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Abstract: In recent years, the irregular cracks formed during the damage evolution of civil engineering
materials have been able to be quantitatively described by using fractals. In this study, the fractal
characteristics of the desiccation cracking of soil were investigated under different substrate contact
and permeability conditions through a natural drying test in the laboratory. Three kinds of base
contact conditions of soil, namely, grease, geomembrane, and geotextile, were designed, and two
samples for each contact condition, including one parallel sample, were used. The continuous
drying experiment was carried out at a constant ambient temperature. The crack morphology under
different spacings was analyzed quantitatively using digital image processing technology. The fractal
dimensions of three soil substrate contact conditions (grease, geomembranes, and geotextiles) were
between 1.238 and 1.93. When the crack network on the soil surface stops developing, the fractal
dimensions under the three experimental conditions are 1.88, 1.93 and 1.79, respectively. In the final
state of crack development, the crack intensity factor of the sample with grease at the bottom is
2.99% and 4.02% higher than that of the sample with geomembranes and geotextiles at the bottom,
respectively. The residual water contents of the samples with bottom contact conditions of grease,
geomembrane, and geotextile increase successively, which are 3.12%, 5.76% and 9.71%, respectively.
The effects of interface friction and permeability on soil cracking behavior are analyzed, and the
evolution characteristics and formation mechanisms of cracks in soil are revealed.

Keywords: fractal characteristics; desiccation cracking; geotextile materials; soil surface

1. Introduction

Fracture media have good fractal characteristics. The fractal dimension of the fracture
body, surface fractal dimension, and axis fractal dimension can greatly reduce the complex-
ity and dispersion of the test process. Under the action of an arid climate, the soil will have
significant shrinkage deformation and cracking, which will directly lead to natural disasters
such as land subsidence and water and soil loss, and have a great negative impact on the
stability of surface infrastructure and underground engineering structures [1,2]. In many
parts of the world, large-scale cracking and damage of infrastructure such as houses, roads,
and bridges have occurred due to severe drought, resulting in huge economic losses [3,4].
China is a country with the most serious extreme climate events and disasters in the world,
and there are many kinds—high-intensity, high-frequency, and serious harm [5,6]. The
research data of the China Meteorological Administration show that the frequency and
scope of extreme weather events such as mass or regional high temperatures, rainstorms,
and droughts will increase significantly, and that the disaster risk will increase for a long
time in the future. Especially in recent decades, the number and scale of major engineering
construction projects in China have been increasing [7,8]. Drought extreme climate events
will lead to geological disasters by affecting major engineering facilities themselves and
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important auxiliary facilities, especially the engineering geological environment relied
upon by major projects, thus further affecting the safety, stability, reliability, and durability
of the project; it also has an important impact on the operation efficiency and economic
benefits of major projects.

Extreme arid climate disasters change the surface rock and soil temperature field,
structure field, and material field, especially the water field, through various action modes,
and then they change the engineering geological characteristics of the rock and soil mass,
and cause disasters [9]. The continuous water evaporation caused by an arid climate
will also lead to the development of a large number of dry shrinkage cracks in the soil,
commonly known as cracking, which greatly weaken the engineering properties of the soil
and provide favorable conditions for the development of soil engineering disasters [10,11].
In recent years, a large number of scholars and research institutions at home and abroad
have begun to pay attention to the cracking behavior of soil under extreme arid climate
conditions [12–14]. The cracking of the soil surface will multiply the permeability of soil,
and will have a negative impact on hydraulic engineering and environmental geotechnical
engineering [15]. In 2007, the severe drought in Chongqing caused serious cracking and
reduced the stability of more than 1200 reservoir dams in the region, which directly faced
the threat of dam failure after rainstorms. The same problem also occurred in hundreds of
kilometers of flood control dams in Britain, the Netherlands, the United States, Australia
and many other countries, with tens of billions of dollars needing to be invested every year
to check and to repair the cracks developed in the dam body, to prevent piping and collapse.
Cracking will greatly weaken the mechanical properties of soil [16,17]. Under the action of
an arid climate, expansive soil will have a large degree of shrinkage deformation, and a
large number of cracks easily develop on the surface. Swelling shrinkage and fissure are the
typical characteristics of expansive soil. Therefore, expansive soil is often called “cracked
soil”. The middle route of the South-to-North Water Transfer Project in China crosses the
expansive soil canal section for nearly 400 km. Most of the canal section collapses, and
shallow landslides are related to the cracks developed in the expansive soil, especially
under the repeated action of cracking in the dry season and water expansion in the rainy
season, resulting in the unsaturated process of the soil and the expansion of the unsaturated
zone, which greatly changes the physicochemical, hydraulic, and mechanical properties of
the soil [18]. Under the action of an arid climate, the surfaces of some soil cultural relics
or ancient buildings are also easy to develop and crack, so as to accelerate the weathering,
denudation, and destruction of the surface structure, which greatly increases the difficulty
of the protection of cultural relics and ancient sites. In the design of municipal solid waste
sanitary landfill, there are many examples of the cracking failure of the isolation system
due to the insufficient consideration of arid climate factors. Some scholars have pointed
out that drought evaporation has led to more loose and broken surface source deposits,
which have created convenient conditions for the outbreak of large-scale debris flow in the
rainy season [19,20].

In order to evaluate soil evaporation behavior, based on the classical water heat air
transport theory, different scholars have proposed different evaporation models to predict
and evaluate soil evaporation under atmospheric action, such as the Penman model, the
Philip and De Vries model, and the modified Penman Wilson model [21,22]. These classical
theoretical models can generally obtain good calculation results in homogeneous sand,
but there will be large errors in clay, mainly because the interaction between clay and
water molecules is very complex, and because the water migration process in clay under
evaporation is much more complex than that in sand [23]. Most of the existing theoretical
models only consider ambient temperature, relative humidity, and other meteorological
parameters. Less consideration is given to the influence of soil factors on evaporation and
the change in soil engineering properties caused by evaporation, which greatly restricts the
popularization and application of the above theoretical results in practical engineering.

In order to study soil cracking, many scholars have proposed different methods in
the past, and have basically established the cracking research method system, which is
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mainly divided into three categories: the indoor model test, the in situ observation test,
and numerical simulation [24–26]. The quantitative acquisition of geometric parameters
of the crack network has always been an important aspect of crack research. It is of great
significance to evaluate the crack development state, engineering properties, and potential
impact of soil. The early quantitative analysis technology of cracking is mainly based on
on-site manual measurement, but the measurement results are easily disturbed by human
and environmental factors. In addition, the geometry of the crack network is extremely
complex; thus, it is difficult to obtain accurate and comprehensive parameters such as
crack length, width, area, and angle in the actual operation process [27]. Miller et al. [28]
introduced the crack strength factor parameter, which is defined as the ratio of the crack
area to the total soil area. Velde [29] analyzed the fractal dimension of fractures using
digital image processing technology. In recent years, with the development of computer
science, image processing technology has been widely used in the quantitative analysis of
the crack network. The development degree of soil and concrete cracking can be described
by fractal [30].

However, there are few reports on the relationship between soil drying shrinkage
cracking, and the friction and permeability of the contact surface. Therefore, in order to
fully understand the influence of interface friction and water permeability on soil drying
cracking behavior, six samples were prepared in the laboratory. The basic conditions
of the substrate were grease, geomembranes, and geotextiles. They were continuously
dried at a constant ambient temperature. Using digital image processing technology,
crack morphology under different spacing is described quantitatively. The effects of
interface friction and permeability on soil cracking behavior are analyzed, and the evolution
characteristics and formation mechanism of cracks in soil are revealed.

2. Materials and Methods
2.1. Materials

The soil used in this experiment was from Urumqi, Xinjiang, China. It has a continental
arid climate in the middle temperate zone, with less rain and sufficient sunshine. The
average annual precipitation is less than 200 mm. The hottest months of the year are July
and August, with an average temperature of 25.7 ◦C. The coldest month is January, with
an average temperature of −15.2 ◦C. In recent years, various construction projects have
been accelerating. The sedimentary depth of the test soil is 50~75 cm, and the main mineral
components are illite, illite montmorillonite interlayer minerals, and kaolinite. After the
test soil is taken back to the laboratory, it needs to be dried at 110 ◦C for 48 h, and then
it is stored in a sealed bottle after grinding and a 2 mm screen. The grease used in this
experiment is milky white and viscous. It was purchased from Lingcheng Lubricating Oil
Co., Ltd. in Xinxiang City, China. Its temperature range is −30~180 ◦C. In the industry,
it has lubrication, rust prevention, anti-corrosion, and anti-oxidation effects. Its main
component is fatty acid lithium soap thickening refined mineral oil, and many additives
such as anti-oxidation and anti-rust agents are added. The geomembranes used in this
experiment were black, with a thickness of 0.2 mm, a relative density of 0.918~0.965, and a
melting point of 110~130 degrees. Additionally, a high-density polyethylene impermeable
membrane material was used. The breaking strength of the material was greater than
20.0 KN/m, and the strength retention rate of the material was greater than 85.0% when it
was soaked in a solution with pH of 2~11. The geotextiles used in this experiment were
gray-white, 2 mm thick, with good water permeability on one side, a strong tensile force,
and corrosion resistance.

2.2. Sample Preparation

The prepared soil was fully mixed with distilled water to prepare saturated mud with
a water content of 130%. The mud was placed on a shaking table and vibrated for 5 min
to remove bubbles in the mud. Six round glass containers were used to hold the mud,
with an inner diameter of 20 cm and a height of 4 cm. Grease was applied to the bottom
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of the container to reduce the floor roughness during mud drying shrinkage. The sample
numbers were S1 and S2, where S2 was a parallel sample. Geomembranes and geotextiles
were cut into regular circles with a radius of 10 cm and were placed at the bottom of the
glass container. The samples were numbered S3, S4, S5 and S6, where S4 and S6 were
parallel samples. Then, the saturated mud was carefully poured into containers, and the
weight of the mud in each container was about 300 g. The sample preparation process
and image processing process are shown in Figure 1. Table 1 summarizes the parameter
information of the test samples.
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Figure 1. Schematic view of the testing procedure and image processing.

Table 1. The parameters of each group of specimens.

Specimen No. Interfacial Friction
Condition

Interfacial Permeability
Condition Weight of Slurry (g)

S1 Grease Impervious 300
S2 Grease Impervious 300
S3 Geomembranes Impervious 300
S4 Geomembranes Impervious 300
S5 Geotextiles Permeable 300
S6 Geotextiles Permeable 300

2.3. Test Method and Image Processing

The prepared test samples were evaporated and dried in a constant temperature
and humidity test chamber; the temperature was controlled at 25 ◦C, and the relative
humidity was 30%. The samples were weighed at different time intervals, accurate to
0.01 g, to determine the change in the moisture content during drying. The dynamic
process of sample surface drying cracking was monitored with a digital camera. The crack
propagation was quantitatively analyzed via image processing technology. When the mass
change for the sample within one day was less than 0.01 g, the drying test was stopped.

The image of the fracture development process was processed, and then, the fracture
was quantitatively analyzed. In quantitative analysis, only the edge shrinkage area of the
container boundary may be mistaken for soil cracks, resulting in an increase in geometric
parameters such as the total length and the average width of the cracks. In order to reduce
the influence of the edge shrinkage region on determining the geometric parameters of
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the crack network, only the central part was used, Π × 10 cm2, for quantitative analysis.
The process of the image processing is shown in Figure 1. The original color image was
first converted to a gray image. In order to enhance the contrast between the crack and
the surrounding soil matrix, the homomorphic filtration method was adopted. Then, a
Gaussian filter was used to denoise the image. Upon analyzing the pixels of the gray image,
gray values of the soil and background that were greater than the threshold of 255 were
specified as 0, and gray values of the crack component that were less than the threshold
were specified as 1. The filtered gray image was converted into a binary image. Finally, two
quantitative parameters, the fracture rate and the fractal dimension of the fracture network,
were obtained.

2.4. Crack Characteristics

Various methods have been proposed to calculate the lengths of cracks, such as using
observations in convex windows proposed by Kulatilake and Wu [31]. Therefore, circular
windows are used, which improves the estimation of the true trace length distribution of
cracks [32–35]. However, the use of circular windows is more accurate than observations in
convex windows. Therefore, circular windows have been used to estimate the true trace
lengths of cracks [36]. The fractal dimension is an important parameter for quantitatively
characterizing the fractal nature of objects, and can be used to comprehensively describe
the degree of cracking of soils [37,38]. In fractal dimension analyses, the dimension of a
straight-line segment is defined as 1, with a length of X. By dividing the line into N = b
smaller segments of equal length, each smaller segment is a point of the straight-line
segment. Each point is identical to the entire line, and this ratio is known as the similarity
ratio r, where r = 1/b = 1/N. In two-dimensional space, there are N = b2 small squares,
which are similar to the entire two-dimensional plane, thus satisfying:{

(k − 1)X/b ≤ x < kX/b, (k = 1, 2, . . . b)
(h − 1)Y/b ≤ y < kY/b, (k = 1, 2, . . . b)

(1)

The similarity ratio is given by:

r(N) = 1/b = 1/N(1/2) (2)

Similarly, the similarity ratio for a Ds-dimension cylinder is given by:

r(N) = 1/N(1/D) (3)

Then, 
NrDs = 1

log r(N) = log(1/N1/Ds) = − log N/Ds
Ds = − log N/ log r(N) = log N/ log(1/r)

(4)

where N is the number of units which resembles the entire crack image, r is a coefficient of
the similarity ratio, and Ds is the fractal dimension from the crack image.

The crack intensity factor Rt is defined as the ratio of the projected area of the crack on
the 2D plane to the total 2D surface area. It represents the space occupied by the crack of
the specimen. It can be used to describe the degree of cracking as follows:

Rt =
Scrack
Ssoil

(5)

where Scrack is the projected area of the crack and Ssoil is the total surface area of the sample.
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The evaporation rate E is the weight of water lost per unit time, which can be calculated
using Formula (1) according to the change in the recorded sample weight data. The
evaporation rate can be calculated using Equation (3).

E =
∆m

∆t · SE
(6)

where ∆t is the time of evaporation, ∆m is the amount of evaporated water, and SE is the
area of the sample.

3. Results
3.1. Fractal Characteristics of Soil Cracks Due to Geotextile Materials

When the moisture content of the sample decreased to a certain value due to continu-
ous evaporation, cracks began to appear on the surface of the soil sample. Taking samples
S1, S3, and S5 as an example, the crack initiation and propagation processes are illustrated
(Figure 2). The crack modes of sample S1 at different water contents are shown in Figure 2.
The water content of sample s1-1 when cracks began to appear was about 64.2%. After the
first crack appeared, several independent cracks initiated and propagated on the sample
surface. When the water content of the sample was relatively high, these initial independent
cracks were defined as first-order cracks. With the progress of evaporation, the initial crack
expanded and terminated after intersecting. When the water content reached about 24.6%,
the initial crack network divided the sample surface into several soil blocks. With a further
reduction in the water content, some new cracks were generated in these soil blocks or
existing primary cracks, and the soil blocks were divided into smaller blocks. Compared
with the primary cracks, these cracks were later formed at relatively low water contents and
had smaller widths and lengths; these are called secondary cracks. With a further decrease
in the water content, cracks with smaller visibilities and lengths appeared, which are called
tertiary cracks. The final crack morphology after drying shows that the intersection of
crack segments almost formed “T” and “+” shapes, indicating that the cracks were usually
perpendicular to each other. Most clods were quadrilateral, with a few being pentagonal.
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Figure 3 shows the variation process of the fractal dimension with evaporation dura-
tion during the development of sample surface cracks under different test conditions. The
dry shrinkage fracture network formed on the soil surface had good statistical self-similar
classification characteristics. The fractal dimensions of three soil substrate contact condi-
tions (grease, geomembranes, and geotextiles) were between 1.238 and 1.93. When the crack
network on the soil surface stopped developing, the fractal dimensions under the three
experimental conditions were 1.88, 1.93 and 1.79, respectively. When the substrate contact
condition was geomembranes, it had the largest fractal number, and when the substrate
contact condition was geoextensions, it had the smallest fractal number. From the final state,
when the contact condition of the soil substrate was geotextiles, the final fractal dimension
was reduced by 4.79% and 7.25%, compared with the other two contact conditions.
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Figure 4 shows the variation in the crack intensity factor (CIF) with evaporation dura-
tion during the development of surface cracks of samples under different test conditions.
The crack intensity factors of samples with grease placed at the bottom were always greater
than those of samples with geomembranes and geotextiles placed at the bottom throughout
the development of fractures. Additionally, in the final state, the CIF of the sample with
grease at the bottom was 2.99% and 4.02% higher than the crack intensity factors of the
samples with geomembranes and geotextiles at the bottom, respectively. In the process of
fracture development, the crack intensity factor of the sample with grease at the bottom
was always the smallest, but after the fracture development stopped, the crack intensity
factor was 1.03% higher than that of the sample with geotextiles at the bottom.
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3.2. Evaporation Characteristics of Soil Due to Geotextile Materials

Figure 5 shows the change in water content and evaporation rate over time for the
sample with grease, geotextiles, and geomembranes at the bottom of the sample. As shown
in Figure 5, the water content of the six samples decreased with time. According to the
variation law of evaporation curves, the evaporation process of the sample can be divided
into three stages, stage I: constant rate stages of evaporation, stage II: deceleration rate
stages of evaporation, and stage III: residual rate stages of evaporation. The evaporation
curve can be well fitted using the Boltzmann function. Stage I of the samples with grease
and geomembranes at the bottom is roughly the same, with both being greater than 40 h.
However, the evaporation curve stage I of the samples with geotextiles lasts the shortest,
at only 28 h. Similarly, the durations of stage II of the evaporation curves of the samples
with increase, geomembranes, and geotextiles at the bottom were successively shortened,
at 115 h, 112 h, and 108 h, respectively. In addition, the residual water content of stage III
represents the water holding capacity of the soil sample under drought conditions. The
residual water contents of the samples with grease, geomembranes, and geotextiles at the
bottom increased successively, being 3.12%, 5.76%, and 9.71%, respectively. Compared with
the contact condition with grease at the bottom, the residual water content of the samples
with geomembranes and geotextiles at the bottom increased by 84.62% and 211.21%,
respectively. However, the first crack occurred at approximately the same time in all
of the samples. In this study, the time at which the first crack on the sample surface reached
a length of about 2 mm (which can be accurately seen by the naked eye or digital camera)
was defined as the cracking time.
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or digital camera) was defined as the cracking time. 

Figure 4. Crack intensity factor of soil samples with grease, geomembranes, and geotextiles versus time.
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4. Discussion

During the drying process, due to the continuous evaporation of water in the soil,
the soil water content and saturation gradually decrease, resulting in a gradual increase
in matrix suction and tensile stress in the soil. There is a positive correlation between the
tensile strength and the matrix suction of soil. Once the tensile stress generated in the soil
exceeds the tensile strength of the soil, cracks will occur on the surface of the sample. The
distribution of the tensile stress depends not only on the defects in the soil, but also on
the base friction. When the sample base is composed of grease, the friction of the sample
base is significantly less than that for when the sample base is geomembranes. When the
sample substrate is grease or geomembranes, the substrate is impervious. In the process
of the gradual dehydration and drying of the sample, the shrinkage of the sample with
friction in the horizontal direction will be limited, which makes it more difficult for the
soil particles to become close to each other. In this case, the tensile stress may transfer and
lead to dry cracking. The interlayer friction has a constraint on the movement of the soil
particles, and a greater constraint on the movement of the soil particles. This will lead to a
faster concentration of tensile stress, and increase the propagation rate and crack intensity
factor of soil cracks. Therefore, reducing the friction of the sample substrate can reduce the
dry cracks on the sample surface.

Through a large number of indoor experiments on soil drying and cracking, it is found
that most soil samples are placed in impermeable plastic or glass containers at the bottom.
However, the water permeability condition of the sample substrate is also an important
factor affecting the surface drying and cracking of soil samples. In this experiment, when
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the soil sample base is grease and geomembranes, the base is impervious, while when the
sample base is geotextiles, the base of the soil sample is permeable. At this time, the sample
can dry and lose water from the top, sides, and bottom. The bottom of the soil sample is
also the water loss area; therefore, when the base contact condition is geotextiles, the initial
water loss rate of the soil sample is relatively fast, and the cracking rate of the surface is
relatively large. However, because geotextiles have a certain degree of water absorption,
the final soil moisture content in the final state will be higher than that in the other two soils.
The soil cracking mechanism under different substrate friction and permeability conditions
is shown in Figure 6.
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5. Conclusions

In order to investigate the development of desiccation cracks in soils affected by
different geomembrane materials, free drying tests were carried out in the laboratory. The
characteristics of the desiccation cracks of soil were determined for different amounts of
water loss. The characteristics of the progressive changes in the cracks were quantitatively
analyzed using digital image processing.

An important factor affecting the drying and cracking of the soil sample surface is the
water permeability of the sample matrix. The dry shrinkage fracture network formed on
the soil surface has good statistical self-similar classification characteristics. In the process
of the gradual dehydration and drying of the sample, the shrinkage of the sample with
friction in the horizontal direction will be limited, which makes it more difficult for the
soil particles to become close to each other. Therefore, reducing the friction of the sample
substrate can reduce the dry cracks on the sample surface.
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Due to the water absorption of geotextiles, when the base of the sample is geotextiles,
the base of the soil sample is permeable. At this time, the sample can be dried from the
top, sides, and bottom. The bottom of the soil sample is also the water loss area; therefore,
the base is geotextiles, the initial water loss rate of the soil sample is relatively fast, and the
cracking rate of the surface is relatively large.

According to the variation law of the evaporation curve, the evaporation process of
the sample can be divided into three stages. Stage I: constant rate stages of evaluation.
Stage II: degradation rate stages of evaluation. Stage III: residual rate stages of evaluation.
The evaporation curve can be well fitted using the Boltzmann function.
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