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It is commonly accepted that wetting–drying cycles have an effect on the soil strength
behavior. Crack development in soil is observed by many engineers during wetting–drying
cycles, which may give a good explanation for the change in soil strength. A series of
laboratory tests were conducted in this study to investigate the desiccation crack
development and the strength change law for silty clay subjected to different numbers
of wetting–drying cycles. The results show that the desiccation cracks at the end of drying
process developed in two stages: the stage of rapid growth and the stage of steady state.
The change law of soil strength is similar to the cracking that decreases quickly in the
former stage and slowly in the latter stage, which indicates that the cracking in the soil is the
main reason for strength reduction. Based on the assumption of an isotropic and linear
elastic soil mass at rest earth pressure conditions, an equation for the depth of desiccation
cracking after different numbers of wetting–drying cycles was obtained with soil mechanics
for unsaturated soils. Finally, the applicability of the equation was verified compared with
the experiment results.
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INTRODUCTION

Wetting–drying cycles are common in nature (Gao et al., 2019; Gao et al., 2020; Gao et al., 2021;
Martin et al., 2021). The water content of soil changes during the process of repeated fluctuation of
the groundwater level, which leads to the generation of wetting–drying cycles (Kilsby et al., 2009; Shi
et al., 2014a). Influenced by wetting–drying cycles, the soil strength behavior will change, which may
have negative effects on the safety of structures such as the underground storage (Shi et al., 2014b; Liu
et al., 2018, Liu et al., 2020, Liu and Gao, 2020). It is reported that some structures were damaged by
such cycles (Mshana et al., 1993; Leroueil, 2001; Chen et al., 2017; Chen et al., 2020). Therefore, it is
significant to investigate the effect of wetting–drying cycles on the soil strength behavior.

Over the past decades, a number of experiments have been conducted to research the relationship
between the soil strength behavior and wetting–drying cycles. The shear strength of clay affected by
wetting–drying cycles was investigated by Rajiaram and Erbach et al. (1999) in the laboratory. The
results showed that the soil strength of clay changes significantly with the wetting–drying cycles. In
addition to clay, wetting–drying cycles have a negative effect on the strength of other kinds of soil.
Goh et al. (2014) conducted a series of consolidated drained triaxial tests by using three different
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sand–kaolin mixtures which experienced multiple cycles of
wetting–drying. The test results indicated that the samples on
the wetting paths have lower shear strengths than those on the
drying paths. In addition, to ascertain the performance of silty
clay in pavement applications, Kampala et al. (2014) studied the
durability of the calcium carbide residue and fly ash-stabilized
silty clay against wetting–drying cycles. In general, soil strength
will decrease when affected by wetting–drying cycles. It is because
the soil structure is damaged during the cycles (Pires et al., 2007;
Pires et al., 2008; Aldaood et al., 2014; Fan et al., 2019; Fan et al.,
2020).

The desiccation cracks break the structure and integrality of
soil and further reduce its strength during wetting–drying cycles
(Shi et al., 2014a; Cao et al., 2016). The dynamic development of
desiccation cracks in the expansive soil during wetting–drying
cycles have been tested by Li et al. (2009), Li and Zhang et al.
(2010), Li and Zhang et al. (2011), and Cao et al. (2016). The
results showed that desiccation cracks developed in three stages:
initial, primary, and steady state stages. In the initial stage, few
cracks developed with the gradually decreasing water content.
When the water content reached a critical value for crack
initiation, cracks developed quickly and this was the beginning
of the primary stage. As the water content approached the
shrinkage limit of the soil, cracks developed slowly and
reached a steady state. The cracks were found to be repeatable
during three cycles of wetting–drying (Bronswijk, 1991; Kodikara
and Choi, 2006). Yessiler et al. (2000) and Rayhani et al. (2008)
investigated the surficial dimensions of cracks using the crack
intensity factor, that is, the ratio of the surface area of cracks to the
total surface area of the soil, in three compacted liner samples
during wetting–drying cycles. Large amounts of cracking
appeared in specimens with high fines content, and less
cracking in soil with low fines content. The rules of crack
development during wetting–drying cycles have been reported
in the previous literature (Jiang et al., 2016; Liu et al., 2016;
Lagroix and Guyodo, 2017; Kang et al., 2021). However, the
mechanism behind the desiccation crack development during
wetting–drying cycles rarely attracted the attention of engineers.

The objective of this study is to establish a mechanical model
of the desiccation crack development, thereby to further explain
the decrease of soil strength experienced wetting–drying cycles.
The cracking in silty clay at the end of the drying process after
different number of wetting–drying cycles was measured, and
then, the strength of the samples was investigated with a series of
consolidated undrain (CU) triaxial tests. Finally, the mechanism
behind the desiccation crack development during wetting–drying
cycles was analyzed.

MATERIALS AND METHODS

Soil
The experiment was performed on undisturbed silty clay. The
silty clay selected in the tests was taken from a slope in the Three
Gorges Reservoir, located in the southwest of China. The
mineralogical composition of the soil was determined by X-ray
diffraction (XRD) using a D8 Advance X-ray diffractometer. The
silty clay contained 28.39% quartz, 23.63% muscovite, 18.15%
albite, 14.08% nontronite, 9.32% microcline, and 6.43%
clinochlore. A series of basic geotechnical tests were performed
to determine the natural density, natural water content, specific
gravity, liquid limits, plastic limit, and void ratio for the soil, in
accordance with the American Standard Test Method (ASTM
Standard D4318-17, 2017). The physical properties of the soil are
shown in Table 1.

Sample Preparation
More than twelve cylindrical samples with 39.1 mm in diameter
and 80 mm in height were prepared by special tools, as shown in
Figure 1.

Wetting–Drying Cycle Test
Soil samples were saturated and dried in a self-made apparatus
including test-bed, saturators, dryers, and sample cylinders, as
shown in Figure 2. Wetting process was to soak the samples in
sample cylinders with the water level exceeding the top of the
samples. It was found that 24 h of soaking was enough to reach
saturation and to minimize entrapped air bubbles in the samples.
The samples were dried by the dryer, which can heat soil to a
temperature of 45°C. After 12.75 h of drying, the weight of the
samples was not reduced.

A wetting–drying cycle consisted of the following processes: 1)
first, the samples were saturated by using the saturators as
described previously; 2) the water inside the saturators was
drained through drainpipes, and the samples were dried by
using the dryer for 12.75 h until their weight reached to a
constant; and 3) finally, the samples were saturated once again.

TABLE 1 | Physical properties of soil.

Soil property Value

Specific gravity, Gs 2.73
Liquid limit, LL (%) 37.06
Plastic limit, PL (%) 20.38
Nature water content, wa (%) 17.12
Void ratio, e 0.773
Dry density, ρd (kg/m3) 1,539

FIGURE 1 | Sample preparation.
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Twelve samples were divided into four groups (groups I, II, III,
and IV) which were subjected to 0, 2, 4, and 8 consecutive
wetting–drying cycles, respectively. There were three samples
in each group.

Consolidated Undrained Triaxial Test
After the wetting–drying tests, a series of consolidated
undrained (CU) triaxial tests were conducted to investigate
the strength behavior of the four groups of samples which
were at the saturated state, as shown in Figure 3. The type of
the apparatus used in the CU triaxial tests was SJ-1A, made in
China (Wang S. et al., 2020; Chen et al., 2021). The three
samples in each group were consolidated for 24 h and then
sheared under confining pressures of 50, 100, and 200 kPa,
respectively. The shear test was performed until the axial
strain ε1 reached 15% or the sample was destroyed
completely (Wang J. et al., 2020; Tang et al., 2021; Wang
et al., 2022).

RESULTS AND ANALYSIS

Crack Development
Figures 4A–D show the development of desiccation cracks on the
soil surface at the end of each drying process. There were few
cracks developed on the surface of the soil before wetting–drying
cycles. After the first drying process, the length and width of the
cracks increased. After the second drying process, the cracks
developed continually, and a broad main crack appeared in the
middle of the specimen surface. Within 3–8 cycles, the number of
cracks did not change, and the width of the cracks developed very
slowly. Therefore, it can be inferred that the desiccation cracks
developed in two stages: the stage of rapid growth and stage of the
steady state, in parallel with the increasing number of
wetting–drying cycles. In the rapid growth stage, cracks
developed quickly after the first and second cycles. As the
cycle number approached more than two, cracks developed
slowly and approached a steady state. Yessiler et al. (2000)
also found that the development of cracks was not significant
after the second wetting–drying cycle.

Stress–Strain Curves
Figures 5A–C illustrate the stress–strain curves for the twelve
specimens in the CU triaxial shear test after different numbers of
wetting–drying cycles. It should be noted that the curves of the
three specimens in the group subjected to zero cycles were all
strain-softening damage models, which is similar to the shearing
behavior of over-consolidated soil (Ou et al., 2019; Wang et al.,
2021a; Wang et al., 2021b). This is due to the fact that the
structure and integrality of the specimens are not damaged before
experiencing the wetting–drying cycles. When the axial strain
approached approximately 7%, the deviator stress reached a peak
value. In contrast, the strain-hardening damage model was
observed for the nine specimens in groups II, III, and IV,
which were subjected to 2, 4, and 8 wetting–drying cycles,
respectively. This could be attributed to the structure and
integrality of the specimens directly influenced by the cracks
which were developed during wetting–drying cycles. Similar test
results were reported by Pires et al. (2007), Pires et al. (2008). The

FIGURE 2 | Self-made test apparatus of wetting–drying cycles.

FIGURE 3 | Apparatus of consolidated undrained triaxial tests.

Frontiers in Earth Science | www.frontiersin.org March 2022 | Volume 10 | Article 8528203

Tu et al. Strength and Cracks of Soil

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


FIGURE 4 | Crack development at the end of each drying process: (A) initial state, (B) after the first drying process, (C) after the second drying process, and (D)
after the eighth drying process.

FIGURE 5 | Stress-strain curves in the triaxial shear test: (A) σ3 = 50 kPa, (B) σ3 = 100 kPa, and (C) σ3 = 200 kPa.
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experimental results show that the peak deviator stress of those
three specimens of the group subjected to eight cycles is similar to
the residual strength of the specimens of the group subjected to
zero cycles, indicating that the soil structure of the group
subjected to eight wetting–drying cycles was completely
damaged.

Peak Deviator Stress
The peak deviator stress of the twelve specimens after different
number of cycles of wetting–drying could be obtained from
Figure 5. When there is an obvious peak point in the stress
strain curves in Figure 6, the peak value is taken as the peak
deviator stress of the sample. However, when there is no obvious
peak value in the curves, the deviator stress when the axial strain
is 15% is taken as the peak deviator stress (ASTM Standard
D7181, 2011). The peak deviator stress of the twelve specimens
after different numbers of wetting–drying cycles was used in the
comparison. Figure 6 presents the curves of the peak deviator
stress and number of cycles. It is noticed that the larger the
confining pressure is, the higher the peak deviator stress will be.
This might be attributed to the bite force among the soil particle
which becomes larger during the shear test with higher confining
pressure. The bite force could contribute to the peak deviator
stress. With an increasing number of wetting–drying cycles, the
peak deviator stress decreases constantly. In detail, it decreases
quickly in the first two cycles and markedly slowly in the
subsequent cycles. The change rule is in line with the crack
development in Figure 4, which indicates that the development of
cracks is the main reason for the decrease of soil strength. The
structure of specimens was terribly damaged in the first two cycles
of wetting–drying by the cracks, and the peak deviator stress
decreased notably accordingly. After two cycles, the cracks
developed slowly, which caused the peak deviator stress to
decrease slowly.

MECHANISM BEHIND THE DESICCATION
CRACK DEVELOPMENT DURING
WETTING–DRYING CYCLES
Generally, cracks mainly develop during the drying process, and
do not develop during the wetting period (Li, 2009; Li and Zhang,
2010; Li and Zhang, 2011; Cao et al., 2016). Prior to discussing the
mechanism behind the desiccation crack development during
wetting–drying cycles, it is of value to discuss the development
during the first drying process. This topic is discussed at rest earth
pressure conditions (at K0 state) as shown in Figure 7. Assume
the underground water level decreases from the ground surface to
somewhere underground of L meters depth, and the soil above
the water level is dried.

FIGURE 6 | Curves of the peak deviator stress and number of
wetting–drying cycles. FIGURE 7 | Model of crack development in soil during the drying

process.

FIGURE 8 | Distribution of the matric suction during the drying process.
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The total vertical stress σv in a leveled soil mass is calculated in
the same way for both saturated and unsaturated soils (Figure 8).
The total vertical stress σv is called the overburden pressure,
which is calculated as follows:

σv � ∫
D

0

ρgdy, (1)

where ρ is the total density of soil, g is the gravitational
acceleration, y is the vertical distance from the ground surface,
and D is the depth of soil under consideration.

For a homogeneous soil mass, the total vertical stress can be
expressed as follows:

σv � ρgD, (2)
Generally, the pore air pressure ua is equal to the atmospheric

pressure. The pore water pressure uw above the groundwater table
can either be estimated or measured. In some cases, the estimate
can be based on hydrostatic conditions.

The horizontal pressure σh at any depth below ground surface
can be written as a ratio of the vertical pressure σv. Each of the
pressures can be referenced to the pore air pressure ua (or the
atmospheric pressure). The coefficient of earth pressure at rest,
K0, can be defined as follows:

K0 � (σh − ua)
(σv − ua), (3)

When ua � 0, K0 � σh/σv, that is, the coefficient of earth
pressure at rest for the saturated soil.

In saturated soil mechanics, the constitutive relations for the
soil structure can be formulated in accordance with the
generalized Hooke’s law using the effective stress variable
(σ − uw). For an isotropic and linearly elastic soil structure,
the constitutive relations in the x, y, and z directions can be
described as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

εx � (σx − uw)
E

− u

E
(σy + σz − 2uw)

εy � (σy − uw)
E

− u

E
(σx + σz − 2uw)

εz � (σz − uw)
E

− u

E
(σx + σy − 2uw)

, (4)

where εx, εy, and εz are the normal strains in x, y and z directions,
respectively; σx, σy, and σz are the total normal stresses in x, y,
and z directions, respectively; and E and u are the modulus of
elasticity and Poisson’s ratio, respectively.

Fredlund et al. (Fredlund, 1976; Fredlund, 1979; Fredlund and
Rahardjo, 1993) introduced the constitutive relations between
saturated and unsaturated soil, using the appropriate stress state
variables. The assumption is made that soil behaves as an
isotropic and linear elastic material. The following constitutive
relations are expressed in terms of stress state variables: (σ − ua)
and (ua − uw). The soil structure constitutive relations associated
with the normal strains ε in the x, y, and z directions are as
follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

εx � (σx − ua)
E

− u

E
(σy + σz − 2ua) + (ua − uw)

H

εy � (σy − ua)
E

− u

E
(σx + σz − 2ua) + (ua − uw)

H

εz � (σz − ua)
E

− u

E
(σx + σy − 2ua) + (ua − uw)

H

, (5)

where H is the modulus of elasticity of the soil structure with
respect to a change in matric suction, (ua − uw). Thus, the stress
σh versus strain εh equation in the horizontal direction for a
homogeneous, isotropic, unsaturated soil is given by the following
equation:

εh � (σh − ua)
E

− u

E
(σv + σh − 2ua) + (ua − uw)

H
, (6)

Eq. 6 applies to both horizontal directions.
For the at rest or K0 condition in intact, homogeneous,

unsaturated soil mass, the strain in the horizontal directions
can be set to zero (i.e., εh � 0). Introducing εh � 0 into (6), the net
horizontal stress can be written in terms of the vertical stress.

(σh − ua) � u

1 − u
(σv − ua) − E

(1 − u)H (ua − uw), (7)

Eq. 7 can be normalized to the net vertical stress, and the
equation takes the form for the coefficient of earth pressure at rest
as follows:

K0 � u

1 − u
− E

(1 − u)H
(ua − uw)
(σv − ua) , (8)

When the matric suction, (ua − uw), goes to zero, Eq. 8 reverts
to the form for a saturated soil (i.e., K0 � u

1−u). When matric
suction is present in the soil, the horizontal stress is reduced. The
reduction is also a function of the depth under consideration. At
the shallow depths of the crack, a relatively small matric suction
will cause the net horizontal stress to be zero and tend to be
negative. If the soil cannot sustain any tensile strain, cracking of
the soil will occur, commencing at the ground surface [22].

The depth of cracking in drying soil can be estimated using the
coefficient of earth pressure at rest. The assumption is made that
the at rest coefficient of earth pressure,K0, is zero at the bottom of
a crack. The above analysis assumes that the soil cannot sustain
any tensile strain prior to failing. The depth of desiccation cracks,
y1, in the soil after the first drying process is taken into
consideration as shown in Figure 8. At the bottom of the
crack, the net horizontal stress is zero (i.e., (σv − ua) � 0).
Accordingly, (7) becomes

(σv − ua)1 � E

uH
(ua − uw)1, (9)

where subscript, 1, represents the crack at the bottom after the
first drying process. The net vertical stress, (σv − ua)1, changes
with the depth of the soil under consideration, as well as the
matric suction, (ua − uw)1.

The assumptions could bemade concerning thematric suction
variation with respect to depth. One typical matric suction profile
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is illustrated in Figure 8, which shows the negative pore water
pressure as a linear function of the distance above the
groundwater table (Fredlund and Rahardjo, 1993). The
variable, fw, is used to permit the pore water pressure to be
represented as a percentage of the hydrostatic profile where a
value greater than 1.0 signifies pore water pressures which are
more negative than the hydrostatic profile. The matric suction
(ua − uw)y at any depth, y, in the soil can be written as

(ua − uw)y � fwρwg(L − y), (10)
where ρw is the density of water and L is the distance from ground
surface to the water table. For a homogeneous soil, the net vertical
stress (σv − ua)y at any depth, y, is written as

(σv − ua)y � ρgy, (11)
Introduce (10) and (11) into (9), the depth of desiccation

crack, y1, after the first drying process is obtained as follows:

y1 � L

1 + uρH
fwρwE

, (12)

Eq. 12 indicates that the depth of a desiccation crack depends
on the matric suction and the elastic parameters of the soil.

Through the cracking test results of Li et al. (2009), Li and
Zhang et al. (2010), Li and Zhang et al. (2011), Ahmadi et al.
(2012), Cao et al. (2016), and this study, it is found that the cracks
cannot be recovered once they occur. After a wetting–drying
cycle, the cracks will change the distribution of matric suction in
the next drying process.

The soil at the cracks was exposed to the air, and thus, it can be
considered that thematric suction in the depth of cracks equals to the
matric suction on the ground surface (i.e., (ua − uw) � fwρwgL),
while the matric suction under the bottom of cracks distributes
linearly with the soil depth, as shown in Figure 8. Then the matric
suction of the soil at any depth, y, is given as follows:

(ua − uw)y �
⎧⎪⎪⎨⎪⎪⎩

fwρwgL, 0≤y≤y1

fwρwgL
L − y

L − y1
, y1 ≤y≤ L

, (13)

For a homogeneous soil, the net vertical stress at any depth, y,
is written as Eq. 11. Substituting (11) and (13) into (9) gives an
equation for the depth of cracking, y2, at the end of drying
process after the second wetting–drying cycle as follows:

y2 � L

1 + uρH
fwρwE

(1 − y1
L ), (14)

where 0＜y1＜L indicates 0＜(1 − y1

L )＜1. Compare (14) with
(12), and it can be known that y1＜y2, suggesting that the crack
development is deeper after the second wetting–drying cycle.
Similarly, the crack depth, yn, at the end of drying after “n” cycles
of wetting–drying can be expressed as follows:

yn � L

1 + uρH
fwρwE

(1 − yn−1
L ), (15)

An equation for the depth of cracking, yn, can be deduced
from (12) and (15):

yn � L
( uρH
fwρwE

)n

− 1

( uρH
fwρwE

)n+1
− 1

, (16)

To illustrate the form of Eq. 16, the assumption is made that the
total density of the soil is 1886 kg/m3 and the matric suction profile is
equivalent to hydrostatic conditions. Lau et al. (1987) showed thatE/H
ratios are typically in the range of 0.15–0.20 for initially saturated clay.

For an E/H ratio of 0.18 and a Poisson’s ratio of 0.35 of the soil,
the anticipated depth of cracking at the end of drying process
after “n” cycles of wetting–drying is shown in Figure 9.

Figure 9 shows that the cracks develop quickly during the first
wetting–drying cycle, then slow down with the increasing number
of wetting–drying cycles, and finally approach a constant value.
Moreover, the cracks occur mainly during the first two
wetting–drying cycles, which is in line with the test results of
this article, Cao et al. (2016), and Ahmadi et al. (2012). Generally,
fw is related to the clay mineral content in the soil. fw increases
with an increase in the clay mineral content, and accordingly, the
crack becomes deeper. Thus, it is easy to explain why the cracks of
silty clay in this study are smaller than that of expansive soil used in
the experiment by Cao et al. (2016). To be specific, the clay mineral
content of silty clay is smaller than that of the expansive soil.
Hence, the law of crack development keeps accordance with the
test results in this study. This indicates that Eq. 16 can be used to
describe the crack development at the end of drying processes after
different numbers of wetting–drying cycles.

CONCLUSION

In this study, a series of wetting–drying cycle tests and CU triaxial
tests were first conducted to investigate the strength behavior and
desiccation crack development of silty clay subjected to

FIGURE 9 | Variations of yn/L with the number of wetting–drying cycles.
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wetting–drying cycles. The results showed that the desiccation cracks
developed rapidly in the first two cycles but slowly after two cycles,
with the increasing number of wetting–drying cycles. The structure
of silty clay was damaged by wetting–drying cycles. The peak
deviator stress decreased quickly in the first two cycles and
markedly slowly in the subsequent cycles, which is consistent
with the development law of desiccation cracks. The main reason
for the decrease of soil strength is the development of desiccation
cracks. A new mechanics model of the desiccation crack
development after different numbers of wetting–drying cycles was
established with soil mechanics for unsaturated soils. In order to
verify the applicability of the new model, charts with regard to the
depth of desiccation cracking based on the equation were developed.
Finally, the mechanism behind the desiccation crack development
during wetting–drying cycles was analyzed.
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