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Abstract: In the southwest of China, there are widely distributed expansive soils. However, to
save costs and manage the speed of construction, these shallow expansive soils are often filled
with subgrade materials. Therefore, it is necessary to clearly understand the mechanical behaviors
of unmodified shallow expansive soils. Current research on the mechanical behaviors of shallow
expansive soils is mainly focused on shear and compressive strengths but rarely on the tensile strength
since general tests are costly, time consuming, and difficult to conduct. Therefore, uniaxial tensile,
unconfined compression and direct shear tests were carried out to study the mechanical behavior
of shallow unsaturated expansive soils under different saturation degrees, and the tests analyzed
the change mechanism of its mechanical behavior. The following were found: (1) with an increase
in saturation degree, the uniaxial tensile strength, unconfined compressive strength, shear strength,
cohesive force, and internal friction angle first increased and then decreased; (2) when the saturation
degree increased from 18.7% to the saturation degree corresponding to the peak, the uniaxial tensile
strength, unconfined compressive strength, cohesive force, and internal friction angle increased by
about 11 times, 3.24 times, 2.34 times, and 0.52 times, respectively; (3) when the saturation degree
increased from the saturation degree corresponding to the peak to 80.3%, they decreases by about
42%, 51.4%, 36%, and 50%, respectively; (4) with the increase in dry density, the saturation degree
corresponding to the peak of uniaxial tensile strength gradually increased, while the saturation degree
corresponding to the peak of unconfined compressive and shear strength did not significantly change.

Keywords: expansive soils; saturation degree; tensile strength; compressive strength; shear strength

1. Introduction

In unsaturated expansive soil regions, ground upheaval has caused a serious threat to
the safety of building structures. The use of on-site expansive soils as a foundation backfill
materials is one of the main solutions to reduce or eliminate ground movement, with good
economic, social, and environmental benefits. However, researchers need to have a clear
understanding of the mechanical behaviors of expansive soils before using them as a basic
building material. Therefore, many scholars have conducted extensive research on the
mechanical behaviors of expansive soils.

The bearing capacity of foundations [1], retaining wall earth pressure, and slope
stability [2–4] in engineering are all directly related to the shear strength of soils, and the
shear strength of expansive soils is easy to obtain with simple straight shear tests. The
shear strength of expansive soils has become a popular research topic in recent years.
Many researchers have systematically carried out experimental studies on the effects of
many factors on the shear strength of expansive soils by changing test conditions and
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methods, such as the effects of water content and dry density [5–10]; cyclic wetting and
drying [6,11–13]; temperature [14]; freeze–thaw cycle [15]; sodium chloride solution [16]
on the shear strength of expansive soils; and the relationship between crack rate and shear
strength [17–19]. Meanwhile, Zhai et al. (2019, 2020a) studied the relationship between
the soil–water characteristic curve and the shear strength of unsaturated soil, and they
predicted shear strength based on their relationship [20,21].

In engineering applications, the expansion and contraction characteristics of expan-
sive soils must be weakened by modification techniques to meet the needs of the project;
therefore, research on the compressive strength of expansive soils is mainly focused on
modified expansive soils. Based on the existing modification technology, the existing
study on the compressive strength of expansive soils can be roughly divided into three
types: (1) inorganic binder modification technology, (2) chemical reagent and bio-enzyme
modification technology, and (3) physical modification technology. The main inorganic
binding for the modification of expansive soils is lime, cement, and marble. Some schol-
ars have used this inorganic binder to improve the compressive strength of expansive
soils [22–27]. Chemical reagent and bio-enzyme modification techniques refer to the prac-
tice of modifying expansive soils using biological enzymes or chemical reagents [28–31].
Soltani et al. (2019) investigated the effect of compressive strength on treating expansive
soils with the chemical reagent of sulphonated oil agents [32]. Liu et al. (2009) used ionic
curing agents to modify expansive soils and found that as the compression coefficient
of expansive soil decreased, the compression modulus increased, and the compressive
strength of soil was significantly increased overall [33]. Some scholars also used physical
modification technology to improve the compressive strength of expansive soils, mainly
including fiber-reinforced modifications [34–36] and scrap tires pellet modification [37].
However, the expansive soils are non-modified in their natural state.

In fact, the tensile strength of soils is low and unstable, which results in insufficient
research, which is usually not considered for tensile strength. Meanwhile, the tensile
strength of expansive soils is mainly obtained by tests, but tests of the tensile strength of
expansive soils is generally costly, time consuming, and difficult to conduct. Therefore, there
are few studies on the tensile strength of expansive soils in the literature. The study of Nitin
et al. (2021a) found that the tensile strength of expansive soils would increase when the CF
fiber increased the interfacial interaction of soil particles [38]. Arvind et al. (2007) discussed
the influence of fly ash, lime, and polyester fibers on the tensile strength of expansive
soils [39]. Rabab’ah et al. (2021) found that the inclusion of glass fibers in expansive soils
would make the indirect tensile strength of expansive soils first increase and then decrease
with the glass fiber [33]. Nitin et al. (2021b) found that the tensile strength of expansive soils
treated with the bio-stimulation MICP treatment significantly improved because calcite
content precipitation increases the interfacial interaction between soil particles [40]. Sun
et al. (2003, 2004, 2007) carried out a triaxial tensile test on unsaturated clay soils compacted
at different initial dry densities and found that the tensile strength of the soils is one of
the most important factors in determining the collapse deformation of clay [41–43]. Zhai
et al. (2020b) predicted the tensile strength of sandy soil using the soil–water characteristic
curve [44]. However, the tensile strength of shallow unsaturated expansive soils must be
investigated under certain conditions, such as the wet and dry circulation of expansive
soils, the lifting and hauling of expansive soils blocks, and the generation slip of expansive
soil slopes. These situations will inevitably generate tensile stress, leading to expansive
soil damage.

According to the above discussion, the current research on the strength of unmodified
shallow expansive soils mainly focuses on shear strength, while studies on tensile strength
and compressive strength are lacking. However, during practical engineering, the stress
state of the expansive soils is connected with the tensile stress, compressive stress, and shear
stress, and the damage to expansive soils is simultaneously affected by tensile strength,
compressive strength, and shear strength. Since expansive soils expand after absorbing
water and shrink after losing water, it is necessary to study the change in mechanical
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behaviors in shallow unsaturated expansive soils from the perspective of their degree
of saturation. Based on the shortcomings of current research, tensile–compressive–shear
strength tests of shallow unsaturated expansive soils were carried out to investigate the
effect of saturation degree on the mechanical behaviors of shallow unsaturated expansive
soils, as described in this paper. Meanwhile, the change mechanism of mechanical behaviors
of shallow expansive soils is analyzed.

2. Materials and Methods
2.1. Materials
2.1.1. Testing Soils

The expansive soils used for the present investigation were sampled from a depth
of about 2–3 m in Xiashi Town, Chongzuo City, Guangxi Province, China. The natural
moisture content of expansive soil is 32.5%, the optimum moisture content is 24%, and
the natural dry density is 1.40 g/cm3. The particle size distribution curve and the other
basic soil parameters for expansive soils are shown in Figure 1 and Table 1, respectively.
The soils are classified as clay with weak expansibility according to the Chinese standard
for technical code for buildings in expansive soil regions (GB 50112-2013). According to
the plasticity chart (see Figure 2) of the Chinese Ministry of Water Resources (2019) and a
related study by Wang et al. (2020) [45], the sample is a high-liquid limited clay.
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Table 1. The basic parameters of expansive soils.

Specific Gravity Liquid Limit /% Plastic Limit /% Plasticity Index Free Expansion
Rate /%

2.80 59.11 24.68 34.43 42.8
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2.1.2. Preparation of Specimens 
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at 1.30, 1.35, and 1.40 g/cm3 by a weighing method. The preparation of the compacted 
specimens was performed using the static compaction method, and the compaction con-
ditions were the same. The soil specimens for the uniaxial tensile test and the unconfined 
compressive test were cylinders with a diameter of 38 mm and a height of 76 mm, and the 
soil specimens for the direct shear test were cylinders with a diameter of 61.8 mm and a 
height of 20 mm. Compared with the traditional method of preparing wet soils, this new 
method can prepare more wet soils during the same time, as shown in Figure 3. The prep-
aration process is as follows: 

(1) The expansive blocks of soil were crushed with a rubber hammer, passed through 
a 2.0 mm sieve, and dried in an oven. (2) The dried and sieved expansive soils were 
weighed using scales based on the requirements for the tests. (3) The sampled soils were 
tiled on the test tarp. (4) The water mist was sprayed on the dried soils using a spray bottle 
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Figure 2. Plasticity chart for fine-grained soil classification.

2.1.2. Preparation of Specimens

This paper uses a new method to prepare wet soils with initial moisture contents of 7%,
13%, 17%, 21%, 23%, 26%, and 31%. The dry density of soil samples was maintained at 1.30,
1.35, and 1.40 g/cm3 by a weighing method. The preparation of the compacted specimens
was performed using the static compaction method, and the compaction conditions were
the same. The soil specimens for the uniaxial tensile test and the unconfined compressive
test were cylinders with a diameter of 38 mm and a height of 76 mm, and the soil specimens
for the direct shear test were cylinders with a diameter of 61.8 mm and a height of 20 mm.
Compared with the traditional method of preparing wet soils, this new method can prepare
more wet soils during the same time, as shown in Figure 3. The preparation process is
as follows:
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(1) The expansive blocks of soil were crushed with a rubber hammer, passed through a
2.0 mm sieve, and dried in an oven. (2) The dried and sieved expansive soils were weighed
using scales based on the requirements for the tests. (3) The sampled soils were tiled on the
test tarp. (4) The water mist was sprayed on the dried soils using a spray bottle until the
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soil surface was thoroughly wet. (5) These soils were stirred with a rake to ensure the even
mixing of water and soil particles; then, recently added water and soil were stirred until
the soil reached the target water content. (6) The mixed soils were placed in a sealed black
plastic bag for 48 h to balance the water of the soils in a plastic bag. Figure 4 is a flow chart
showing the preparation of wet soils.

Sustainability 2022, 14, x FOR PEER REVIEW 5 of 18 
 

 
Figure 3. The wet soils were prepared. 

 
Figure 4. The flow chart for preparing wet soils. 

The shear specimen and uniaxial tensile specimen were prepared using two molds 
(see Figures 5 and 6). 

The preparation-specific steps for shear specimens are as follows: 
(1) Vaseline was painted on the inner wall of the cutting ring. (2) The cutting ring 

was placed on the base of the mold, and then the sample cylinder of the mold was 
nested on the cutting ring. (3) The required wet soil was taken away according to the 
size of the cutting ring (diameter 61.8 mm, height 20 mm). (4) The sampled wet soil was 
poured into the mold, and the wet soil surface was smoothed. (5) The roof of the mold 
was placed on the sample cylinder. (6) The hydraulic system was used to exert pressure 
on both ends of the mold. (7) The prepared sample was taken out from the cutting ring 
by the sampling cylinder. The direct shear specimen was obtained following the above 
steps: (1) to (7) (Figure 7). 

Figure 4. The flow chart for preparing wet soils.

The shear specimen and uniaxial tensile specimen were prepared using two molds
(see Figures 5 and 6).
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Figure 6. The mold for preparing the uniaxial tensile specimen.

The preparation-specific steps for shear specimens are as follows:
(1) Vaseline was painted on the inner wall of the cutting ring. (2) The cutting ring was

placed on the base of the mold, and then the sample cylinder of the mold was nested on the
cutting ring. (3) The required wet soil was taken away according to the size of the cutting
ring (diameter 61.8 mm, height 20 mm). (4) The sampled wet soil was poured into the mold,
and the wet soil surface was smoothed. (5) The roof of the mold was placed on the sample
cylinder. (6) The hydraulic system was used to exert pressure on both ends of the mold.
(7) The prepared sample was taken out from the cutting ring by the sampling cylinder. The
direct shear specimen was obtained following the above steps: (1) to (7) (Figure 7).
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The preparation-specific steps for uniaxial tensile specimen are as follows:
(1) Vaseline was painted on the inner wall of the sample cylinder. (2) The bottom pillar

was embedded in the sample cylinder. (3) The required wet soil was taken away according
to the size of the tensile sample (diameter 38 mm, height 76 mm). (4) The sampled wet
soil (about 1/3) was poured into the mold, and the wet soil surface was smoothed. (5) The
sample rod was put into the sample cylinder. (6) The hydraulic system was used to exert
pressure on both ends of the mold, and the degree of sample compaction was controlled
by the scale marked on the sample rod. (7) The sample rod was removed from the sample
cylinder, and then the sample surface was shaved. (8) Steps (4) to (7) were repeated twice.
(9) The prepared sample was taken out from the sample cylinder by the sampling cylinder.
The uniaxial tensile specimen was obtained after following steps (1) to (9) (Figure 8).
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2.2. Test Methods
2.2.1. Uniaxial Tensile and Unconfined Compression Tests

In the uniaxial tensile test and unconfined compression test, a new type of apparatus
was applied. This apparatus is an improvement of the triaxial test device, which is shown
in Figure 9. The processes of the uniaxial tensile and unconfined compression tests are
as follows: (I) Samples (5) and (8) were glued at each end of (6) using a fast-setting
glue. In the uniaxial tensile test, (8) needed to be fixed onto (9) by (7) to ensure (6) was
tensile. (II) Sample (4) was adjusted, and the test parameters were set. (III) Sample (6) was
stretched (or compressed) at a constant speed of 0.4 mm/min by setting the parameters
of (10). (IV) The tensile (or compressive) force was measured by (4) during the tensile (or
compressive) process and transmitted to the data acquisition equipment (11) in real time.
The tensile strain can be obtained according to the mathematical relationship between the
stretching (or compression) speed and time. (V) When the observed tensile (or compressive)
force value sharply decreased and significant cracks were observed in (6), it was concluded
that (6) was damaged, and the test ended.
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2.2.2. Direct Shear Test

During practical engineering, the vertical pressure of shallow unsaturated expansive
soils is generally less than 50 kPa. Therefore, the vertical pressure of the specimen was
maintained at values of 6.25 kPa, 12.5 kPa, 25 kPa, and 50 kPa during the shearing process.
In this study, the conventional strain-controlled direct shear equipment was used for the
direct shear test. The process of the direct shear test is as follows:

(1) The different water content and dry density of the samples were loaded into the
direct shear tester. (2) The low normal stresses of 6.25 kPa, 12.5 kPa, 25 kPa, and 50 kPa were
applied to the specimen by hanging different weights on the lever. (3) The specimen was
sheared at a shear rate of 0.2 mm/min. (4) A constant reading in the transmitter recording
data indicated that the shear test was complete.

For a given soil, Gs always remains constant, and both w and e may vary under
different states [46]. Therefore, the w and e in different states should first be determined to
obtain the saturation degree of soil. The water content and the void ratio of soil samples at
a particular moment in time can be obtained by Equations (1) and (2):

w =
(m0 − md)

md
× 100% (1)

e =
Gs × (1 + w)ρw

ρ
− 1 (2)

where the saturation degree can be obtained by Equation (3):

Sr =
Gs × w × 100%

e
(3)

where w is the water content, e is the void ratio, Gs is the specific gravity, ρ is the natural
density, ρw is the density of water, m0 is the mass of specimens at a particular time, and md
is the mass of dried soil. From this, the saturation degree of specimens at different water
contents and dry densities, as well as the curve variation laws of tensile, compressive, and
shear strength of specimens at different saturation degrees can be obtained (see Chapter 3).
When the dry density of specimens was 1.30 g/cm3, the pore water of specimens gradually
increased with the increase in water content, so that the saturation degree increased, as
shown in Figure 10. Because the size of specimens was equal, the dry density of specimens
increased from 1.30 g/cm3 to 1.40 g/cm3, and their internal pores were compressed,
resulting in a reduction in pore volume. Therefore, when the same water content is
maintained, the saturation degree of specimens increases as the dry density increases, as
shown in Figure 10.
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3. Test Results
3.1. Effect of Saturation Degree on Uniaxial Tensile Strength of Specimens

The uniaxial tensile strength of shallow unsaturated expansive soils first increased and
then decreased with the increase in saturation degree (see Figure 11). The initial saturation
degree of specimens under different dry densities was about 18.7% (average), the saturation
degree corresponding to the peak uniaxial tensile strength was about 57.1% (average),
and the end saturation degree was about 80.3% (average). From an 18.7% saturation
degree to 57.1% saturation degree, the uniaxial tensile strength of the specimens gradually
increased. Compared with the initial state, the uniaxial tensile strength of the specimens
increased by about 11 times. From a 57.1% saturation degree to 80.3% saturation degree, the
uniaxial tensile strength of the specimens decreased by about 42%. When the dry density
increased from 1.30 g/cm3 to 1.40 g/cm3, the saturation degree corresponding to the peak
uniaxial tensile strength of the specimens gradually increased (see Figure 11). When the
dry density increased by 0.1 g/cm3 (from 1.30 g/cm3 to 1.40 g/cm3), the saturation degree
corresponding to the uniaxial tensile strength peak increased by about 28%. When the
saturation degree of the specimens was less than 50%, the change in dry density had little
effect on the uniaxial tensile strength of the specimens. However, when the saturation
degree of the specimens was greater than 50%, the uniaxial tensile strength of the specimens
with different dry densities greatly varied (see Figure 11). With the increase in saturation
degree, the difference in the water content of the specimens with different dry densities
(the saturation degree was the same) was gradually significant, which is the reason for this
phenomenon (see Figure 10). When the saturation degree was the same (less than 50%), the
difference in the water content between different dry densities was small. However, when
the saturation degree was the same (saturation degree greater than 50%), the water content
between different dry densities greatly varied. Therefore, this phenomenon also shows that
water content is an important reason for the change in uniaxial tensile strength.
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3.2. Effect of Saturation Degree on Unconfined Compressive Strength of Specimens

The unconfined compressive strength of shallow unsaturated expansive soils first
increased and then decreased with the increase in saturation degree, and this changing
trend was similar to the changing trend in uniaxial tensile strength. The difference is
that the change in dry density had little effect on the saturation degree corresponding to
the peak unconfined compressive strength of the specimens, and the saturation degree
corresponding to the peak was about 50% (see Figure 12). A 50% saturation degree could
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be used as the demarcation point of its increase or decrease. From the initial state to a 50%
saturation degree, the unconfined compressive strength of the specimens under different
dry densities was about 4.24 times that of the initial state. When the saturation degree
reached 50%, the unconfined compressive strength of the specimens was close to the peak
(see Figure 12). From a 50% saturation degree to an 80.3% saturation degree, the unconfined
compressive strength attenuation was about 55%. When the saturation degree was 50%, the
dry density changed from 1.40 g/cm3 to 1.30 g/cm3, and the peak unconfined compressive
strength attenuation was about 51.4%.
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3.3. Effect of Saturation Degree on Shear Strength of Specimens

The shear strength of the shallow unsaturated expansive soils also first increased and
then decreased with the increase in saturation degree, and its change trend was similar
to that of unconfined compressive strength. Under different vertical pressures and dry
densities, the saturation degree corresponding to the peak shear strength of the specimens
was about 50%. From the initial state to a 50% saturation degree, the shear strength of
the specimens gradually increased. With the further increase in saturation degree, the
shear strength of the specimens gradually decreased (see Figure 13a–d). When the vertical
pressure was 6.25 kPa, from a 18.7% saturation degree to a 50% saturation degree, the
shear strength of the specimens increased by about 1.8 times compared with the initial
state. From a 50% saturation degree to an 80.3% saturation degree, the shear strength of
the specimens was attenuated by about 37%. When the saturation degree and dry density
were the same, the shear strength of the specimens gradually increased with the increase in
vertical pressure (see Figure 13a–d). Meanwhile, when the vertical pressure and saturation
degree were the same, the shear strength of the specimens increased with the increase in
dry density (see Figure 13a–d).
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Shear strength parameters include cohesive force and internal friction angle. With
the increase in the saturation degree, the cohesive force and internal friction angle also
first increased and then decreased (see Figure 14a,b). Compared with the change trend in
the shear strength of the expansive soils with water content, the change trend in the shear
strength parameters of coral gravelly sand with water content was different [47,48]. With
the increase in water content, the internal friction angle first increased and then decreased.
However, the cohesive force increases with increasing water content [47]. Capillary cohesive
force is the main reason for the difference in the coral gravelly sand cohesive force. The
change range in the water content of coral gravelly sand in the study was small, and the
capillary pressure increased with the increase in water content. Therefore, the cohesive
force of coral gravelly sand increased with the increase in water content. The saturation
degree corresponding to the peak cohesive force and internal friction angle of the specimens
was about 50%. When the saturation degree was less than 50%, the cohesive force and
internal friction angle of the specimens increased with the increase in saturation degree.
When the saturation degree was greater than 50%, the cohesive force and internal friction
angle decreased with the increase in saturation degree. From an 18.7% saturation degree to
50% saturation degree, the cohesive force and internal friction angle increased by 2.34 times
and 0.52 times, respectively. From a 50% saturation degree to an 80.3% saturation degree,
the cohesive force and internal friction angle decreased by 36% and 50%, respectively. When
the saturation degree was the same, the cohesive force increased with the increase in dry
density (see Figure 14a). However, the dry density had little effect on the internal friction
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angle of the specimens (see Figure 14b). When the dry density was between 1.40 g/cm3

and 1.30 g/cm3, the peak cohesive force decreased by 25.7%.
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4. Mechanism Analysis
4.1. Mechanistic Analysis of Changes in Uniaxial Tensile Strength of Specimens

The microstructure of expansive soils is complex. In this regard, SEM tests were
carried out to observe the microstructure of the expansive soils and the mechanism analysis
(see Figure 15). There were three main reasons for the change in uniaxial tensile strength.
(1) At the beginning of the test, the initial saturation degree of specimens was about 18.7%,
and the pores were mainly in a dry and unsaturated state. When the saturation degree
was 18.7% and gradually increased to the saturation degree corresponding to the peak
tensile strength, the pores in the dry state became unsaturated. Since the pores in the
unsaturated state produce capillary pressure [49], the uniaxial tensile strength increased.
When the saturation degree of specimens gradually increased to 80.3%, the pores in the
unsaturated state became saturated or nearly saturated. The capillary pressure generated by
the pores gradually decreased and disappeared, and the uniaxial tensile strength decreased.
The capillary pressure mechanism is shown in Figure 16. (2) There was a good linear
relationship between saturation and water content (see Figure 10). The expansive soils
contained a large number of hydrophilic mineral components [50,51] that could react with
water molecules to form soluble colloids. The saturation degree was 18.7% at the beginning
of the test, and the water content of the specimens was low. Therefore, the specimens
contained many hydrophilic mineral components that had not been completely hydrated,
and the soluble colloid content produced by hydration was lower. When the saturation
degree was 18.7%, the water content of the specimens gradually increased to the saturation
degree corresponding to the peak tensile strength. The hydrophilic mineral components in
the specimens completely hydrated in a gradual process. During this process, the content
of the soluble colloids produced by hydration gradually increased and reached a peak.
Since soluble colloids strengthen the connection between soil particles [52,53], uniaxial
tensile strength also increased (see Figure 11). The hydration mechanism of the hydrophilic
mineral components in expansive soils is shown in Figure 17. When the saturation degree
corresponding to the peak tensile strength gradually increased to 80.3%, the soluble colloids
gradually began to dissolve. Therefore, the uniaxial tensile strength gradually decreased
(see Figure 11). (3) When the saturation degree of the specimens was the same, the number
of soil particles per unit of volume increased with the increase in dry density (the size
and preparation method of the specimens were the same) [54]. This made the structure of
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the specimens more stable and resistant to external forces. Therefore, the uniaxial tensile
strength gradually increased.
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4.2. Mechanistic Analysis of Changes in Unconfined Compressive Strength of Specimens

There were also three main reasons for the change in the unconfined compressive
strength. (1) Expansive soils will expand after absorbing water and shrink after losing
water [55]. With the increase in saturation degree, the soil particles expanded and de-
formed, and the cumulative pore volume continuously decreased (see Figure 18). When
the saturation degree was low, the soil particles absorbed water and expanded, resulting in
an expansion force to offset part of the pressure. Therefore, the unconfined compressive
strength of the specimens increased. When the saturation degree was high, the soil particles
expanded and were destroyed, and the expansion force gradually decreased and disap-
peared. Therefore, the unconfined compressive strength of the specimens was reduced.
The mechanisms of soil particles and pore changes are shown in Figure 19. (2) According
to the analysis of the uniaxial tensile strength mechanism, with the increase in saturation
degree, the content of the soluble colloid produced by the hydration of hydrophilic min-
eral components first increased and then decreased. Due to the existence of colloids, the
connection between soil particles can be strengthened [52], which makes the structure of
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the specimens more stable. Therefore, the unconfined compressive strength first increased
and then decreased with the increase in the saturation degree. (3) When the saturation
degree of the specimens was the same, with the increase in dry density, the soil particles
were arranged much closer. Therefore, the specimen structure was more stable, and the
unconfined compressive strength was higher (similar to the effect of dry density on uniaxial
tensile strength).
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Figure 18. Pore size distribution curves under different saturation degrees. 

 

Figure 19. Mechanisms of soil particles and pore changes.

4.3. Mechanistic Analysis of Changes in Shear Strength of Specimens

Due to the shear strength parameters reflecting the property of shear strength, this
paper analyzes the change mechanism of shear strength parameters.

This cohesive force mainly includes the original cohesive force formed by molecular
gravity among soil particles, the capillary cohesive force generated by capillary pressure,
and the curing cohesive force formed by the cementation of compounds in soils. Therefore,
the main reasons for cohesive force changes are as follows: (1) According to the analysis
of the uniaxial tensile strength mechanism, the capillary pressure first increased and
then decreased when the saturation degree increased from 18.7% to 80.3%. However,
the existence of capillary pressure will increase the capillary cohesive force [49]. (2) The
hydrophilic mineral composition in expansive soils produces cementation with water [51].
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Therefore, there is a curing cohesive force in the soils. According to the analysis of the
content change in colloids, the cementation will first increase and then decrease with the
increase in saturation degree (see Section 4.1). In summary, due to the influence of capillary
cohesive force and curing cohesive force, the cohesive force of specimens will first increase
and then decrease with the increase in the saturation degree (see Figure 14a).

The internal friction angle depends on the friction between soil particles and the
bite force generated by the chain effect, and the internal friction angle reflects the friction
properties of soil. Friction refers to the force that hinders the relative movement of soil
particles, and the bite force refers to the force needed to pull out the soil particles embedded
between other particles when the soil slides. Therefore, there are two main reasons for
the change in internal friction angle. (1) According to the mechanism analysis of cohesive
force change, the cohesive force of the specimens first increased and then decreased as the
saturation degree increased. However, cohesive force restricted the relative motion of the
soil particles. (2) Colloids produced by the hydration of expansive soils will adsorb soil
particles. When the saturation degree was between 18.7% and 80.3%, the colloid content of
specimens also first increased and then decreased. However, the sliding of the soil particles
needed to overcome the bite force generated by this part of the colloids. In summary, with
the increase in saturation degree, the internal friction angle will go through two stages. In
the first stage (the saturation degree increased from 18.7% to 50%), the internal friction angle
of the specimens gradually increased. In the second stage (the saturation degree increased
from 50% to 80.3%), the internal friction angle of the specimens gradually decreased (see
Figure 14b).

5. Conclusions

In this paper, the effect of saturation degree on the mechanical behaviors of shallow
unsaturated expansive soils was studied using a uniaxial tensile test, unconfined compres-
sion test, and direct shear test, and the change mechanism for the mechanical behaviors of
shallow unsaturated expansive soils was analyzed. The main conclusions are summarized
as follows:

(1) The uniaxial tensile strength, unconfined compressive strength, cohesive force, and
internal friction angle of the expansive soils first increased and then decreased with
the increase in saturation degree.

(2) When the saturation degree increased from 18.7% to 57.1%, the uniaxial tensile
strength increased by about 11 times. When the saturation degree increased from
57.1% to 80.3%, it decreased by about 42%.

(3) The saturation degrees from 18.7% to 50%, the unconfined compressive strength,
cohesive force, and internal friction angle increased by about 3.24 times, 2.34 times,
and 0.52 times, respectively. The saturation degrees from 50% to 80.3% decreased by
about 51.4%, 36%, and 50%, respectively.

(4) The change in hydrophilic mineral composition and pore structure is one of the
important reasons for the mechanical behavior change in expansive soils.
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36. Soğancı, A.S. The Effect of Polypropylene Fiber in the Stabilization of Expansive Soils. Int. J. Geol. Environ. Eng. 2015, 104,
994–997. [CrossRef]

37. Bekhiti, M.; Trouzine, H.; Rabehi, M. Influence of waste tire rubber fibers on swelling behavior, unconfined compressive strength
and ductility of cement stabilized bentonite clay soil. Constr. Build. Mater. 2019, 208, 304–314. [CrossRef]

38. Nitin, T.; Neelima, S.; Anand, J.P. Strength and durability assessment of expansive soil stabilized with recycled ash and natural
fibers. Transp. Geotech. 2021, 29, 100556. [CrossRef]

39. Arvind, K.; Baljit, S.W.; Asheet, B. Influence of Fly Ash, Lime, and Polyester Fibers on Compaction and Strength Properties of
Expansive Soil. J. Mater. Civ. Eng. 2007, 19, 242–248. [CrossRef]

40. Nitin, T.; Neelima, S.; Meghna, S. Micro-mechanical performance evaluation of expansive soil biotreated with indigenous bacteria
using MICP method. Sci. Rep. 2021, 11, 10324. [CrossRef]

41. Sun, D.A.; Matsuoka, H.; Xu, Y.F. Collapse Behavior of Compacted Clays in Suction-Controlled Triaxial Tests. Geotech. Test. J.
2004, 27, 362–370. [CrossRef]

42. Sun, D.A.; Matsuoka, H.; Cui, H.B.; Xu, Y.F. Three-dimensional elasto-plastic model for unsaturated compacted soils with different
initial densities. Int. J. Numer. Anal. Methods Geomech. 2003, 27, 1079–1098. [CrossRef]

43. Sun, D.A.; Sheng, D.C.; Cui, H.B.; Sloan, S.W. A density-dependent elastoplastic hydro-mechanical model for unsaturated
compacted soils. Int. J. Numer. Anal. Methods Geomech. 2007, 31, 1257–1279. [CrossRef]

44. Zhai, Q.; Rahardjo, H.; Satyanaga, A.; Dai, G.L. Estimation of tensile strength of sandy soil from soil–water characteristic curve.
Acta Geotech. 2020, 15, 3371–3381. [CrossRef]

45. Wang, X.; Cui, J.; Wu, Y.; Zhu, C.Q.; Wang, X.Z. Mechanical properties of calcareous silts in a hydraulic fill island-reef. Mar.
Georesources Geotechnol. 2020, 39, 1–14. [CrossRef]

46. Zhai, Q.; Rahardjo, H.; Satyanaga, A.; Dai, G.L.; Zhuang, Y. Framework to estimate the soil-water characteristic curve for soils
with different void ratios. Bull. Eng. Geol. Environ. 2020, 79, 4399–4409. [CrossRef]

47. Wu, Y.; Wang, X.; Shen, J.H.; Cui, J.; Zhu, C.Q.; Wang, X.Z. Experimental Study on the Impact of Water Content on the Strength
Parameters of Coral Gravelly Sand. J. Mar. Sci. Eng. 2020, 8, 634. [CrossRef]

48. Wu, Y.; Cui, J.; Li, N.; Wang, X.; Wu, Y.H.; Guo, S.Y. Experimental study on the mechanical behavior and particle breakage
characteristics of hydraulic filled coral sand on a coral reef island in the South China Sea. Rock Soil Mech. 2020, 41, 3181. [CrossRef]

49. Hassanizadeh, S.M.; Celia, M.A.; Dahle, H.K. Dynamic effect in the capillary pressure–saturation relationship and its impacts on
unsaturated flow. Vadose Zone J. 2002, 1, 38–57. [CrossRef]

50. Li, J.; Wu, X.Y.; Hou, L. Physical, Mineralogical, and Micromorphological Properities of Expansive Soil Treated at Different
Temperature. J. Nanomater. 2014, 2014. [CrossRef]

51. Yu, X.P.; Xiao, H.B.; Li, Z.Y.; Qian, J.F.; Luo, S.P.; Su, H. Experimental Study on Microstructure of Unsaturated Expansive Soil
Improved by MICP Method. Appl. Sci. 2022, 12, 2076–3417. [CrossRef]

52. Chang, J.; Yang, H.P.; Xiao, J.; Xu, Y.F. Soil-water chemical tests and action mechanism of acid rain infiltration into expansive soil.
Chin. J. Geotech. Eng. 2022, 44, 1483–1492. (In Chinese) [CrossRef]

53. Li, Y.Z.; Wang, S.M.; Zou, J.W.; Wang, H.; Li, H.; Wu, N. Correlation Research between Shear Strength and Moisture Content of
Swelling Mudstone. Sci. Technol. Eng. 2021, 21, 2857–2864. (In Chinese)

54. Wei, J.; Shi, B.L.; Li, J.L.; Li, S.S.; He, X.B. Shear strength of purple soil bunds under different soil water contents and dry densities:
A case study in the Three Gorges Reservoir Area, China. CATENA 2018, 166, 124–133. [CrossRef]

55. Dai, Z.J.; Chen, S.X.; Li, J. Physical model test of seepage and deformation characteristics of shallow expansive soil slope. Bull.
Eng. Geol. Environ. 2020, 79, 4063–4078. [CrossRef]

http://doi.org/10.1016/j.matpr.2018.06.329
http://doi.org/10.1007/978-981-15-5195-6_41
http://doi.org/10.1080/10298436.2017.1408270
http://doi.org/10.16285/j.rsm.2009.08.040
http://doi.org/10.1016/j.cscm.2020.e00485
http://doi.org/10.1016/j.proeng.2016.06.161
http://doi.org/10.5281/zenodo.1108654
http://doi.org/10.1016/j.conbuildmat.2019.03.011
http://doi.org/10.1016/j.trgeo.2021.100556
http://doi.org/10.1061/(ASCE)0899-1561(2007)19:3(242)
http://doi.org/10.1038/s41598-021-89687-2
http://doi.org/10.1520/GTJ11418
http://doi.org/10.1002/nag.313
http://doi.org/10.1002/nag.579
http://doi.org/10.1007/s11440-020-01013-8
http://doi.org/10.1080/1064119X.2020.1748775
http://doi.org/10.1007/s10064-020-01825-8
http://doi.org/10.3390/jmse8090634
http://doi.org/10.16285/j.rsm.2020.5596
http://doi.org/10.2136/vzj2002.3800
http://doi.org/10.1155/2014/848740
http://doi.org/10.3390/app12010342
http://doi.org/10.11779/CJGE202208013
http://doi.org/10.1016/j.catena.2018.03.021
http://doi.org/10.1007/s10064-020-01811-0

	Introduction 
	Materials and Methods 
	Materials 
	Testing Soils 
	Preparation of Specimens 

	Test Methods 
	Uniaxial Tensile and Unconfined Compression Tests 
	Direct Shear Test 


	Test Results 
	Effect of Saturation Degree on Uniaxial Tensile Strength of Specimens 
	Effect of Saturation Degree on Unconfined Compressive Strength of Specimens 
	Effect of Saturation Degree on Shear Strength of Specimens 

	Mechanism Analysis 
	Mechanistic Analysis of Changes in Uniaxial Tensile Strength of Specimens 
	Mechanistic Analysis of Changes in Unconfined Compressive Strength of Specimens 
	Mechanistic Analysis of Changes in Shear Strength of Specimens 

	Conclusions 
	References

