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Abstract Unsaturated soils are the major compo-
nent of both natural and artificial earth structures, and
they exhibit less predictable behavior than saturated
soils. Presently, the world is experiencing pronounced
impacts from climate change. Sudden heavy rainfalls
and droughts both result in fluctuating soil moisture lev-
els, meaning that soil responds differently to infrastruc-
ture loads. Accordingly, a better understanding is needed
of failure causes in unsaturated soils. This research was
conducted to investigate the coupled behavior of unsat-
urated soil with varying degrees of compaction and
moisture change. Samples were prepared at 81% and
88% degrees of compaction with moisture content rang-
ing from 10 to 25% on both sides of optimum moisture
content for silty soil. Different parameters such as suc-
tion, porewater pressure, and deformation were carefully
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measured at every stage of the triaxial test, from sam-
ple placing to the shearing phase. The results show that
there is more compressive soil behavior when there is a
lower degree of compaction, i.e., 81%, along with mois-
ture content of 15-25%. Where there is a higher degree
of compaction at 88%, dilative behavior is more evident,
which changes to compressive behavior as the mois-
ture content increases. Any change in moisture content
(increase or decrease) during the lifecycle of any earthen
structure necessitates a long time to stabilize its suction
value (decrease or increase) if it compacted to a degree
that still exhibits a compressive response. This slow
recovery of suction, specifically from the wetting to
the drying cycle, is not favorable for soil stability upon
loading.
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List of Symbols

£, Axial strain (%)

u, Pore air pressure (kPa)
u, Pore water pressure (kPa)

03 Confining pressure (kPa)
oy Deviatoric stress (kPa)

€, Volumetric strain (%)
m.c. Moisture content (%)
e Void ratio

Ya Dry unit weight (kN/m?)

1 Introduction

Unsaturated or partially saturated soils play an impor-
tant role in geotechnical engineering construction
projects. Since both air and water fill pores in unsatu-
rated soils, a three-phase system is formed (air, water,
and solid soil particles), making it difficult to explain
soil behavior. A full understanding of unsaturated
soil behavior is essential for successful stress analy-
sis and design of embankments, slopes, foundations,
and retaining structures. The shear strength of soil is
a key parameter in assessment of the bearing capacity
of foundations (Rahardjo et al. 2019; Dianchun et al.
2021; Ghasemzadeh and Akbari 2020), stability of
retaining earth structures, and slope stability problems
(Li and Yang 2019; Rong et al. 2019). The triaxial test
is most commonly used to ascertain shear strength and
evaluate the mechanical characteristics of the given
soil (Xiao et al. 2018; Pande et al. 2020). Unsaturated
soils have become a significant area of study in recent
years. Many researchers have conducted systematic
experimental studies in order to assess the impact of
various factors on the shear strength of unsaturated soils
by varying test conditions and methods. The focus has
been on the effects of dry density (Cokca et al. 2004;
Shen et al. 2009; Mirzaii et al. 2018; Kang et al. 2022;
Ahmad et al. 2023a, b, c, d), compaction (Zhang et al.
2017), constant void ratio (Chali and Maleki 2020,
Ahmad et al. 2023a, b, 2024), cyclic wetting and dry-
ing (Chen et al. 2018, 2020; Xu et al. 2021; Liu et al.
2023), temperature (Ng et al. 2016; Jing et al. 2021),
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freeze—thaw cycle (Hongde et al. 2022), and soil salin-
ity (Motalleb et al. 2017; Hongde et al. 2021).

Soil response during the construction phase is sig-
nificantly influenced by variables including moisture
content at compaction, method and energy involved
for compaction and achieved density. It is necessary
to understand soil fabric as it is more important in
unsaturated soil behavior than in that of saturated soil
(Alonso et al. 2013). Soil fabric is a regulator of the
soil’s suction potential, which helps in the prediction
of pore water pressure variations which happen during
different phases of construction (Melinda et al. 2004;
Chowdhury and Azam 2016). Differences in compac-
tion procedures produce different soil fabrics, which
are attributed to different mechanical behavior patterns
(Sun et al. 2016). Comprehending the interaction of the
liquid, air, and soil phases is crucial for understanding
soil slope instability during rainfall infiltration (Dha-
nai et al. 2022; Ravichandran and Vickneswaran 2022;
Yang and Huang 2023). Soil mass under consideration
becomes unstable when significant plastic stresses are
produced to maintain a particular stress condition under
isotropic compression and shearing (Yerro et al. 2016;
Ahmad and Uchimura 2023).

Previous studies suggested that soil behavior varies
because of the effect of compaction moisture content
on matric suction (Ma et al. 2023). Researchers investi-
gated the effect of moisture content (Abbas et al. 2023)
when the samples were prepared on the wet and then
the dry side of the optimum moisture range. The col-
lapse happens under steady loading due to a change in
soil volume produced by decreasing suction. When the
sample is compacted on the lower side of the optimum
moisture content due to a decrease in the matric suc-
tion, it experiences collapsing deformation, whereas the
opposite behavior occurs once it is on the upper side of
the optimum value (Zhai et al. 2019). Several research-
ers have focused on the association between soil water
characteristic curve and shear strength; findings were
that the stress conditions do affect the soil water char-
acteristic curve (SWCC) measurements in low mat-
ric suction ranges. Isotropic confined soil has a denser
void structure, ultimately hindering the soil moisture
flow in the soil matrix (Zhou et al 2012; Yoshikawa and
Noda 2020; Han and Vanapalli 2016; Rui et al. 2018;
Habasimbi and Nishimura 2018, 2019; Yoshikawa and
Noda 2020).

Studies have been undertaken on the effect of mois-
ture change on famous red clay specimens in regard to
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its cohesiveness and angle of internal friction with uni-
form and uneven moisture distribution under fluctuated
water loss degrees (Ahmed et al. 2021; Xie et al. 2022),
and results suggested moisture impacts the internal fric-
tion angle. A landslide hyperbolic stress model was
developed on the basis of large-scale direct shear experi-
ments investigating the effect of moisture content on
the landslide zone soil of the Lock’s Head landslide. It
was determined that the stress-deformation mechanism
of the landslide zone soil along the landslide direction
changed during different periods of drastic fluctuation in
the landslide’s moisture content (Chae et al. 2010; Riaz
etal. 2021).

Matric suction (u, — u,,) has a considerable impact
on the mechanical characteristics of unsaturated soils
(Garakani et al. 2015). Previous studies tested the soil
water characteristics curve (SWCC) of silty soil under
unidimensional stress and isotropic confining stress
conditions (Ahmad et al. 2023a, b, c, d). The findings
were that altering stress conditions influences the soil
water characteristic curve, and unsaturated soil behavior
is impacted by suction due to variations in compaction
moisture content.

Considering the aforementioned, the current study
was formulated with the objective of examining the cou-
pling effect of the degree of compaction and variable
moisture content on the strength and volume change
characteristics of unsaturated soil using triaxial test-
ing. Soil vulnerability was analyzed under conditions of
constant deviatoric stress, volumetric strain, pore water
pressure, and different degrees of saturation. While past
studies focused mostly on the shear phase alone, the
primary focus of the current study is evaluation of the
behavior of especially unsaturated soils throughout dif-
ferent test phases including sample placing, consolida-
tion and shear. Finally, the different stress variables were
plotted to illustrate this linked behavior of unsaturated
soil throughout its evolution during testing.

2 Materials and Methodology
2.1 Materials

This research study used fine soil without plasticity,
commercially named “DL Clay” in Japan. Kaolin-
ite and silica, which are utilized as agricultural com-
pounds, are components of powdered DL clay. The par-
ticle size distribution of DL clay is reasonably uniform,

with a maximum particle size d,,,,, of about 0.039 mm.
According to Unified Soil Classification System (USCS)
(ASTM D2487-11 2011), it has medium—low compress-
ibility with 90% Silt and 10% Clay content. Table 1 and
Fig. 1a, b show the physical properties, compaction
curve, and particle size distribution of the studied soil.
The optimum moisture content for DL clay is 21%, hav-
ing a maximum dry unit weight value of 14.81 kN/m>.
The suction value of DL clay stabilizes in a shorter time,
allowing the test to be concluded within time constraints.

2.2 Experimental Setup

Strain-controlled triaxial apparatus, which is suit-
able for unsaturated soils, was used in this study.
The apparatus consists of a double cell with a range
of transducers to measure pore air pressure (u,), pore
water pressure (u,), and cell pressure. The volume
change behavior was measured using a low-capac-
ity Differential Pressure Transducer (LCDPT) hav-
ing a measuring range of 0.1 kPa. To monitor axial
deformation, an LVDT (Linear Variable Differential
Transducer) with maximum measuring span of 50
mm was employed. Pore-air and pore-water connec-
tions were kept independent at the bottom and top
caps to allow for simultaneous measurement. Pore
water pressure sensors installed at the bottom pedes-
tal with maximum measuring capacity of 1 MPa were
able to record the u,, value. An amplifier was used to
reduce noise and increase signal voltage from the data
obtained from all the sensors attached. For getting
physical values, Digit Basic software was employed
to convert analog signals into digital ones through an
A/D board. PTFE membrane (poly-tetra-flouro-ethyl-
ene), often known as Teflon film, having an air entry
value of 250 kPa, pore size of 0.45 pm and membrane
thickness of 140 um, was used to separate the paths
of u,, and u, monitoring. Figure 2 depicts a schematic

Table 1 Physical properties of DL clay

Properties Unit Value
Unit weight of soil particle, kN/m? 26.0
Consistency - NP
Maximum dry unit weight,y,,.. kN/m® 14.81
Optimum moisture content % 21.15
Maximum particle size, d,,,,, mm 0.039
Coefficient of permeability, k; m/s 6.68x 107
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Fig. 1 Compaction curve
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description of the triaxial system employed in this
study. For controlling drained or undrained u,, a dedi-
cated transducer with maximum capacity of 200 kPa
and a solenoid valve were installed in the top cap.

2.3 Sample Preparation and Methodology

In this research, the samples with a dry unit weight
of 12.35 kN/m® were prepared with an initial water
content of 15%, 20%, and 25%, and the samples with
a dry unit weight of 13.43 kN/m? were prepared with
an initial water content of 10%, 15%, and 25%. The
static compaction technique was adapted as it was
noticed that the material behaved poorly during the
use of the standard compaction method. To check the
uniform densification, the soil sample was prepared in
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both ways: by compacting the whole soil statically at
once, and by compacting it in layers of 2 cm thick-
ness (Fig. 3a). After cutting both specimens into 2 cm
slices, the unit weight and moisture content of each
layer were calculated, and this revealed that the speci-
men compacted in layers was more homogeneous
throughout its height than the other specimen. Based
on the above findings, homogeneous specimens were
created in 2 cm thickness in five layers, using a com-
paction steel mold and a static compaction machine,
as illustrated in Fig. 3b. The procedure was incorpo-
rated to avoid the variation in sample properties. For
this research, two sets of tests were conducted. In
order to test for a correlation between the soil behav-
ior and moisture level and degree of compaction,
samples of DL clay were prepared, each with a height
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Fig. 2 a Particle size distribution of DL clay. b Schematic illustration of double cell triaxial test equipment

of 10 cm and a diameter of Scm, while moisture con-
tent was varied between both sides of the optimum
value. Table 2 displays sample properties.

After sample preparation, the sample was shifted
to the triaxial machine to measure the initial suction
value through the bottom pedestal. Consolidated und-
rained (CU) tests were conducted, during which mois-
ture was not allowed to drain out during the shearing
phase to maintain a constant moisture content during
the last stage of the test.

3 Results

3.1 Effect of Moisture Content on the Initial Suction
of Unsaturated Soil

In this study, CU tests at a strain rate of 0.05%/min
and up to 15% strain development were carried out
in accordance with Japanese Geotechnical Society
Standards (JGS 0527-2020). Tests were performed
in four stages under constant moisture conditions to
represent a state where additional u, swiftly dispels
while u,, gradually dissipates at a confining pres-
sure of approximately 100kPa. Higher confinement
was employed as the top cap completely touches the
sample with no gaps, which allows clear analysis
of the true behavior of the sample. In phase I, suc-
tion measurement started as soon as the sample was
placed on the pedestal. Figure 4 shows that with
varying moisture content, the suction value increased
and subsequently stabilized. This corresponds to the
intuitive presumption that suction stabilized more

quickly where there is higher moisture content and
less quickly where there is lower moisture content
(Gluchowski et al. 2019).

3.2 Effect of Degree of Compaction and Moisture
Content on Stress—Strain and Volumetric Strain
Response of Unsaturated Soil

Figure 5 shows a schematic diagram of all test phases,
from PI to PIV. To avoid the air trapped inside the
pedestal and maintain positive pore water pressure,
the axis translation technique was used in Phase II.
During the application of the axis translation tech-
nique, it is important to maintain a balance between
the increments of both air and cell pressure on one
hand, and pore water pressure on the other. Any
imbalance may cause internal stress modification in
the sample.

After the initial suction measurement, and as soon
as the volume change was quantified through LCDPT,
stabilized isotropic consolidation was initiated in
Phase III. In the consolidation process, the moisture
in the pores is allowed to drain after the confining
pressure is applied.

Figure 6 depicts the cumulative response of mean
effective stress (p”), deviatoric stress (g), and suction
with respect to time throughout the test (PI~IV) for
series # 1, with a dry unit weight of 12.35 kN/m? at
15% moisture content indicating that the suction
value reaches 25 kPa with g reaching 272 kPa and p’
202 kPa.

@ Springer
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Fig. 3 a Sample compacted at 2 cm thickness. b Static com-
paction machine

3.2.1 Phase I and Il

During the quantification of the initial suction and
axis-translation method, no axial or radial stresses
were imposed. While p’ occurred due to the varia-
tion in suction and saturation values of the sample,
as shown by Eqgs. (1-3), there is no net stress, while
stresses are due to suction and saturation.

Mean effective stress,

@ Springer

Table 2 Sample properties

Dry unit Degree of Moisture  Void ratio Remarks
weight compaction content

(KN/m”) (%) (%)

12.35 81 15 1.07 Test series
12.35 81 20 #1

12.35 81 25

13.43 88 10 1.01 Test series
13.43 88 15 #2

13.43 88 25

=22 e, M)

Effective axial stress,
o =04uts-S.=(,—u)+s-S, )
Effective radial stress,

o) =0,,+s5-S, =@, —u,)+s-S, ?3)

3.2.2 Phase III

During the isotropic consolidation stage, to get the
net zero g value, confining and axial stresses were
applied in balanced quantity, and because of this
arrangement, mean effective stresses grow. Finally,
during the shearing phase, confining pressure remains
constant while axial stresses increase, resulting in
an increase in deviatoric stress and mean effective
stresses.

3.2.3 Phase IV

The strength and deformation characteristics of the
soil used are addressed during compressive (Series #
1) and dilative (Series # 2) behavior tests. The shear-
ing phase is the key phase that provides information
on the mechanical characteristics of the material. It
was discovered that deviatoric stress exceeded on the
dry side of optimum moisture content (OMC) and
reduced on the wet side of OMC (Fig. 7). Further-
more, due to a lower degree of compaction, the g is
lower in Series # 1 compared to Series # 2.

The volumetric response of the material is pre-
sented in Fig. 8. Results showed that the soil
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sample compacted at 81% degree of compaction compacted at 88% degree of compaction showed a
demonstrated a compressive nature while the sam- dilative nature at lower moisture content, whereas this
ple was undergoing shear. In comparison, samples behavior changes with higher moisture content. The
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experimental results also revealed that as moisture
content increased, the sample compressed and the
void ratio reduced, although the degree of saturation
grew as the void ratio decreased. The degree of sat-
uration reduced marginally due to dilative action on
the dilation side. Various critical parameters such as
suction, volumetric strain, void ratio, and deviatoric
stress were measured during the experiment to deter-
mine their response against time and the axial strain
developed in the sample.

Axial Strain (%)

3.3 Comparison of Compressive and Dilative
Response of Unsaturated Soil Under Similar
Moisture Content Throughout the Testing Phases

Figures 9, 10, 11, and 12 present variations in suc-
tion, void ratio, volumetric strain, and deviatoric
stress against time through different test phases for
both test series (m.c. 15%). From the test results,
it is evident that when the sample enters the test-
ing environment, the values of suction tend to sta-
bilize after the initial phases from sample placing,
axis translation, and consolidation for both the
cases with higher and lower degrees of compaction
(88% and 81%). The initial suction is higher for the
sample with a higher degree of compaction, i.e.,

Fig. 8 Volumetric behavior 5
of soil -H-m.c10% (DOC = 88%)
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Fig. 9 Response of suction 50
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88%; moreover, the suction stabilization stage was the higher initial suction value may be the smaller
reached much faster than the sample with a lower size of the pore skeleton within the sample. Both
degree of compaction 81% (Fig. 9). As both sam- samples, i.e., 88% and 81% degrees of compac-
ples have the same moisture content, the reason for tion, showed similar behavior related to volumetric
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Fig. 12 Deviatoric stress 350
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strain and void ratio during Phases I to III. How-
ever, during the shear phase (PIV), the volumetric
strain decreased, whereas the void ratio increased
for the sample with a higher degree of compaction
(88%). This trend reversed for the lower degree
of compaction (81%) sample (Figs. 10, 11). The
suction values did not change considerably and
reached the initial stabilized value for both samples
during the shearing phase, irrespective of one sam-
ple being dilated and the other compressed. Fig-
ure 12 shows the deviatoric stress for both samples
throughout the phases, with the highest value for
the sample having a degree of compaction of 88%.
These results clearly demonstrate that the inter-
nal soil structural characteristics that change as a
result of the degree of compaction are influenced
by the coupled effect of compaction and mois-
ture variation during the lifecycle of the earthen
structure. Moreover, the results also demonstrate
that any change in the moisture content (increase
or decrease) of the silty soil (DL Clay) during the
lifecycle of any earthen structure necessitates a
long time to stabilize its suction value (decrease
or increase) if it is compacted at a degree of com-
paction that still exhibits a compressive response.
This slow recovery of suction, specifically from the
wetting to the drying cycle, is not favorable for soil
stability upon loading.
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4 Conclusions

Based on consolidated undrained test results on DL
Clay (silty soil), the major conclusions of the study
are:

1. The sample compacted at a higher degree of
compaction (88%) exhibits dilation if the mois-
ture content is 10% during the shearing phase.
This dilation reduces, however, as the moisture
content increases and becomes compressive close
to OMC, i.e., 20%. By contrast, the sample at a
lower degree of compaction (81%) exhibits a
compressive response at all moisture levels, with
compressibility increasing with an increase in
moisture content.

2. The initial suction is higher for the sample with
a higher degree of compaction, i.e., 88%. Moreo-
ver, the suction stabilization stage was reached
much faster than was the case with the sample
with a degree of compaction of 81%. As both
samples have the same moisture content, the rea-
son for the higher initial suction value may be the
smaller size of the pore skeleton within the sam-
ple.

3. The suction values did not change consider-
ably and reached the initial stabilized value for
samples compacted at 88% and 81% during the
shearing phase, irrespective of one sample being
dilated and the other compressed. This study also
highlights that any change in the moisture content
(increase or decrease) of the silty soil (DL Clay)
during the lifecycle of any earthen structure
necessitates a long time to stabilizes its suction
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value (decrease or increase) if it compacted at a
degree of compaction that still exhibits a com-
pressive response. This slow recovery of suction,
specifically from the wetting to the drying cycle,
is not favorable for soil stability upon loading.
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