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Embankment soil affected by saline can not only cause roadbed settlement, frosting, and road cracks but also cause corrosion and
cracking of roadbed pipelines, which seriously affects the stability of the road.Water evaporation and dry cracking of the saline soil
mainly cause soil swelling, poor water stability, and corrosive characteristics of the embankment soil. In this study, the evaporative
cracking characteristics of soil with different saline concentrations were investigated..e results showed that the moisture content
decreased linearly with the drying time in the early evaporation process, subsequently decreased slow down in the mid-term
evaporation, and finally become got and remain a residual moisture content, which are 46.39%, 44.05%, 42.70%, and 40.27% with
the increase of the saline concentration..e evaporation process with different saline concentrations in the soil can be divided into
three stages: uniform evaporation stage, slow down evaporation stage, and equilibrium evaporation stage, which was consistent
with the moisture content change. With the development of the drying time, the cracks gradually appeared on the soil surface,
gradually deepened in the soil, and expanded the crack network. .e development of cracks can be divided into three stages: the
cracking preparation stage, the crack development stage, and the crack stable stage. .e cracking began at high evaporation rate
under high saline concentration, and the fractal dimension remained stable under similar saline concentration. .e fractal
dimension was gradually increased with the decrease of the moisture content and the increase of the saline concentration,
respectively. .e soil began to crack with larger moisture under high saline concentration. .e drying cracks in the nature were
consistent with the configuration of the cracks formed in the experimental results.

1. Introduction

Saline soil is widely distributed in China and the world,
which seriously harms the industry, agriculture, and in-
frastructure [1]. .e chemical state of the saline soil is
changed under the unique arid and semiarid climatic
conditions, which can seriously affect the water evaporation
and drying and cracking characteristics of the soil [2]. .e
saline soil showed the characteristics of expansion, poor
water stability, and corrosiveness of the soil, which can cause
salt expansion, settlement, and muddying of the roadbed [3].
Also, road reflection cracks can cause corrosion and
cracking of roadbed pipelines, which seriously affects the
stability of the road.

.e embankment filled with high liquid limit or ex-
pansive soil tends to have a high natural moisture content
due to the large plasticity of the soil. Water loss, volume
shrinkage, and deformation of the saline soil appeared under
the condition of high temperature exposure [4]. .e surface
water loss rate was much faster than the inner water loss rate
in the compacted embankment. .e uneven water loss leads
to uneven soil shrinkage, which causes the horizontal net-
work cracks on the surface of the embankment soil [5, 6].
.e cracks will widen and deepen as the exposure time
increases and even will run through the whole layer.

Roadbed soil cracking is a common disease in road
engineering, especially the high-filled roadbed with saline
soil, causing uneven settlement of the roadbed and causing
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cracking. .e high groundwater level and salinity degree
may produce secondary salinization of the subgrade soil
under the action of capillary water in winter and transpi-
ration in summer [7]. .e dynamic groundwater can in-
tensify the increase of the soil moisture and salt content,
which provide water and salt replenishment for the salt
heave and frost heave of the highway [8]. Additionally, the
large temperature fluctuation process, especially the cooling
process, provides temperature conditions for salt expansion
and also provides sufficient temperature stress for the
moisture in the roadbed soil to move it to the top of the
roadbed, thereby causing roadbed salt cracking [9, 10].

.e saline soil is mainly sulfate and chloride salt, which
are the main reasons for the failure and destruction of
roadbeds. Soil shrinkage and cracking is a complex process,
which is affected by various factors and has an important
impact on the properties of the soil and causes various
engineering problems [11]. Soil cracking reduces the bearing
capacity of the soil and increases the compressibility of the
soil, which leads to the cracking and destruction of the
embankment soil and roadbed [12, 13]. Cracks can also
increase the permeability of the soil, adversely affecting the
flow of groundwater, which eventually causes damage of the
roadbed and embankment soil [14]. .e embankment soil
cracking circulates with the seasons and the humidity of the
environment and is directly related to temperature [15].
.ese kinds of damage start from the side of the road and
gradually develop toward the center of the road, which
mainly formed the cracks and bulges with intertwined
characteristics [16]. Meanwhile, the development of longi-
tudinal cracks in the road surface is more obvious than the
horizontal cracks and will eventually connect with each
other to form a network [17].

At present, soil cracking and evaporation are quanti-
tively analyzed using the correlation analysis, image process,
and other chemical and biological methods [18–21]. .e
cracking mechanism was also investigated according to the
crack behavior, crack initiation, and development [22].
Furthermore, the measures for controlling the soil cracking
were comprehensively studied, such as adding the fiber and
biochar into the soil to reinforce and improve the saline soil
[23, 24].

However, the cracking and evaporation characteristics of
embankment saline soil were barely considered in road
engineering, especially the quantitative analysis of the crack
development in the laboratory tests. In this study, the
evaporation process and characteristics, cracking develop-
ment, and influencing factors of the embankment saline soil
were comprehensively investigated in different saline con-
centrations based on the experimental process and fractal
theory. .e moisture content, evaporation rate, and fractal
dimension of the cracks were adopted to characterize the
saline soil properties which are related to the embankment
stability.

2. Materials and Methods

2.1. Materials. In this study, the laboratory experiments
were adopted to investigate the cracking features of saline-

alkali soil. .e soil used in the experiment was collected at a
depth of 0.5m∼1.0m in weak saline-alkaline groundwater
environment, which was taken from Hailar Street, Hohhot,
Inner Mongolia, China. Hohhot has a typical Mongolian
plateau continental climate, with significant seasonal climate
change, large annual temperature difference and large daily
temperature difference, and sufficient sunshine. .e annual
average precipitation is 335.2∼534.6mm, mainly in July and
August.

.e soil samples were dried and crushed outdoors before
they were screened through a 2mm sieve to remove large
particles..en, they were stored in sealed buckets for testing.
.e physical and mechanical properties of soil are listed in
Table 1. Sodium sulfate (Na2SO4) with an initial mass
fraction of 38% was added to the soil to simulate the impact
of saline-alkali pollution.

2.2. Experimental Process. Distilled water was added into the
soil first and stirred well and evenly. After that, Na2SO4 was
added into the soil sample to prepare the saturated mud with
an initial moisture content of 100%. .e saline-alkali con-
centration was set as 0, 0.12, 0.24, and 0.36mol/L, separately.
.e soil samples were placed in a sealed round glass con-
tainer with a size ofΦ19.5 cm× 5 cm..en, they were stored
in a container with the constant temperature and humidity
for 10 days to provide enough time for the saline-alkali to
react with the soil and produce uniform sample. .e soil
sample is shown in Figure 1. A total of 4 groups of samples
were prepared for testing with different saline-alkali con-
centrations, and 3 soil samples in each group were tested in
parallel. .e experimental parameters are listed in Table 2.

.e samples were placed in a constant temperature
drying room together with the electronic balance and dried
at the temperature of 25°C and a relative humidity of 60%.
.e weight change was recorded every 3 hours by a com-
puter during the drying process. .e evaporation rate and
moisture content of the sample were calculated to analyze
the evaporation features. .e definition of the evaporation is
as follows [25]:

Ea �
Δm
S · T

, (1)

whereΔm was the weight change of the soil, which is equal to
the weight of the evaporated water, S is the surface area of the
soil sample, and T is the evaporation time.

2.3. Image Processing of Cracks in the Samples. A digital
camera was used to record the cracking development of the
soil sample during the drying process. .e recorded images
were firstly processed to eliminate digital noise and inter-
ference to highlight the cracks using the median filter
method to improve the image quality, which can be well used
to quantitively analyze the crack features in the soil samples.
.e color image was converted to the grayscale image which
can efficiently extract the crack information. Grayscale is
usually divided into 256 grayscale shades, represented by
numbers between 0 and 255. .e darkest and brightest
grayscales were represented by the numbers 0 and 255,
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respectively. .e gradient from black to white is represented
by the remaining numbers from 1 to 254. With grayscale,
only one number is used to represent the color of each pixel.

.e threshold segmentationmethod was used to binarize
the image to further distinguish the cracks from other parts
of the soil surface according to the gray threshold difference
between the target object (a crack in this case) and the object
background (uncracked soil surface). .e image was con-
sidered as a combination of different gray levels in the target
and the background..e target object indicates that the gray
value of a pixel exceeds the threshold; otherwise, it belongs to
the background.

In this study, the fractal dimension, which is a pa-
rameter used to quantitively characterize the irregu-
larity of the system, was used to quantitively
characterize the development of the cracks on the soil
surface. Of which, similar dimension is a parameter used
to characterize the fractal feature of the rock and soil
mass and geological structures. Suppose that whole S is
composed of N small individuals. .ese small individ-
uals are denoted as Si (i � 1, 2,...,N). If the small indi-
viduals are magnified by 1/ri times, they can be
congruent with the whole (0 < ri < 1), and the similarity
dimension is expressed as follows [26]:

DS �
lnN

ln (1/r)
. (2)

3. Experimental Results

3.1. Evaporation Process of the Saline-Alkali Soil. .e evap-
oration of soil moisture is the process by which water enters
the atmosphere from the soil surface, resulting in a decrease
in the moisture content of the soil surface and gradual
drying, leading to soil cracking, settlement deformation, soil
salinization, and desertification. Especially for the em-
bankment soil, evaporation and moisture content not only
affect the cracking and deformation of the foundation but
also lead to the cracking and subsidence of the pavement.
.e characteristics of the moisture content varying with the
drying time are shown in Figure 2. .e moisture content
decreased with the drying time. During the first 120 h drying
time, themoisture content decreased linearly with the drying
time, and with the increase of the saline concentration, the
moisture content of the soil was decreased to 65.39%,
62.75%, 61.94%, and 61.19%, respectively. It decreased slow
down and presented the curve reduction during the drying
time from 120 h to 225 h, and the moisture content was

Table 1: Physical and mechanical properties of soil.

Density
(g·cm−3)

Liquid limit
(%)

Plastic limit
(%)

Plastic
index

Cohesion
(kPa)

Internal friction
angle (°)

Compressibility coefficient
(MPa−1)

Compressibility
modulus (MPa)

1.68 66.26 38.68 30.42 58.13 22.15 0.267 10.116

Figure 1: Soil sample.

Table 2: Experimental parameters.

Soil group Saline-alkali concentration (mol·L−1) Number of samples .ickness of soil samples (mm)
1 0 3 5
2 0.12 3 5
3 0.24 3 5
4 0.36 3 5
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decreased to 46.57%, 44.58%, 43.07%, and 40.47%, respec-
tively, with the increase of the saline concentration. After
225 h of the drying time, the moisture content of the soil
gradually becomes steady and remain a value of 46.39%,
44.05%, 42.70%, and 40.27%, under the saline concentration
of 0, 0.12, 0.24, and 0.36 mol/L, respectively. Moreover, the
decrease trend of the moisture content gradually increases
with the increase of the saline concentration, which indi-
cated that saline may intensify water loss of the soil.

.e evaporation was affected not only by the climate and
the moisture content but also by the nature of the soil.
During the drying time, the evaporation process with dif-
ferent saline concentrations in the soil can be divided into
three stages: uniform evaporation stage, slow down evap-
oration stage, and equilibrium evaporation stage, as shown
in Figure 2.

.e initial soil sample was in a saturated state under the
constant humidity and temperature conditions, which was
characterized by uniform evaporation. .e capillary water
can completely supplement the water reduced by evapo-
ration on the soil surface, which indicates that the evap-
oration force was greater than or close to the molecular
force of water on the soil surface. .e evaporation rate was
steady in the first 120 h drying time which is consistent with
the moisture content change. .is indicates that the
evaporation in this stage was controlled by the environ-
mental conditions such as humidity and temperature. .e
average evaporation rate at this stage was about 0.86, 0.93,
0.95, and 0.95 g/(cm2·3 h), respectively, under the saline
concentrations of 0, 0.12, 0.24, and 0.36mol/L. .e
evaporation rate decreases with the increase of time, and
the soil moisture content continues to decrease with the
increase of saline concentration. Due to the low moisture
content, the penetration rate of the deep water to the
surface of the sample was far behind the loss rate of the
surface water molecules, and the water flow from the

bottom to the surface of the sample was not enough to
maintain a constant evaporation rate, which resulting the
decrease of the evaporation rate.

When the moisture content dropped to a certain level,
the evaporation began to slow down. Also, with the increase
of the saline concentration, the duration of the slow down
stage gradually decreased. During the drying time from
120 h to 240 h, the average evaporation rate was decreased to
0.45, 0.45, 0.46, and 0.53 g/(cm2·3 h) with the increase of the
saline concentration. Also, until 240 h of the drying time, the
soil stopped evaporating, which was consistent with the
change of the moisture content. .ese indicate that the soil
moisture content gradually became a factor controlling the
evaporation rate, while the effect of environmental condi-
tions gradually weakens in the slow down stage. .is stage
will continue until the soil surface dries out.

When the moisture content drops below the ambient
humidity, the evaporation and water absorption process was
slowly balanced, showing the characteristics of slow equi-
librium evaporation. .e surface and inside of the soil are so
dry that there is no or not enough water in the soil that can
be transported to the surface, which leads to the termination
of surface evaporation. .e water in the soil evaporates and
escapes through the dry surface throughmolecular diffusion.
.e water evaporation rate was very slow and mainly
controlled by the soil moisture content below the surface and
the soil water vapor pressure gradient. At this stage, the soil
surface moisture content was equal to the residual moisture
content, and the evaporation rate was 0. Also, the saline
concentration has no significant effect on the evaporation
rate.

3.2. Cracking Characteristics of the Soil under Different Saline
Concentrations. .e soil in nature consists of liquid, solid,
and gas phases, which is a three-phase structure. .e pores
are filled with liquid water under the saturated state. Due to
evaporation and water loss process, the liquid phase and the
moisture content gradually decrease and then lead to the
cracking on the soil surface. .e developed cracks may
become the preferential path for water migration and in-
crease the permeability of the soil, resulting in a decrease in
the mechanical strength of the soil and reducing the stability
of the road subgrade. Figure 3 shows the cracks on the soil.
With the development of the drying time, the cracks
gradually appeared on the soil surface, gradually deepened in
the soil, and expanded the crack network.

.e effect of saline concentration on the degree of
fracture development is significantly different. During the
drying process, the decrease of the moisture content causes
suction reduction and volume shrinkage of the soil body,
which destroyed the skeleton structure and generates tensile
stress due to the unevenness of the internal water loss and
shrinkage of the soil body. .e cracks will appear when the
tensile stress exceeds the tensile strength of the soil. .e
fractal dimension can quantitatively characterize the degree
of crack development. As shown in Figure 4, the cracks could
not form during early drying which indicated that the fractal
dimension was 0. Also, with the increase of the saline
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Figure 2: Moisture content and evaporation rate varying with
drying time under different saline concentrations.
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concentration, the cracking time was lagging. During the
drying time of 100 h and 220 h, the fractal dimension
gradually increased, and the higher the saline concentration,
the longer the cracking time. After the drying time of 220 h,
the fractal dimension remained unchanged as the cracks no
longer developed. With the increase of the saline concen-
tration, the final fractal dimension was gradually increased.
According to the cracking characteristics, the development
of cracks can be divided into three stages: the cracking
preparation stage, the crack development stage, and the
crack stable stage. With the increase of the saline concen-
tration, the time for cracks to occur gradually decreases, and
the time for cracks to develop gradually increases.

With the decrease of the moisture content, the tensile
stress gradually increased and accumulated energy to crack
readily. With the development of drying time, the cracks
firstly appeared on the soil surface. Due to the suction in the
soil, the adjacent cracks were connected and formed the
main crack in the soil. .e new cracks began to branch out

from the main cracks, forming secondary cracks during the
development stage. .e branch cracks further developed in
the large-area block formed by the secondary cracks, thereby
forming a complete secondary crack network. During the
stable phase of the development of the crack network, no
new cracks appear on the soil surface even if the evaporation
continues. As the drying continued, the existing cracks
gradually expanded until they eventually stabilized. .e
surface crack network basically has no change in the surface
crack network morphology, but the cracks widen and
deepen.

4. Discussion

4.1. Relationships between the Fractal Dimension and Mois-
ture Content and Evaporation Rate. Figure 5(a) shows the
fractal dimension varying with the moisture content
under different saline concentrations. With the decrease
of the moisture content, the fractal dimension gradually

Figure 3: Cracks on the soil surface.
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Figure 4: Fractal dimension varying with drying time under different drying times.
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increased. Also, the fractal dimension increased with the
increase of the saline concentration, which indicated
that the saline can promote the development of the
cracks. .e higher the evaporation rate was, the faster
the fractal dimension developed, as shown in
Figure 5(b). With the decrease of the evaporation rate,
the fractal dimension was gradually stable. .e cracking
began at high evaporation rate under high saline con-
centration, and the fractal dimension remained stable
under similar saline concentration, which indicated that
the evaporation rate has little effect on the cracking
during the stable stage.

4.2. Effect of Saline on the Moisture Content and Cracking
Time. Figure 6 shows that the cracking moisture content
and the cracking time increased with the saline concen-
tration, while the residual moisture content decreased. .e
cracking moisture content was 58.16%, 61.8%, 62.9%, and
64.01%, respectively, under the saline concentrations of 0,
0.12, 0.24, and 0.36mol/L, while the residual moisture
content was 46.39%, 44.05%, 42.70%, and 40.27%, respec-
tively. Results indicated that the saline reacted with the soil
which reduced the hydrophilic properties and adsorbability
of the soil, resulting in lower residual moisture content and
longer cracking time. With the increase of the cracking time,
the cementation between soil particles reduced which in turn
promoted the development of cracks..e soil began to crack
with the larger moisture under high saline concentration
which indicated that saline can reduce the tensile strength of
the soil and weaken the stability of the structure of the soil
[27].

4.3. Effect of Saline on the Cracking Degree and Evaporation
Rate. Figure 7 shows that maximum fractal dimension and
the average evaporation rate increased with the increase of
the saline concentration. During the crack stable stage, the
maximum fractal dimension was 1.65, 1.7, 1.71, and 1.81,
respectively, with the increase of the saline concentration,
which indicated that the saline may aggravate the devel-
opment of cracks and finally affect the stability of em-
bankment soil. .e saline in the soil may induce the
disintegration of the soil aggregate structure which provided
the space and channel for the water evaporation and lead to
the high evaporation rate.
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.e drying cracks were common in nature, as shown in
Figure 8(a), which was consistent with the configuration of
the cracks formed in the experimental results. .e crack
network was complicated and difficult to characterize, which
was suitable for quantization of fractal dimension. In
practical engineering processes, tree planting management
was commonly used to control the crack development
(Figure 8(b)), as the plant roots can effectively keep moisture
from losing and reinforce the soil structure.

In the further study, the mechanical and microstructure
mechanism of the saline soil affecting the cracking and
evaporation characteristics should be addressed.

5. Conclusions

.e saline in the soil significantly changed the evaporation
characteristics of the soil and the development of dry cracks.
.emoisture content decreased linearly with the drying time
in the early evaporation process, subsequently decreased
slow down in the mid-term evaporation, and finally got
steady and remain a value of 46.39%, 44.05%, 42.70%, and
40.27% with the increase of the saline concentration. .e

evaporation process with different saline concentrations in
the soil can be divided into three stages: uniform evaporation
stage, slow down evaporation stage, and equilibrium
evaporation stage, which was consistent with the moisture
content change. .e evaporation rate was steady in the first
120 h drying time, then gradually slowed down when the
moisture content dropped to a certain level, and finally
stopped evaporating until the soil surface dried out when the
moisture content dropped below the ambient humidity. .e
evaporation and water absorption processes were slowly
balanced, showing the characteristics of slow equilibrium
evaporation.

With the development of the drying time, the cracks
gradually appeared on the soil surface, gradually deepened in
the soil, and expanded the crack network. With the increase
of the saline concentration, the final fractal dimension was
gradually increased. .e development of cracks can be di-
vided into three stages: the cracking preparation stage, the
crack development stage, and the crack stable stage.With the
increase of the saline concentration, the time for cracks to
occur gradually decreases, and the time for cracks to develop
gradually increases. .e fractal dimension was gradually
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Figure 8: Drying cracks in the nature and the corresponding control measures. (a) Drying cracks in the nature. (b) Control measures for the
cracks by tree planting.

Advances in Civil Engineering 7



increased with the decrease of the moisture content and the
increase of the saline concentration, respectively. .e
cracking began at high evaporation rate under high saline
concentration, and the fractal dimension remained stable
under similar saline concentration. .e cracking moisture
content was 58.16%, 61.8%, 62.9%, and 64.01%, respectively,
under the saline concentrations of 0, 0.12, 0.24, and
0.36mol/L. .e soil began to crack with the larger moisture
under high saline concentration. .e drying cracks in the
nature were consistent with the configuration of the cracks
formed in the experimental results. Also, tree planting
management was commonly used to control the crack de-
velopment in practical engineering processes.
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