive
so that no voids were developed inside the pedestal, which affects the reading of pore
water pressure. The important thing that should be monitored during axis translation
is that the pore air and cell pressures should be increased simultaneously, and it
must be equivalent to the decreasing amount of pore water pressure. Otherwise, the
effective stresses will increase and may affect the stresses inside the sample. In phase
III (PIII), isotropic consolidation was carried out until the observed volume change
from low-capacity differential pressure transducer (LCDPT) becomes constant. The
consolidation process will occur after the application of the confining pressure if the
pore fluids are allowed to drain. On the other hand, the consolidation process will not
occur if the pore fluids are not allowed to drain (maintained in undrained condition)
[10]. In phase IV (PIV), the sample was sheared up to 15% of axial strain, at the
strain rate of 0.05%/min as per JGS standard [11]. All the phases are presented in
Fig. 2.



402 I. Ahmed et al.

Fig. 3 Measurement of initial suction with time

Figure 4 showed the behavior of deviatoric stress (q), mean effective stress (p′)
and suction (s). This figure shows the result of Test 1 of the first series (Test Series
# 1) having a dry density of 1.26 g/cm3, the water content of 15%, and the suction
against 15% water content is 25 kPa, while maximum deviatoric stress achieved is
272 kPa and mean effective stress is 202 kPa.

Mean effective stress is given by,

p′ = σ ′
a + 2σ ′

r

3
= (p − ua) + s · Sr (1)

Effective axial stress is given by,

σ
′
a = σanet + s · Sr = (σa − ua) + s · Sr (2)

Fig. 4 Different test stages/phases
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Effective radial stress is given by,

σ
′
r = σrnet + s · Sr = (σr − ua) + s · Sr (3)

q = σa − σr (4)

where p′ is mean effective stress, σ a
′ is effective axial stress, σ r

′ is effective radial
stress, p is mean stress, ua is pore air pressure, s is suction, Sr is degree of saturation,
σ anet is net axial stress, σ a is axial stress, σ rnet is net radial stress, σ r is radial stress,
and q is deviatoric stress.

In PI and PII phases (see Fig. 4), during the initial suction measurement and axis
translation, no axial and radial stresseswere applied,whilemean effective stresses are
due to degree of saturation and suction. However, during isotropic consolidation, an
equal amount of desired confining stress and axial stress is applied, which resulted in
zero deviatoric stress (q), while mean effective stress is increased. During the shear,
confinement is kept constant while axial stresses are increased as a result of which
deviatoric stress and mean effective stress are increased as shown in Fig. 4 (PIV). For
clear understanding/behavior of important parameters like deviatoric stress (q), mean
effective stress (p′) and suction (s) are also plotted in three dimensions as shown in
Fig. 5.

Fig. 5 Behavior of parameters during test phases (Test Series # 1)
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4 Results

During the Test Series # 1 (degree of compaction, 81%) and Test Series # 2 (degree of
compaction, 88%) on unsaturated silty soil (DL clay), the strength and deformation
characteristics are emphasized. The shearing phase of the test is used to describe
the mechanical properties of the material. In Test Series # 1, during the shearing, it
is observed that deviatoric stress is more toward the dry side of optimum moisture
content (OMC, 20%), while it is less on the wet side of OMC (see Fig. 6). This is
because on dry side of optimum moisture content, the matric suction is more while
matric suction is less on the wet side as shown in Fig. 7. Similar trend is observed
in Test Series # 2, i.e., higher deviatoric stress is observed at lower water content.

Fig. 6 Axial strain versus deviatoric stress

Fig. 7 Axial strain versus suction
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Moreover, the deviatoric stress is more in Test Series # 2 than in Test Series # 1 due
to higher degree of compaction.

The test results indicated that the sample at the degree of compaction of 81% (Test
Series # 1) showed compressive behavior during shearing phase, while at the degree
of compaction of 88% (Test Series # 2), it showed dilative behavior during shearing
phase as shown in Fig. 8. The experimental result (Test Series # 1) further showed
that with the increase of water content, the sample showed more compression and
void ratio is decreased accordingly, while the degree of saturation is increased due to
reduction in the void ratio as shown in Figs. 8 and 9, whereas on dilation side (Test
Series # 2), with the increase in water content, the sample showed less dilation and
degree of saturation is decreased slightly due to dilative behavior as shown in Figs. 8
and 9.

The change in void ratio (e), suction (s), and deviatoric stress (q) in all the phases,
i.e., PI to PIV, under Test Series # 1 and Test Series # 2 with the initial water

Fig. 8 Axial strain versus volumetric strain

Fig. 9 Axial strain versus degree of saturation
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Fig. 10 Relationship between q, e and suction

content of 15% is plotted in three dimensions (3D) as shown in Fig. 10. The 3D
representation indicates the compressive and dilative behavior of the sample (during
shearing) prepared at the degree of compaction of 81% (Test Series #1) and 88%
(Test Series # 2). The void ratio (e) at the end of consolidation phase (PIII) is quite
close in both the test series, but it is completely opposite at the end of shearing phase
(PIV) as shown in Fig. 10. The change in volumetric strain and void ratio through
all the testing phases for Test Series # 1 is presented in Figs. 11 and 12. During
the shearing phase (PIV), the volumetric strain increases, and void ratio decreases
from the initial value. The change in volumetric strain and void ratio through all the
testing phases for Test Series # 2 is presented in Figs. 13 and 14. During the shearing
phase (PIV), the volumetric strain decreases, and void ratio increases from the initial
value. It is also observed that after the consolidation phase (PIII), the void ratio in

Fig. 11 Test Series # 1: Volumetric strain versus time
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Fig. 12 Test Series #1: Void ratio versus time

Fig. 13 Test Series # 2: Volumetric strain versus time

Fig. 14 Test Series # 2: Void ratio versus time
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test series # 1 (1.019) is close to test series # 2 (0.985) but during shearing phase,
the sample showed compressive behavior in test series # 1 and dilative behavior in
test series # 2 as shown in Figs. 12 and 14. This indicates the influence of the initial
state (particles arrangement) of the soil.

5 Conclusion

From this research, it is observed that during the axis translation phase if the increase
in the pore air pressure and cell pressure is not synchronized, then the suction and
effective stresses will increase, and it will affect the later phases (consolidation,
shear) of the test.

It is concluded that with the increase of degree of compaction, strength increases,
and volume change behavior clearly changed from compressive to dilative. On the
compression side, with the increase of water content, the sample showed more
compression, and the degree of saturation is increased with the decrease in void
ratio. On dilation side, with increase in water content, the sample showed dilation,
and the degree of saturation is slightly decreased with the increase in void ratio. The
samples which are prepared at same initial water content (15%) for both the test
series showed quite a close void ratio after the end of consolidation phase (PIII), but
during shearing phase, the sample showed compressive behavior in test series # 1
and dilative behavior in test series # 2. This indicates the influence of the initial state
(particles arrangement) of the soil.

The results also indicated that with the increase in suction of the sample, the
strength increases and vice versa. It would be the primary reason that the increase
in water content in the slopes of unsaturated soil results in the non-stability of the
slopes.
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