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Tensile strength is an important soil parameter that affects the stability of structures built on
clayey soils. This paper presents an experimental study of the change of tensile properties of
red clay during wet-dry cycles. Cyclic wet-dry tests were performed on compacted red clay
specimens with different initial water contents and dry densities. Direct tensile tests and
Brazilian split tests were then conducted on these specimens to determine the soil strengths.
The effects of initial water content, initial dry density, number of wet-dry cycles, and crack rate
on the tensile properties of red clay were investigated. The results demonstrate that the tensile
strength of red clay is generally 1.566 times the splitting strength. Both the tensile strength and
splitting strength are negatively correlated with the initial water content but are positively
correlated with the initial dry density. Because of the presence of desiccation cracks, the
tensile strength goes on reducing under wet-dry cycles. The tensile strength can be expressed
by a power function of the initial water content, initial dry density, and crack rate. The
proposed equation is useful to evaluate the tensile strength of cracked soils subjected to wet-

dry cycles.

1. Introduction

Red clay is a high plasticity lateritic soil that is widely distributed
in the tropical and subtropical regions such as the south of China
(Hunan, Yunnan, Guizhou, and Guangxi). It is often of brown-
red, brown-yellow and other similar colors. This type of lateritic
soil is formed from carbonate rocks after long complex physical
and chemical weathering. In the natural environment, red clay
shows strong shrinking and cracking characteristics because it
contains numerous hydrophilic clay minerals, resulting in great
changes in its physical and mechanical properties (Thyagaraj and
Das, 2017; Lyu et al., 2020; Tang et al., 2020). Particularly, the
tensile strength of red clay is obviously weakened by cyclic wet
and dry environments due to the occurrence of desiccation cracks
(Tang et al., 2016; Pasculli et al., 2017). The reduction of tensile
strength will cause geotechnical and environmental problems
such as the shallow failure of soil slopes, collapse of foundation
pits and leakage of landfills (Murray and Tarantino, 2018; Gao et
al., 2019).

To date, many researchers have made efforts to understand the
cracking behavior of clayey soils on drying paths via laboratory
tests, numerical simulations and field observations (Chong,
2010; Yuan et al., 2014; Wan et al., 2018). It was found that the
development of desiccation cracks in clayey soils can be divided
into three stages, i.e., the initial stage, the primary stage, and the
steady-state stage (Li and Zhang, 2011). The crack initiation and
propagation are related to the soil properties (e.g., soil strength,
specimen geometry, liquid limit and mineral composition of the
soil) and external conditions (e.g., boundary constraint, wet-dry
cycles, and temperature) (Tang et al., 2011b; Tollenaar et al.,
2017b). Generally, the development of desiccation cracks can be
effectively restrained by increasing soil strength and specimen
thickness or reducing boundary constraint, liquid limit and clay
content (Zeng et al., 2019; Lakshmikantha et al., 2012). An increase
in the number of wet-dry cycles will cause more desiccation cracks
in the soil. For example, Li and Zhang (2011) reported that both
the surface crack density and the crack rate increase first and
then tend to be stable with an increasing number of wet-dry
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cycles. Tang et al. (2011a) also found that the crack parameters
such as the crack intensity factor, mean crack length, mean crack
width, and the number of crack segments per unit area were
significantly affected by the applied wet-dry cycles. Some theoretical
and empirical models were developed to predict the development
process of the cracks (Peron et al., 2009, 2013). Costa et al.
(2018) proposed theoretical equations to estimate the crack
spacing of a thin, long soil layer based on stress relief and energy
balance. Using a combined energy and stress approach, Pouya et
al. (2019) developed an analytical model of soil desiccation cracking,
which allows predicting the crack depth according to crack
spacing. Shrestha et al. (2019) modeled the depth of desiccation
cracks measured in the field using a semi-empirical procedure
based on the isotropic elasticity principle. Since soil is a highly
complex material, it is difficult to precisely characterize the
cracking process with a simple model of a few parameters (Tang
etal., 2011a).

Matric suction occurs in the soil during drying (Gao et al.,
2021). Many previous studies showed that desiccation cracks
initiate when the tensile stress induced by the matric suction
exceeds the tensile strength of the soil (Peron et al., 2009; Tej and
Singh, 2013; Wei et al., 2017). Therefore, the matric suction and
tensile strength of the soil are the two key factors controlling the
development of desiccation cracks. The tensile strength behavior
of soil has been a great concern during the past two decades.
There are two common categories of test methods to determine
the tensile strength of soil: the direct method (e.g., uniaxial
tensile test) and the indirect method (e.g., split test and bending
test) (Tang et al., 2014). With the aid of these methods, Varsei et
al. (2016), Murray and Tarantino (2018), and Kim and Hwang
(2003) studied the tensile characteristics of different compacted
soils. It was found that the tensile strength of compacted clay is
affected by the dry density, pore structure, and soil type. An
increase in dry density, clay content, or plasticity index can effectively
improve the tensile strength of the soil. In addition, the tensile
strength of unsaturated soils is known as a function of matric
suction and significantly depends on the water content. For
example, Tang et al. (2014) stated that as the water content increases
from 4% to 28%, the tensile strength of a lean clay shows an
increase followed by a reduction after reaching the maximum.
However, the tensile test results of Stirling et al. (2015) showed
that the tensile strength of unsaturated compacted glacial till
reduces monotonically as the water content increases from 2% to
24%. This discrepancy seems to be caused by the different
methods that were used to prepare soil specimens of different
water contents in these two studies.

A review of the above research indicates that the desiccation
cracks and tensile strength behavior of clayey soils have been
separately studied, and the influence of soil strength on desiccation
cracking of the soil has been realized. However, less attention
has been paid to the weakening effect of produced desiccation
cracks on the tensile properties of red clay. For this reason, the
evolution of the tensile strength of compacted red clay subjected
to wet-dry cycles is investigated from an experimental point of

view. Direct tensile tests and Brazilian split tests are conducted to
examine the influences of initial water content and initial dry
density on the soil strength. Then, the development of desiccation
cracks and the evolution of tensile strengths are investigated
under wet-dry cycles. Finally, the relationship between the tensile
strength and crack rate of red clay is analyzed and quantified.

2. Material Properties

The studied material was a red clay collected from a section of
the Changzhi expressway in Changsha City, Hunan Province,
China. The soil sample was reddish brown and contained a small
amount of sand and plant roots. After impurity removal, air
drying, and rolling, the sample was sieved to remove grains
larger than 2 mm. The grain size distribution of the soil was then
determined based on the sieve analysis and laser granulometric
analysis, as shown in Fig. 1. It shows that the red clay contains
about 54% fine grains and 46% sand grains. The X-ray diffraction
pattern of the soil indicates that the mineral composition of the
soil sample includes kaolinite (42.2%), quartz (29.4%), mica
(20.2%), and hematite (8.0%) (Fig. 2). The X-ray fluorescence
spectrometry revealed that the soil is mainly composed of oxides
and salts of silicon, aluminum, iron, potassium and titanium
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Fig. 1. Grain Size Distribution of Red Clay
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Fig. 2. XRD Diffraction Pattern of Red Clay
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Table 1. Chemical Composition of Red Clay

Table 3. Cyclic Wet-Dry Test Scheme

. . Loss on Initial water Initial dry density ~ Number of
SiO ALO; Fe,0O; K,O TiO, MgO P,Os . ..
e s Tets B e & 2 ignition Scheme content (%) (g/em’) wet-dry cycles
5712 2127 7.5 2.53 0.88 0.58 0.15 9.98 Al 2.0 1.78 0,2,4,6,8
A2 5.0 1.78
, , , , , A3 10.0 1.78
(Table 1). The basic physical properties of the soil are summarized Ad 15.0 178
in Table 2. It shows that the maximum dry density is 1.78 g/cm’, AS 17' 0 1'78
the optimum water content is 15.5%, the liquid limit is 39.3%, ) 9' 0 1'78
and the plasticity index is 18.7. The soil is classified as low liquid ’ ’
.. . . . . B1 15.5 1.50
limit clay according to the Chinese specification (JTG 3430- B 155 160
2020, 2020), and it is lean clay (CL) with sand based on the B3 15'5 1'70
Unified Soil Classification System (USCS). ’ ’
B4 15.5 1.78
3. Experimental Methods
L 120 mm

3.1 Cyclic Wet-Dry Tests

Cyclic wet-dry tests were conducted to investigate the influences
of water content and dry density on the development of desiccation
cracks in compacted red clay. For this purpose, two groups of red
clay specimens were prepared. The specimens (A1-A6) in the
first group have six different initial water contents (2 — 19%) but
the same initial dry density (1.78 g/cm®). The specimens (B1-B4)
in the second group have the same initial water content (15.5%)
but four different initial dry densities (1.50 — 1.78 g/cm®). The
test scheme is presented in Table 3. The specimen preparation
method was as follows: 1) a certain amount of water was sprayed
into the dry soil to bring the water content of the soil to the
optimum water content; 2) the wet soil was mixed and then
cured in a plastic bag for 24 h; 3) the mass of wet soil required
for each specimen was calculated according to the desired initial
dry density and the specimen volume; 4) the required wet soil
was poured into a specimen mold and compressed statically by a
press machine with the specimen thickness controlled; 5) when
the mold was removed, a red clay specimen of the optimum
water content was obtained; 6) different initial water contents
were achieved by air drying or wetting the specimens at room
temperature (20 =+ 1°C), which is similar to the method used by
Stirling et al. (2015). The specimen was dumbbell-shaped to facilitate
the subsequent direct tensile tests (Tollenaar et al., 2017a; Li et
al., 2019). Fig. 3 presents the dimension of the specimen, which
is close to that used by Tang et al. (2014).

Many previous studies showed that the electrical conductivity
of soil is dependent on the water content and dry density (Oh et
al., 2014). Thus, the electrical conductivity of the prepared specimens
was tested to evaluate their water contents and dry densities. If
the measured electrical conductivity of the specimens prepared
at the same initial water content and dry density showed large

Table 2. Basic Physical Properties of Red Clay

W—u—

ry

30 mm
50 mm

v

Fig. 3. Dimension of the Dumbbell-Shaped Soil Specimen
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Fig. 4. Specimen Installation in Electric Conductivity Tests

differences, these specimens were discarded and new specimens
were prepared to reduce the error caused by specimen preparations.

Natural water Specific oravi Maximum dry Optimum water Plastic limit Liquid limit Plasticity
content (%) P gravity density (g/cm’) content (%) (%) (%) index
20.8 2.69 1.78 155 20.6 393 18.7
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The two-electrode method was adopted in the electrical conductivity
tests. As shown in Fig. 4, metal conductive sheets were fixed on
the two ends of dumbbell-shaped specimens, and then the
resistance value of the specimen was measured with an ohmmeter.
The resistance range of the ohmmeter is 0 — 200 MQ, and the
accuracy is 0.01 MQ. The electrical conductivity is calculated by
the following equation:

_ L 1
n="%" (D

where # is the electrical conductivity; L is the length of the specimen;
R is the measured resistance value; A4 is the cross-sectional area
of the specimen.

During the cyclic wetting-drying process, the water content of
red clay specimens ranged between about 0.5% and 25% (Fig. 5),
which is similar to those used by Hu et al. (2020). The water film
transfer method and lamp heating method were used to make the
wet-dry cycles as similar as possible to the natural situation
(Meng and Li, 2019; Zeng et al., 2020, 2021a, 2021b). A duration of
24 h was used as the termination criterion for both the wetting
process and the drying process. In the wetting process, the red
clay specimens were placed on an electronic balance with a
precision of 0.01 g, and a predetermined amount of water was
evenly dropped on the specimen surfaces by a plastic dropper to
make the water content reach 25 + 0.5%. Before dropping water,
a saturated filter paper was placed on the specimen surface to
better spread the water on the whole surface of the specimen.
The water content was controlled by measuring the mass of the
specimen. Then, the specimens were transferred on a stainless
steel tray and sealed with a plastic film for curing for 24 h. The
uniformity of moisture in the specimen was checked by testing
the water contents of the pieces of the parallel specimens using
the oven-drying method. In the drying process, the specimens
were placed on the tray with a large filter paper on the bottom,
and two 250 W heating lamps were used to irradiate the specimens
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Fig. 5. Diagram of Target Water Contents during Wet-Dry Cycles

Table 4. Average Temperature on the Surfaces of Specimens
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Fig. 7. Temperature Measurement Points on Each Specimen

for 24h (see Fig. 6), resulting in a water content of about (1 £ 0.5)%.
The purpose of the filter paper was to create a rough bottom
boundary of the specimens.

Since the ground temperature in the studied area (Hunan
Province, China) can reach 40°C in summer, the temperature of
the specimen surfaces was maintained at 40 = 1°C in the drying
process. The control of the temperature on the specimen surfaces
was realized by adjusting the support of the lamps. The heating

Scheme Al A2 A3 A4

A5 A6 B1 B2 B3 B4

Average temperature (°C)  39.6 39.9 40.2 39.9

39.7 39.7 40.0 40.4 40.0 39.5
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Fig. 8. Image Processing Method: (a) Original Image, (b) Background-Removed Image, (c) Enhanced Image, (d) Grayscale Image, (e) Threshold, (f) Crack

Extraction

uniformity was checked before cyclic wet-dry tests. The temperature
at nine points (Fig. 7) on each specimen was measured using an
electronic temperature gun. The average temperature of each
specimen is shown in Table 4. It can be seen that the average
temperature of every specimen is 40 = 1°C, indicating that the
heating uniformity of the drying device is satisfactory.

A digital camera installed on a tripod was used to photograph
the specimens at a fixed height. Since this section mainly focuses
on the influence of wet-dry cycles on crack development, the
photograph of the specimen was only taken after each wet-dry
cycle. The desiccation cracks were then characterized by analyzing
the photographs using the image processing method: 1) the
background of the specimen was removed from the original
image (Figs. 8(a) and 8(b)); 2) the desiccation cracks on the
specimen surface were enhanced by adjusting the brightness and
contrast of the image (Fig. 8(c)); 3) the color image was
converted into the grayscale image (Fig. 8(d)); 4) the desiccation
cracks were extracted from the grayscale image by setting an
appropriate threshold (Figs. 8(e) and 8(f)); 5) the crack area and
the area of the upper specimen surface were measured. In this
study, the first and second steps of image processing was performed
using Photoshop software, and the rest steps were conducted
with ImagelJ software. The crack rate is defined as the ratio of the
crack area on the upper surface of a specimen to the total area of
the upper surface:

F=2e Q)

where F is the crack rate; S, is the crack area; S is the area of the
upper surface of the specimen.

3.2 Direct Tensile Tests

A horizontal tensile test device was designed and manufactured,
as shown in Fig. 9. The device consists of a steel frame, a
displacement controller, a specimen fixture, a digital force meter,
a digital dial indicator, and a computer. The steel frame serves as
a support to fix the displacement controller, the specimen fixture,
the digital force meter, and the digital dial indicator. The
displacement controller is a handwheel and gear system, which
enables to control the movement of one-half of the specimen
fixture by adjusting the handwheel. The specimen fixture is

Displacement controller
Steel frame

Specimen fixture

Digital force meter

Digital dial indicator

/*C.'-\/\i

Fig. 9. Direct Tensile Test Device

dumbbell-shaped and made of steel. The measurement range of
the digital force meter is 200 N, and the accuracy is 0.1 N. The
maximum displacement of the digital dial indicator is 12.7 mm,
and the accuracy is 0.01 mm.

With this device, direct tensile tests were performed on
dumbbell-shaped specimens when the number of wet-dry cycles
reached 0, 2, 4, 6, and 8 (Table 3). The specimen was installed in
the fixture, and then the digital force meter and digital dial
indicator were reset by the computer. Afterward, the specimen
was tested at a displacement rate of 0.5 mm/min (Tang et al.,
2014; Tollenaar et al., 2017b). During the test, both the force and
displacement were recorded in real-time and saved in the computer.
The tensile strength of the red clay specimen is then calculated
by the following equation:

Z,

0, = 7 > 3)
where o, is the tensile strength; 7, is the maximum tensile force;
A is the area of the middle cross-section of the specimen.

After direct tensile tests, the water content of the specimen
was measured by the oven-drying method. At the same time, two
specimens were tested and the average results were taken for
each test scheme to ensure the accuracy of the test results.

3.3 Brazilian Split Tests

The Brazilian split test is a common method to determine the
tensile strength of rocks. This method was also used in this study
to verify the test results of direct tensile tests. The specimens
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Fig. 10. Universal Testing Machine

were cylindrical and had equal sizes (50 mm) of diameter and
height. They were prepared in the specimen mold using the static
compression method. The test schemes were the same as those
presented in Table 3 but no wet-dry cycles were considered. The
Brazilian split tests were conducted using a computer-controlled
electronic universal testing machine (Fig. 10). A loading rate of
0.3 MPa/s was applied (JTG E41-2005, 2005), and the ultimate
pressure was recorded when the specimen was broken. Thus, the
maximum tensile stress in the center of the specimen is
calculated by (Komurlu et al., 2015; Xiao et al., 2019):

o
zdt’

4)

O'SP

where g, is the maximum tensile stress (or the splitting strength)
in the center of the specimen; P is the ultimate pressure when the

(b)
Fig. 11. Desiccation Cracks on the Specimen Surface after Different Wet-Dry Cycles: (a) 0 Cycle, (b) 2 Cycles, (c) 4 Cycles, (d) 6 Cycles, (e) 8 Cycles

()

(c)

specimen fails; d and ¢ are the diameter and thickness of the
specimen, respectively.

4. Results and Discussion

4.1 Evolution of Desiccation Cracks under Wet-Dry
Cycles

Figure 11 presents the photos of a representative red clay
specimen after different wet-dry cycles. It is noted that desiccation
cracks occur and propagate on the upper surface of the specimen
due to wet-dry cycles. The relationship between the crack rate
and the number of wet-dry cycles is plotted in Fig. 12. It shows
that for the specimens having the same initial water content and
dry density, the crack rate monotonically goes up as the number
of wet-dry cycles increases. During the drying process, because
the heating lamp is located above the specimen, the drying rate
on the upper surface of the specimen is faster than that in the
lower part. This makes the specimen “dry on top and wet on the
bottom”, causing a moisture gradient in the specimen. Thus, the
matric suction of the upper part of the specimen is greater than
that of the lower part, which increases the tensile stress in the
upper soil (Lakshmikantha et al., 2012). As a result, desiccation
cracks firstly initiate on the upper surface of the specimen. As the
number of wet-dry cycles increases, the cracks repeatedly experience
a “healing-opening” process, and the existed cracks inside and
on the surface of the specimen continue to expand and produce
new cracks (Tang et al., 2011a), resulting in a gradual increase in
the crack rate. However, the development of desiccation cracks
in these specimens is not so significant as that in pure clay slurry
(Tang et al., 2011b; Wei et al., 2016). One reason is that the red
clay contained many sand grains (Fig. 1), which can reduce the
gradients of water content and matric suction in the soil profile
during the drying process.

At a given number of wet-dry cycles, the crack rate of the
specimen is negatively correlated with the initial water content,
and the specimen with an initial water content of 2% has the

(d)

(¢)
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largest crack rate. The development of cracks is closely related to
the initial defects inside the clay specimen (Costa et al., 2013).
Generally, the specimen compacted at a smaller initial water
content possesses more initial defects. As a result, the soil
structure is more likely to be destroyed and produces more
tensile cracks under the action of wet-dry cycles.

Figure 12(a) shows that the slope of the crack rate reduces
gradually after six wet-dry cycles when the initial water content
is larger than the optimum water content (15.5%). This indicates
that the desiccation cracks are less affected by the wet-dry cycles
when the specimen has a higher initial water content. The
research of Tang et al. (2011a) showed that the influence of wet-
dry cycles on soil cracking behavior is related to the soil properties
and initial state. When the initial water content is less than the
optimum water content, the water in the soil is mainly strongly
bound water. In this case, the double-layer force is strong, which
prevents soil particles from moving in the wetting process. As a
result, the crack healing is poor, and the development of cracks is
great in a wet-dry cycle. As the number of wet-dry cycles
increases, the existing cracks expand rapidly and more new

207 p=1.78 glem®

—a—=2%
—e—u=15%
1.54 —&—w=10%
—r—w=15%
——w=17%

w=19%

Crack rate (%)
P

0.5 4

Number of wet-dry cycles
(a)

cracks are created. By contrast, when the initial water content is
greater than the optimum water content, the pores in the soil are
filled with free water, and the free water acts as lubrication
between soil particles. Thus, the cracks show a good healing
effect, and the development of cracks is poor in a wet-dry cycle.
As the increase in the number of wet-dry cycles, the crack rate
grows slowly. And because of the high initial water content, there
are fewer defects in the specimen and the specimen has a stronger
ability to restrain the development of cracks. In this situation, the
increase in crack rate tends to slow down after several cycles.

At a given initial water content, a smaller initial dry density
often leads to a greater crack rate of the specimen under wet-dry
cycles (Fig. 12(b)). The crack rate reaches the smallest when the
specimen is prepared at the maximum dry density. This is
because when the initial dry density is small, the soil particles are
loosely arranged. Also, the soil porosity is high, and the water is
easy to migrate in the soil. Hence, the cracks develop faster, and
more new cracks occur during cyclic wetting-drying. When the
initial dry density is large, the soil particles are in close contact
with each other, so the porosity of the soil is small (Gao et al.,

T w=15.5%

—s—p=1.50 g/em®
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—a—p = 1.70 g/em®
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Fig. 12. Relationship between the Number of Wet-Dry Cycles and the Crack Rate: (a) At py = 1.78 g/lem?, (b) Atw = 15.5%
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Fig. 13. Tensile Strength and Electrical Conductivity of Intact Specimens Affected by: (a) Initial Water Content, (b) Initial Dry Density
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Fig. 14. Mechanism Underlying the Electrical Conductivity Change: (a) Influence of Water Content, (b) Influence of Dry Density

2020). The bonding force between soil particles has a greater
inhibitory effect on the development of cracks during the wet-dry
cycles. Consequently, the crack rate of the specimen is small. Thus,
in addition to the presence of sand grains, another reason why the
crack rate of red clay is relatively small is that the specimens used in
this study were prepared at large dry densities (Table 3).

4.2 Influences of Initial Water Content and Dry Density
on Tensile Strength
Figure 13 shows the electrical conductivity, tensile strength, and
splitting strength of intact red clay specimens without suffering
from wet-dry cycles. In other words, these properties were measured
on wet specimens with water contents between 2% and 19%
(Table 3). It is observed that the initial water content and dry
density have a great influence on the electrical conductivity of the
soil, which is in line with the results of Oh et al. (2014). Generally,
the electrical conductivity monotonically increases with the
increase in initial water content and dry density. And the electrical
conductivity of the specimen is more sensitive to the initial water
content than the initial dry density. However, it seems that the
electrical conductivity of the red clay specimen is not necessarily
related to the tensile strength. Previous studies indicated that
there are three types of current flow pathways that contribute to
the electrical conductivity of a soil: 1) a liquid phase pathway, 2)
a solid-liquid phase pathway, and 3) a solid pathway (Corwin
and Lesch, 2005). Among these pathways, the liquid phase
containing impurity ions is the main pathway of current flow in
the soil (Fig. 14). As an increase in water content or dry density, the
three-phase structure of the soil changes, leading to a significant

increase in the number of liquid phase pathways or solid pathways.
Consequently, the electrical conductivity of the soil increases.

Figure 13 also shows that both the tensile strength and splitting
strength of red clay are negatively correlated with the initial
water content, which is consistent with the results of Stirling et
al. (2015). An increase in water content leads to reductions in
capillary force between soil particles and the matric suction of
the soil. Hence, the integrity of the soil is weakened, and the
tensile strength and splitting strength are reduced. In addition, the
tensile strength and splitting strength are positively correlated
with the initial dry density. Similar results were obtained by
many researchers such as Tollenaar et al. (2017a) and Tang et al.
(2014). An increase in dry density leads to a decrease in the
volume of pores in the soil and thus causing the soil particles to
be tightly contacted. As a result, the electrostatic forces and
intermolecular forces between soil particles increase, which is
characterized by increases in tensile strength and splitting strength at
the macroscopic level. However, the tensile strength of red clay
is relatively less than that of pure clay such as kaolinite due to the
presence of sand grains (Lu et al., 2007). It is observed from Fig.
15 that the tensile strength can be expressed as a function of the
initial water content and initial dry density:

Oi = Uo‘p‘j, > %)
where o, is the tensile strength of intact soil; p, and w are the
initial dry density and initial water content of the specimen,
respectively; oy, n, and m are fitting constants (o, = 3.669, n =
7.691, and m = 0.386 in this study).
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It is found from Fig. 13 that the tensile strength is generally
greater than the splitting strength for the specimens prepared at
the same initial water content and dry density. And the difference
between the two strengths appears to decrease as the initial water
content and dry density increase. The curve in Fig. 16 shows that
the tensile strength is nearly 1.566 times the splitting strength of
the same specimen. The Brazilian split test is an indirect
measurement method of the tensile properties of the soil. The
specimen not only bears tensile stress but also shear stress during
the test, which leads to a faster failure of the specimen and a
smaller strength compared to the direct tensile test.

4.3 Influences of Wet-Dry Cycles and Crack Rate on
Tensile Strength

After cyclic wet-dry tests, all red clay specimens were dried to a

water content of 1 £ 0.5% and showed many desiccation cracks
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on the surfaces. Direct tensile tests were then conducted on these
dried specimens to measure their tensile strengths. Fig. 17
presents the evolution of tensile strength with the increase in
wet-dry cycle number. It shows that the tensile strength of the
specimen generally reduces as the number of wet-dry cycles
increases. The attenuation of tensile strength of the specimen is
often the largest in the first two wet-dry cycles. After six wet-dry
cycles, the tensile strength tends to be stable as the change is less
than 20 kPa. Similar results were obtained by Feng et al. (2020),
who investigated the evolution of tensile strength of a collapsed
soil subjected to dry-wet cycles by uniaxial tensile tests. Feng et
al. (2020) also established a prediction model of the tensile
strength attenuation of the soil as an exponential function of the
number of dry-wet cycles. Since the way of applying dry-wet
cycles may vary in different tests, the number of dry-wet cycles
is actually a qualitative indicator. Hence, the model proposed by
Feng et al. (2020) cannot be directly used to predict the tensile
strength of the soil in this study. Moreover, the tensile strength of
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Fig. 17. Relationship between the Tensile Strengths of Cracked Specimens and the Wet-Dry Cycle Number: (@) At p; = 1.78 glem?®, (b) Atw = 15.5%
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compacted red clay after several wet-dry cycles exhibits first an
increase and then a reduction with increasing initial water content,
which is different from that of the intact specimens. The maximum
tensile strength appears at the optimum water content of 15.5%.
This is reasonable because the specimen has the best internal
structure when it is compacted at the optimum water content. In
addition, the tensile strength increases with the growth of initial
dry density, and the maximum tensile strength occurs at the
maximum dry density.

The reason why the number of wet-dry cycles has an influence
on the tensile strength of compacted red clay is related to the
development of desiccation cracks. Thus, the crack rate is a
direct factor determining the tensile strength of the soil. Fig. 18
shows the relationship between the crack rate and the tensile
strength under the action of wet-dry cycles. It is observed that the
tensile strength of red clay with the same initial condition reduces
with the increase in crack rate. The presence of desiccation cracks
weakens the integrity of the soil fabric and the bonding between
soil particles, resulting in a decrease in tensile strength.

The tensile strengths are normalized by dividing the measured
tensile strengths at different crack rates by the measured tensile
strength of intact soil with F'= 0%:

O,

==, (6)

Gy,

where (is the normalized tensile strength of cracked soil.

The normalized tensile strengths of the specimens are presented
in Fig. 19. It shows that the tensile strength shows first a fast
attenuation followed by a slow attenuation and finally an
approximation to zero as the crack rate increases. The relationship
between the normalized tensile strength and the crack rate can be
expressed by an exponential function:

g=exp(aF) , @)

where a is a fitting constant.

The form of Eq. (7) is similar to that of the formula proposed
by Feng et al. (2020). However, unlike the dry-wet (or wet-dry)
cycles, the crack rate is a quantitative indicator, so Eq. (7) is more
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practical than the formula of Feng et al. (2020). The coefficient of
determination of Eq. (7) is relatively small when the specimens
have different initial water contents. This suggests that the
attenuation of tensile strength during cyclic wetting-drying is
also affected by the initial water content, which is caused by the
complex nature of the soil. Combining Egs. (6) and (7) yields:

0, = oy~ exp(al). (®)

Thus, the following equation can be obtained by substituting
Eq. (5) into Eq. (8):

n

Pa
o, =0, ol exp(aF’) . )

Equation (9) describes the tensile strength of cracked soil as a
function of the compaction parameters (i.e., p; and w) before
wet-dry cycles and the crack rate (F) after wet-dry cycles. This
equation provides a simple but useful approach to estimate the
tensile strength of red clay. As long as the tensile strength of
intact soil is determined, the tensile strength of cracked soil can
be conveniently calculated by Eq. (9) based on known crack rate.
Notice that the application of Eq. (9) is limited to conditions
similar to that used in this study since it is an empirical equation
obtained by fitting the test results.

5. Conclusions

In this study, the influences of initial water content and initial dry
density on the tensile strength of red clay were examined via
direct tensile tests and Brazilian split tests. The development of
desiccation cracks and the evolution of tensile strength of the soil
were also investigated considering the influence of wet-dry
cycles. On this basis, the relationship between the tensile strength
and the crack rate of red clay was quantified. The following
conclusions can be drawn:

1. Desiccation cracks continuously develop on the surfaces of
red clay specimens under wet-dry cycles. However, when
the initial water content is larger than the optimum water
content, the slope of the crack rate of the specimen tends to
reduce after six wet-dry cycles. This is likely because the
specimens contain fewer initial defects when they are
prepared at a higher water content.

2. The initial water content and initial dry density have significant
effects on the tensile properties of compacted red clay. The
tensile strength is generally 1.566 times the splitting strength,
and both the tensile strength and splitting strength of red
clay are negatively correlated with the initial water content
but are positively correlated with the initial dry density.

3. Because of the presence of desiccation cracks, the tensile
strength of compacted red clay goes on reducing during cyclic
wetting-drying. The tensile strength of red clay can be
expressed by a power function of the initial water content,
initial dry density, and crack rate. This simple equation is
useful to evaluate the tensile strength of cracked soils with
different initial compaction parameters under wet-dry cycles.
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