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Abstract
Coral clay is one of the products of sorting sediments from the reclamation of coral islands. To reveal the crack character-
istics of coral clay(C) with different layer thickness and temperature, a series of physiochemical and desiccation cracking 
tests are conducted, as well as the contrast tests of Chongqing silt (S), Kaolin (K) and Talcum (T). The results show that 
coral clay is a kind of low liquid limit clay (CL) composed of fine-grained coral debris and appears pale yellow and soft 
muddy with high water content. Its particle composition contents of silt, clay and sand are 56%, 42% and 2% respectively. 
The main mineral composition of coral clay is Aragonite, Calcite and Calcite magnesian, and the content is up to 39.5%, 
35.5% and 25%, respectively. Coral clay, Chongqing silt and talcum under different layer thicknesses and temperatures all 
show a significant crack network. The area of soil clods separated by the cracks increases with the increment of layer thick-
ness; accordingly, the number of the clod is decreased. Compared with coral clay, Chongqing silt and talcum, Kaolin has 
better cracked resistance. The fractal dimensions of coral clay, Chongqing silt and talcum all increase with the increment of 
layer thickness. Fractal dimensions of coral clay and Chongqing silt both increase slowly with the increase of temperature. 
Moreover, there is a good exponential relationship between the fractal dimension and average crack width. The frequency 
distributions of the crack length and width of coral clay under different layer thicknesses all conform to the form of Log-
Normal function curve. Besides, the crack morphology is multi-scale. The current work provides a reference for the possible 
future applications of this new material.

Keywords  Crack characteristics · Coral clay · Layer thickness · Desiccation cracking · Laboratory test

Introduction

Cracks are widespread in nature and our lives, such as cracks 
on the surface of fine-grained soil and cohesive soil, cracks 
in building wall paint, pavement cracks, cracks in rockfill 
dam panels, and bark patterns. Figure 1 shows cracks on the 
surface of a certain interior wall paint. In general, cracks 
will occur during drying or cold shrinking. The mechanical 

morphology of the cracks mostly shows the form of polygo-
nal cracks on the surface, and the study of its formation 
mechanism is a hot spot in mechanics, materials science and 
earth science (Bordoloi et al. 2018; Niu et al. 2019; Peron 
et al. 2009; Sánchez and Al-Taie 2020).

Soil desiccation cracking has been being a hot research 
topic so far (Abd El-Halim 2017; Bordoloi et  al. 2020; 
Colombi et al. 2021; Obada et al. 2020; Wang et al. 2018a; 
Wei et al. 2020; Zhang et al. 2015). The drying process can 
cause the soil to shrink and crack under normal circum-
stances. The formation of cracks not only destroys the soil 
structure, but also greatly affects its strength, deformation as 
well as permeability, which triggers a series of engineering 
accidents and geological environmental problems (Li and 
Zhang 2011; Lozada et al. 2015; Senior 1981; Zhang et al. 
2020a; Yin et al. 2022). In terms of soil types and soil compo-
sition, Baer et al. (2009) evaluated soil crack patterns evolv-
ing over time for exposed surfaces with claypan soils. Shin 
and Santamarina (2011) studied the cracks of fine-grained 
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soils and pointed out that the mechanical model of tensile 
strength is used to explain the formation of dry cracks in the 
soil. On the basis of a series of laboratory tests, Costa et al. 
(2013) conducted desiccation tests on three materials, Merri 
Creek and Werribee clay, potato starch and milled quartz 
sand, and discussed some factors governing soil desiccation 
cracking. Tran et al. (2019a) studied the desiccation crack-
ing of a Cutanic Luvisol on a small scale. Mei et al. (2020) 
used biochar to relieve sand cracks. An et al. (2020); Cheng 
et al. (2020); Liu et al. (2020); Tang et al. (2020); Tang et al. 
(2019); Wang et al. (2018b); Zeng et al. (2019); Zeng et al. 
(2020); Zhang et al. (2020b) conducted a large number of 
laboratory experiments on Nanjing Xiashu soil, which mainly 
involved the influencing factors of cracking (such as layer 
thickness, interfacial friction, dry and wet cycles), of soil 
modification (such as biochar, microbial modification), of 
compacted soil, of crack characterization (such as resistivity 
method, CT technology). Mohammad et al. (2020) studied 
the cracking law of bentonite and discussed the influence 
of initial moisture content and layer thickness on the ben-
tonite drying cracks. Julina and Thyagaraj (2020) used XCT 
technology to quantitatively study the volume behavior and 
crack morphology of compacted clay in a certain area of 
India. Emmanuel and Anggraini (2020) conducted labora-
tory tests on Malaysian high-plastic marine clay and stud-
ied the laws of samples’ cracking. Xie et al. (2020) studied 
the combined effects of the addition of nylon fiber and an 
enzyme-containing product on crack initiation of Merri-
Creek clay. The commonest clay minerals of shale, such as 
montmorillonite, illite, kaolinite, were experimentally studied 
by (Shepidchenko et al. 2020) to show the main controlling 
factors of desiccation cracks and the influence of these fac-
tors on crack geometry. At present, the research on cracking 
involves a wide range of soil types, but there are currently 
few researches on the phenomenon of coral clay cracking.

In recent years, large-scale land reclamation projects based 
on coral islands have been carried out in several countries 
(Chen et al. 2021; Peng et al. 2021, 2019; Pancrazi et al. 2020; 

Van Impe et al. 2015; Zainal et al. 2012). During the refilling 
of coral reefs, coral clay interlayers composed of fine-grained 
coral debris have been formed. Coral clay, as the muddy inter-
layer of the foundation, has an important influence on the 
deformation and strength characteristics of the foundation. 
Figure 2 shows the coral clay in the hydraulic fill foundation 
shrinks during the process of losing water, then cracks (Qin 
et al. 2021). Cracks in the foundation can seriously affect the 
safety of the buildings on the islands and reefs. The slopes of 
islands and reefs may also cause cracks due to uneven shrink-
age of coral clay, which affects its stability. Meanwhile, the 
generation of cracks will cause permeability damage due to 
the change of water table. Given the scarcity of construction 
materials on islands and reefs, the coral clay, local materials 
on coral islands, can be used as a building material, which has 
high economic benefits. Currently, coral clay-related construc-
tion putty and coatings are being developed. Coral clay, as a 
building material, cracks during its drying process. Therefore, 
it is necessary to study the development of shrinkage cracks 
in coral clay. It is of great significance to study the causes of 
coral clay cracking, the initiation and propagation of cracks, 
and the mechanical mechanisms.

Fig. 1   Typical cracks in wall paint

Fig. 2   Desiccation cracking phenomenon of coral clay foundation in 
calcareous sand filling site in Saudi RSGT project (Qin et al. 2021)
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Previous studies mainly focused on common clay materi-
als. However, as a high-quality coral clay that can be used 
for building materials from local materials, its composition 
is very different from the general clay, and the research on 
its cracking characteristics is rarely carried out. In this paper, 
the characteristics of coral clay cracking are investigated 
through laboratory tests, in order to provide a reference for 
the possible future applications of this new material. Con-
sidering the influence of layer thickness on the final crack 
morphology, the physical and chemical properties and the 
morphology of macroscopic cracks of coral clay and other 
comparison samples were obtained through physical prop-
erty test, XRF test, XRD diffraction test and desiccation 
cracking test. Combined with electron microscope test, the 
morphological characteristics of soil microcracks were dis-
cussed. Moreover, the soil desiccation cracking mechanism 
was discussed. The influence rule of multi-scale crack mor-
phology of coral clay under the influence of layer thickness 
was finally obtained.

Materials and methods

Soils

Coral clay used in this experiment is taken from a certain 
area in the South China Sea, which is a calcareous soft mud 
composed of fine-grained coral debris (Shen et al. 2018). It 
is necessary to conduct a comparative study with other types 
of silt. For instance, Chongqing silt (S) from a certain area 
of Chongqing is selected as a comparative sample. Coral 
clay (C), from the aspect of being building materials, kaolin 
(K), talcum (T), being used as building materials, are all 
selected as comparative samples to study characteristics of 
desiccation cracking. The depth of coral clay is 0 ~ 0.5 m, as 
shown in Fig. 3(a1). It is a light yellow calcareous soft mud 
composed of fine-grained coral debris, mixed with blue-gray 
silt, and its organic matter content is 0.4%. The color of 
the dried coral clay is light yellow, as shown in Fig. 3(a2). 
The color of Chongqing silt is brown-gray, and the depth 
of soil is 0 ~ 0.5 m, and its organic matter content is 2.19%. 
Similarly, Chongqing silt after drying is also brown-gray, as 
shown in Fig. 3(b). Kaolin and talcum, high purity and white 
color, are purchased from the market, as shown in Fig. 3(c) 

and (d), respectively. The basic physical properties of the 
four soils are shown in Table 1.

Figure 4 is a plasticity chart, through which the above 
four types of fine-grained soils can be classified. Combining 
Table 1 and Fig. 4, we can conclude that Coral clay, Chong-
qing silt, kaolin and talcum belong to low liquid limit clay 
(CL), high liquid limit clay (CH), high liquid limit silt (MH) 
and low liquid limit clay (CL), respectively. Coral clay par-
ticles are mainly composed of silt and clay, with extremely 
low sand content. The composition of Chongqing silt par-
ticles is mainly silt, followed by clay, and contains a small 
amount of sand; the composition of kaolin does not contain 
sand, but is mainly silt and clay. The composition of talcum 
is mainly silt and contains a small amount of clay and sand.

Figure 5 shows the cumulative curve of particle size dis-
tribution of different soils, which can reflect the size of soil 
particles, the uniformity of particle size distribution, and 
the degree of continuity of distribution. From Fig. 5, the 
characteristic particle diameters, uneven coefficients and 
curvature coefficients of different soils can be obtained, as 
shown in Table 2.

The soil unevenness coefficient (Cu) is used to character-
ize the degree of uniformity of the soil, which can reflect the 
size difference between coarse particles and fine particles. 

Fig. 3   Contrast of different soil 
samples: a1 Coral clay field sta-
tus; a2 Coral clay b Chongqing 
silt; c Kaolin; d Talcum
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Furthermore, the curvature coefficient (Cc) is an index to 
quantify whether the slope of the cumulative curve of soil 
particle gradation is continuous or not (Knappett and Craig 
2012). The specific definition is as follows:

Among them, where d10 is the effective particle size, d30 
is the particle size where the mass of soil particles smaller 
than this size accounts for 30% of the total mass of the soil 
particles, d60 is the controlled particle size.

It can be seen from Table 2 that the uneven coefficient Cu > 5 
of coral clay and Chongqing silt can be judged to be uneven 
soil. Furthermore, the gradation curve is discontinuous as 
Cc < 1; therefore, it is determined that coral clay and Chongqing 
silt are poor gradation. It is suggested that kaolin is homogene-
ous soil because of its uneven coefficient Cu < 5. Moreover, the 
gradation curve is continuous as 1 < Cc < 3; hence, it is also 
determined that kaolin has a poor gradation. It is assumed that 
talcum is uneven soil according to the uneven coefficient Cu > 5. 
Besides, the gradation curve is continuous as 1 < Cc < 3. There-
fore, it is determined that the talcum has a good gradation.

The size, shape, mutual arrangement and connection of 
soil particles have an important influence on the structure of 
soil. We conducted microscopic experiments with Quattro S 
scanning electron microscope and obtained the microscopic 
morphology of different soils in a naturally dry and loose 
state, as well as the structural forms of different soils, as 
shown in Fig. 6.

(1)Cu = d
60
∕d

10

(2)Cc =
d
30

2

d
60
× d

10

It can be seen in Fig. 6(a) that the coral clay particles, 
with a large particle size span, have different morphologies. 
There are a large number of flake clay particles, the very fine 
strip and needle-shaped particles distributed on the surface 
of the large particles. Among them, these irregular flake clay 
particles are stacked together. It can be seen in Fig. 6(b) 
that the microscopic particle size and shape of Chongqing 
silt are different, and the morphological distribution is more 
complicated. Part of it shows face-to-face flaky accumula-
tion, forming a scattered structure, and some irregular soil 
fragments are stacked together. The particles are combined 
via different ways to form micropores of different shapes. 
As can be seen in Fig. 6(c), kaolin particles are mostly in 
the form of flakes and are stacked into clusters of different 
sizes. It can be seen in Fig. 6(d) that the microscopic parti-
cle size and shape of the talcum are different. The surface 
of the large particles is distributed with flake particles, and 
some flake particles are stacked together to form clusters of 
different shapes.

In order to obtain mineral types and content of coral clay 
and Chongqing silt, D8 ADVANCE X-ray diffractometer 
was used to analyze the mineral composition of coral clay 
and Chongqing silt. The mineral composition was identified 
according to the element types obtained in the XRF test (as 
shown in Table 3), and the diffraction peak shape, intensity 
as well as d value in the XRD test results. In this paper, 
the MID Jade software was used to analyze the diffraction 
patterns of coral clay and Chongqing silt. In order to get 
the main mineral composition of coral clay and Chongqing 
silt, the diffraction patterns were obtained from the XRD 
test of coral clay and Chongqing silt, which were compared 
and fitted with the PDF standard card in the phase retrieval 
library ICDD. Then the RIR method was used to calculate 
the mineral content of a variety of mineral components in 
coral clay and Chongqing silt. The test results are shown in 
Fig. 7 and Table 4.

It is concluded that the main chemical composition of 
coral clay is CaCO3, and the main mineral composition 
is Aragonite, Calcite and Calcite magnesian. The per-
centage of each mineral composition accounts for 39.5%, 
35.5% and 25%, respectively. The main mineral compo-
nents of Chongqing silt are Quartz (SiO2), light mica Alur-
gite 2M1((K.94Na.06)(Mg.08Al1.75Fe.15Mn.02)(Al.92Si3.08)
O10(OH)2), Clinochlore 2 M (Al2Mg5Si3O10(OH)8) and 
Albite, Ca-rich, ordered ((Na,Ca)Al(Si,Al)3O8). And the 
content is 12.2%, 19.3%, 61.9% and 6.6%, respectively. The 
crystalline chemical formula of kaolin is Al2O3‧2SiO2‧2H2O. 
The chemical name of talcum is hydrated magnesium meta-
silicate, whose molecular formula is Mg3Si4O10(OH)2. Due 
to the high purity of kaolin and talcum, XRD diffraction test 
about these is not carried out.
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Experiment method

Coral clay and Chongqing silt were air-dried and crushed, 
and then passed through a 2-mm sieve. In contrast, the pur-
chased kaolin and talcum have fine particle size and do not 
need to be processed. The four soil samples were placed 
in different containers, mixed with pure water to prepare 
a slurry with the same moisture content. The slurry was 
stirred with an H2025G electric mixer until the slurry was 
evenly stirred with no bubbles. In order to make the mud 
deposition reach a stable state, the surfaces of the prepared 
four mud liquid containers were sealed with plastic wrap 
and left standing for 24 h. The floating water on the sur-
face of the samples in each container was sucked away, and 
the soil samples were poured into a rectangular plexiglass 
container with an inner diameter of 20 cm × 20 cm × 5 cm. 
In order to study the influence of the layer thickness on the 
desiccation cracking, the control layer thickness of each soil 
sample was set as 5 mm, 10 mm, and 15 mm, respectively. 
And a total of 12 samples were configured in the experiment. 
The specific test program is shown in Table 5. The prepared 
samples being placed in an oven set to 30 ℃ were dried at a 
constant temperature. When the quality of the samples were 

not changing, the drying process ends. Then the dried sam-
ples were taken out. Subsequently, the Nikon D810 camera 
was used to photograph the soil surface morphology. For 
the purpose of adjusting the appropriate height between the 
camera and the sample, a level was used to correct and fix 
the camera's verticality. Besides, the incandescent lamp was 
used for light adjustment so that the light source on the sur-
face of the sample is uniform during the shooting.

Image processing and crack quantification

In order to reduce the influence of container boundary on 
the soil surface cracking, the middle part of the sample 
(size 18 cm × 18 cm) was selected for quantitative analy-
sis. Firstly, Image processing softwares, such as Photoshop, 
Image J and other software, were used for preprocessing, 
cutting and size correction of the image, and then MATLAB 
programming was use for grayscale, denoising and binariza-
tion of the image. Finally, Pore and Crack Image Analysis 
System (PCAS) software developed by (Liu et al. 2013) was 
used to analyze and obtain the parameters of the image. Fig-
ure 8 shows the specific process of image processing.

Fig. 6   The microscopic morphology of different soils: a Coral clay; b Chongqing silt; c Kaolin; d Talcum
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Using PCAS software, we can obtain the relevant crack 
parameters, including number of nodes, number of crack 
segments, total crack area, surface crack rate, total length 

of cracks, average length of cracks and average width of 
cracks. Meanwhile, the relevant clod parameters can also be 
obtained, including number of clods, total area of clods, aver-
age area of clods, and maximum area of clods. The geometric 
parameters of the sample, namely fractal dimension, can also 
be obtained.

The unit of the relevant parameters obtained by the image 
processing software is the pixel. The actual size of the sample 
is proportional to image pixel size. In this paper, the relevant 
crack parameters (total crack area, total length of cracks, aver-
age length of cracks and average width of cracks) and clod 
parameters (total area of clods, average area of clods, and 
maximum area of clods) were converted into actual size. The 
conversion method is as follows,

where L′

i
 and A′

i
 are the pixel length and pixel area obtained 

by the image processing software, respectively. Li and Ai are 
the actual length and actual area of the sample, respectively. 
µ and λ are the sample length conversion coefficient and 
area conversion coefficient, respectively, and they have the 
following relationship.

where λ is defined as the ratio between the actual area AI of 
the sample and the pixel area A′

i
 of the sample, namely

(3)Li = �L
�

i

(4)Ai = �A
�

i
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√

�

(6)�=AI /A
′

I

0

500

1000

1500

2000

2500
In

te
n
si

ty
 (

a.
u
) PDF#75-2230:Aragonite Ca(CO3)

PDF#86-2336:Calcite magnesian 

(Mg.129Ca.871)(CO3)

PDF#99-0022: Calcite CaCO3

(a)

20 30 40 50 60 70 80 90

2����

0

5000

10000

15000

20000

25000

30000

10 20 30 40 50 60 70 80 90

In
te

n
si

ty
 (

a.
u
)

PDF#99-0088:Quartz-SiO2

PDF#87-0691:Alurgite 2M1

(K.94Na.06)(Mg.08Al1.75Fe.15Mn.02)(Al.92Si3.08)O10(OH)2 

PDF#74-1137:Clinochlore 2M

Al2Mg5Si3O10(OH)8

PDF#41-1480:Albite, Ca-rich, ordered

(Na,Ca)Al(Si,Al)3O8

(b)

2����
Fig. 7   Diffraction pattern: a Coral clay; b Chongqing silt

Fig. 8   Image processing pro-
cedures
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Using the above formulas, the actual size of the relevant 
crack parameters and clod parameters were obtained.

Crack-related parameters: Number of nodes is defined 
as the total number of cracks between two adjacent nodes. 
Total crack area, that is, the sum of all crack areas of the 
sample. Surface crack rate refers to the rate of crack area 
to total area of the sample, which reflects the degree of 
cracking to a certain extent. Total length of cracks, i.e., the 
total length of the center line of crack skeleton network. 
Average length of cracks reflects an indicator of the central 
tendency of crack length. Average width of cracks reflects 
an indicator of the central tendency of crack width. In this 
paper, surface crack ratio is a basic crack parameter, which 
is defined as the ratio of the total crack area to the total 
area of clods, namely:

There exists the following relationship between surface 
crack rate and surface crack ratio.

where Cr is the surface crack ratio, Cn is the surface crack 
rate, Acrack is the total area of the cracks, and Asclod is the total 
area of the soil clod.

Clod-related parameters: Number of clods is an indica-
tor that reflects the extent to which the soil is divided by 
cracks. Total area of clods refers to the sum of the area of 
all the clods. Average area of clods reflects an indicator 
of the central tendency of the clods divided by the cracks. 
Maximum area of clods refers to the soil clod area with the 
largest proportion of the plane space in the clods divided 
by all cracks.

Fractals are common in the nature, such as clouds, ice 
crystals, snowflakes, rivers, mountains, coastlines, patterns 
of plant and animal fur, etc. Likewise, soil cracks also have 
statistically self-similar fractal characteristics. Based on the 
law of statistical distribution, the box dimension method is 
adopted to calculate the fractal dimension of the crack net-
work of different scales of soil. Initially, soil crack network 
is divided into a grid with side length εi (i is an even multiple 
of the pixel), then the number of corresponding geometric 
bodies with self-similarity is determined. Ultimately, to get 
the following linear relationship, the obtained data are fitted 
in the rectangular coordinate system.

where A is a constant and D is the value of the fractal dimen-
sion reflecting the shape of the crack. The value of fractal 
dimension is shown in Table 6.

(7)Cr = Acrack∕Aclod

(8)Cn =
Cr

1 + Cr

× 100%

(9)lg N(�i) = A − Dlg �i

Results and analysis

Crack morphology

Figures 9 and 10 show the final morphology of each sam-
ple. From the figure, we can see that coral clay, Chongqing 
silt and talcum of different layer thickness and temperature 
all present a significant crack network. And as the layer 
thickness increases, the area of the clods divided by the 
cracks increases. On the contrary, the number of clods 
decreases. However, due to the high consistency of kaolin, 
it is difficult for all the fine bubbles to be discharged. "Y" 
and "1" shaped tiny cracks occur at the defects formed on 
the surface of these pores, but the tiny cracks formed have 
not propagated. Kaolin with a thickness of 10 mm not 
only forms tiny cracks at the pore defects, but also forms 
a few cracks perpendicular to the container wall. It can 
be concluded that kaolin has better crack resistance than 
coral clay, Chongqing silt and talcum. It can also be seen 
that the cracks all present three-pronged intersection forms 
such as "T" and "Y" shapes. The intersection angle of the 
cracks is mostly 90°. The shapes of the soil clods divided 
by the cracks are different, and most of them are triangles, 
polygons, ellipses, and fans.

Crack parameters analysis

The soil crack can be measured by crack indicators that 
affect its physical and mechanical properties, i.e., number 
of nodes, number of crack segments, total crack area, sur-
face crack rate, total length of cracks, average length of 
cracks, average width of cracks, and surface crack ratio. 
Through the analysis of the data obtained by image pro-
cessing, the relationship curve between each crack param-
eter and different soil layer thickness and temperature is 
obtained, as shown in Figs. 11 and 12.

The number of nodes is an important parameter reflect-
ing the degree of fragmentation of soil, which includes 
the number of crack end nodes and cross nodes. It can 
be seen from Fig. 11(a) that, in general, the number of 
nodes decreases as the layer thickness of the soil sample 
increases. In the case of a lower layer thickness, the sam-
ples all have a higher number of nodes. The number of 
nodes of coral clay and Chongqing silt under each layer 
thickness is higher than that of talcum under correspond-
ing layer thickness. The number of nodes of talcum is 
less affected by the layer thickness. As the layer thickness 
increases, the number of nodes, with a little change, first 
decreases slightly, and then increases slightly. The num-
ber of nodes in Chongqing silt with a layer thickness of 
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Fig. 9   Comparison of final desiccation cracks under different layer thicknesses
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5 mm is greater than that of coral clay and talcum with 
corresponding layer thickness. The number of nodes of 
coral clay with layer thickness of 10 mm and 15 mm is 
greater than that of Chongqing silt and talcum with corre-
sponding thickness. It can be seen from Fig. 11(b) that the 
changing law between the number of crack segments and 
the layer thickness is more consistent with the changing 
law of the number of nodes, but the number of crack seg-
ments between coral clay with a layer thickness of 5 mm 
and Chongqing silt with corresponding layer thickness is 
relatively close. It can be seen in Fig. 11(e) that the total 
length of cracks decreases with the increase of the layer 
thickness. For coral clay, there is a good linear relationship 
between the total length of cracks and the layer thickness; 
the total length of cracks of Chongqing silt decreases sig-
nificantly first with the increase of the layer thickness, and 
then decreases slowly. However, the total length of cracks 
of talcum decreases slowly with the increment of the layer 
thickness. Due to the different types of soil, the laws pre-
sented are different. It can be observed in Fig. 11(c), (h), 
(d) that the crack parameters, i.e., the total crack area, 
the surface crack rate and the surface crack ratio, are 
consistent with the rules of layer thickness. These crack 

parameters of coral clay decrease with the increment of 
layer thickness, while these crack parameters of Chong-
qing silt show the opposite trend. For the parameters of 
talcum, it decreases first and then increases as the layer 
thickness increases. In Fig. 11(f), the average length of 
cracks of coral clay and Chongqing silt both show a lin-
ear increasing trend with the increment of layer thickness, 
while the average length of cracks of talcum increases first 
and then decreases significantly with the increment of 
layer thickness. Among them, when the layer thickness is 
5 mm, coral clay and Chongqing silt have a similar average 
length of cracks, and when the layer thickness is 15 mm, 
Chongqing silt and talcum have a similar average length 
of cracks. In Fig. 11(g), the average width of cracks for 
each type soil increases with the increment of layer thick-
ness and shows a good linear relationship. Among them, 
the average width of cracks about coral clay and talcum 
both increase slowly with the increment of layer thickness, 
while the average width of cracks about Chongqing silt 
increases significantly with the increase of layer thickness.

The effect of temperature on the crack parameters of coral 
clay and Chongqing silt is obviously different (Fig. 12). It 
can be seen from Fig. 12(a), (b), (e) that with the increase 

Fig. 10   Comparison of final desiccation cracks under different temperatures
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of temperature, number of nodes, number of crack segments 
and total length of cracks of coral clay decrease, while these 
of Chongqing silt show increase first and then decrease. Fig-
ure 12(c), (d) and (h) can be observed that the total crack area, 

surface crack rate and surface crack ratio of coral clay all show 
a decreasing trend with the increase of temperature, while 
those of Chongqing silt show an increasing trend. The average 
length of cracks of coral clay and Chongqing silt both decrease 

Fig. 11   The relationship curve 
between crack index and layer 
thickness: a Number of nodes; 
b Number of crack segments; 
c Total crack area; d Surface 
crack rate; e Total length of 
cracks; f Average length of 
cracks; g Average width of 
cracks; h Surface crack ratio

4 6 8 10 12 14 16
0

100
200
300
400
500
600
700
800
900

T3T2
T1

C1

C3

S1

C2

S3

N
um

be
r o

f n
od

es
Layer thickness (mm)

C1,C2,C3
S1,S2,S3
T1,T2,T3

S2

(a)

4 6 8 10 12 14 16

0

200

400

600

800

1000

1200

T3

T2
T1

C1

C3

S1

C2

S3

N
u
m

b
er

 o
f 

cr
ac

k
 s

eg
m

en
ts

Layer thickness (mm)

 C1,C2,C3

S1,S2,S3

 T1,T2,T3

S2

(b)

4 6 8 10 12 14 16

0

1000

2000

3000

4000

5000

6000

T3
T2

T1

C1

C3

S1

C2

S3

T
o
ta

l 
cr

ac
k
 a

re
a 

(m
m

2
)

Layer thickness (mm)

 C1,C2,C3

S1,S2,S3

 T1,T2,T3

S2

4 6 8 10 12 14 16
0

5

10

15

20

T3

T2T1

C1

C3
S1

C2

S3

S
u
rf

ac
e 

cr
ac

k
 r

at
e 

(%
)

Layer thickness (mm)

 C1,C2,C3

S1,S2,S3

 T1,T2,T3

S2

4 6 8 10 12 14 16
0

1000

2000

3000

4000

5000

6000

7000

8000

T3

T2

T1

C1

C3

S1

C2

S3

T
o
ta

l
le

n
g
th

 o
f 

cr
ac

k
s 

(m
m

)

Layer thickness (mm)

 C1,C2,C3

S1,S2,S3

 T1,T2,T3

S2

4 6 8 10 12 14 16
0
5

10
15
20
25
30
35
40
45
50
55
60
65
70

T3

T2

T1

C1
C3

S1
C2

S3

A
v

er
ag

e 
le

n
g

th
 o

f 
cr

ac
k

s 
(m

m
)

Layer thickness (mm)

C1,C2,C3

S1,S2,S3

T1,T2,T3

S2

4 6 8 10 12 14 16
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

T3
T2T1

C1 C3

S1

C2

S3

A
v
er

ag
e 

w
id

th
 o

f 
cr

ac
k
s 

(m
m

)

Layer thickness (mm)

 C1,C2,C3

S1,S2,S3

 T1,T2,T3

S2

4 6 8 10 12 14 16
0.00

0.05

0.10

0.15

0.20

0.25

T3
T2

T1

C1

C3

S1

C2

S3

S
u
rf

ac
e 

cr
ac

k
 r

at
io

Layer thickness (mm)

C1,C2,C3

S1,S2,S3

T1,T2,T3

S2

(c) (d)

(f)(e)

(g) (h)

391   Page 10 of 25 Bulletin of Engineering Geology and the Environment (2022) 81: 391



1 3

first and then increase with increasing temperature (Fig. 12(f)). 
Moreover, the average width of cracks of coral clay varies 
slightly with the increase of temperature, while Chongqing 
silt shows a slight decrease at first and then increase.

Surface crack rate refers to the ratio of total crack area to 
the total area of the soil. The total area of the soil changes 
little and can be considered as a fixed value. Therefore, the 
surface crack rate is positively correlated with the total crack 

Fig. 12   The relationship curve 
between crack index and tem-
perature: a Number of nodes; 
b Number of crack segments; 
c Total crack area; d Surface 
crack rate; e Total length of 
cracks; f Average length of 
cracks; g Average width of 
cracks; h Surface crack ratio
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area. It can be seen from Fig. 11(c) that with the increase 
of layer thickness, the total crack area of Chongqing silt 
gradually increases, while the coral clay decreases. There-
fore, the surface crack rates of coral clay and Chongqing silt 
also show this opposite law. Total crack area approximately 
equal to total length of cracks multiplied by average width 
of cracks. It can be seen from Fig. 11(e) that the total length 
of cracks of Chongqing silt and coral clay decrease with the 
increase of layer thickness, while the average width of cracks 
increase with the increase of layer thickness. The increase 
of average width of cracks of coral clay is smaller; while 
the Chongqing silt has a more significant increase (Figs. 9 
and 11(g)), which contributes more to the total crack area. 
This results in an increase of the total crack area, which 
in turn leads to an increase in the surface crack rate. From 
this aspect, the reason for this opposite law can also be 
explained. Meanwhile, it can also be seen that Chongqing 
silt has greater shrinkage than coral clay, resulting in a more 
significant increase in the average width of cracks of Chong-
qing silt. It also shows that different soils, due to different 

structures and mineral compositions, will lead to significant 
differences in the desiccation cracking characteristics of dif-
ferent soils.

Clod parameters analysis

The clods divided by the soil cracks can be measured by 
the clod parameters, i.e., number of clods, total area of 
clods, average area of clods and maximum area of clods, 
which affect its physical and mechanical properties. By 
analyzing the data obtained by image processing, the rela-
tionship curve between each clod parameter and different 
layer thickness was obtained, as shown in Fig. 13. It can 
be seen from Fig. 13(a) that the number of clods about 
coral clay of each layer thickness is greater than Chong-
qing silt at corresponding layer thickness, and the number 
of clods about Chongqing silt is greater than talcum with 
corresponding layer thickness. When the layer thickness is 
less than 10 mm, the number of clods about coral clay and 
Chongqing silt decreases significantly with the increase of 
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Fig. 13   The relationship curve between clod index and layer thickness: a  Number of clods; b  Total area of clods; c  Average area of clods; 
d Maximum area of clods
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the layer thickness. Meanwhile, when the layer thickness 
is greater than 10 mm, the degree of decline slows down. 
It can be seen that coral clay and Chongqing silt have rela-
tively consistent changes between the number of clods and 
layer thickness. The number of clods about talcum is gener-
ally small. As the layer thickness increases, the number of 
clods about talcum slowly decreases first and then slowly 
increases. It can be seen from Fig. 13(b) that the total area of 
clods about coral clay slowly increases with the increment of 
layer thickness. Chongqing silt showed the opposite law, i.e., 
the total area of clods about Chongqing silt decreased slowly 
with the increase of layer thickness, and both showed a good 
linear relationship. The total area of clods about talcum 
has changes a little, which increases slowly first with the 
increase of layer thickness, and then decreases slowly. It can 
be seen from Fig. 13(c) that the average area of clods about 
coral clay and Chongqing silt fluctuates relatively little with 
the change of layer thickness, and the parameter increases 
linearly and slowly with the increase of layer thickness. As 
for talcum, the parameter increases significantly first as the 
layer thickness increases, and then decreases significantly. It 
can be observed from Fig. 13(d) that the maximum area of 
clods about coral clay, Chongqing silt and talcum all show 
a linear increase trend with the increase of layer thickness. 
And the maximum area of clods about Chongqing silt and 
talcum increases significantly with the increment of layer 
thickness. For the maximum area of clods about coral clay, 
it increases slowly with the increment of the layer thickness. 

In general, talcum has the larger maximum area of clods 
value under the conditions of each layer thickness, followed 
by Chongqing silt and coral clay.

With the increase of temperature, number of clods of 
coral clay decreases, while Chongqing silt increases first 
and then decreases (Fig. 14(a)). The total area of clods of 
coral clay increases slightly with the increase of temperature, 
while Chongqing silt shows the opposite trend (Fig. 14(b)). 
Average area of clods of coral clay increases with the 
increase of temperature, while Chongqing silt shows first 
decrease and then increase (Fig. 14(c)). With the increase of 
temperature, maximum area of clods of coral clay increases 
slightly, while Chongqing silt shows a significant decrease 
at first and then a slight increase (Fig. 14(d)). The effect 
of temperature is mainly reflected in promoting the earlier, 
faster propagation and stability of cracks, and the influence 
law on the final parameters is relatively insignificant (Luo 
et al. 2020; Fang et al. 2021).

Morphological analysis of fractal dimension

The fractal dimension is often used to reflect the distribution 
of cracks on the soil surface. It can be seen from Fig. 15(a) 
that the fractal dimensions of coral clay, Chongqing silt and 
talcum all increase with the increment of layer thickness. 
Moreover, in coral clay and talcum, there is a good linear 
relationship between the fractal dimension and the layer 

Fig. 14   The relationship curve 
between clod index and tem-
perature: a Number of clods; 
b Total area of clods; c Average 
area of clods; d Maximum area 
of clods
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thickness. While the fractal dimension of Chongqing silt 
increases significantly at first and then increases slowly with 
the increment of the layer thickness. Figure 15(c) shows that 
fractal dimensions of coral clay and Chongqing silt both 
increase slowly with the increase of temperature.

The average width of cracks is an important parameter 
affecting the fractal dimension. The size of the average width 
of cracks will significantly affect the degree of self-similarity 
of the cracks on the soil surface, thereby affecting the change 
law of the fractal dimension. Therefore, it is necessary to 
reveal the relationship between the average width of cracks 
and the fractal dimension. From Fig. 15(b), it can be con-
cluded that there is an exponential relationship between the 
fractal dimension and the average width of cracks. There is 
a high degree of agreement between the actual value and the 
fitted value. The fitting function is:

where y is fractal dimension, x is average width of cracks. 
Moreover, a = 1.90415, b = 0.56845, c = 0.30691, and 
R2 = 0.96457.

Analysis of crack morphological distribution

The layer thickness affects the morphological distribution 
of soil cracks. In order to explore the effect of layer thick-
ness on the morphological distribution characteristics of 

(10)y = a − b ∗ cx

cracks, a statistical analysis was carried out on the crack 
length, crack width, clod area and crack direction. Fig-
ure  16 shows the frequency distribution of the crack 
length; Fig. 17 shows the frequency distribution of the 
crack width; Fig. 18 shows the frequency distribution of 
the clod area; Fig. 19 shows the frequency distribution of 
the crack direction.

It can be seen from Fig. 16(a), (b) that the distribution 
range of the crack length about coral clay and Chongqing 
silt gradually expands with the increment of layer thickness, 
i.e., C3 > C2 > C1, S3 > S2 > S1. The distribution range of 
crack length about talcum shows a trend of increasing first 
and then decreasing with the increment of layer thickness, 
i.e., T2 > T1 > T3. And the crack length distribution of T2 
and T3 is discontinuous. For instance, T2 has a missing dis-
tribution between 60 and 120 mm in length, and T3 has a 
missing distribution between 60 and 90 mm in length. Under 
a certain layer thickness, the distribution range of the crack 
length of different soils varies greatly. For instance, when 
the layer thickness is 5 mm, the crack length distribution 
ranges of C1, S1, and T1 are 0 ~ 25.00 mm, 0 ~ 31.50 mm 
and 0 ~ 120.00 mm, respectively; When the layer thick-
ness is 10 mm, that of C2, S2 and T2 are 3.50 ~ 27.50 mm, 
0 ~ 56.00  mm and 0 ~ 195.00  mm, respectively; when 
the layer thickness is 15 mm, that of C3, S3 and T3 are 
2.50 ~ 45.00  mm, 7.00 ~ 70.00  mm and 0 ~ 105.00  mm, 
respectively. The maximum relative frequency of the 
crack length of C1, C2, and C3 are 0.37, 0.21, and 0.13, 

Fig. 15   Fractal dimension: 
a Layer thickness; b Average 
width of cracks; c Temperature

4 6 8 10 12 14 16
1.50

1.55

1.60

1.65

1.70

1.75

1.80

1.85

1.90

1.95

2.00

T3

T2T1

C1
C3

S1

C2

S3

F
ra

ct
al

 d
im

en
si

o
n

Layer thickness (mm)

 C1,C2,C3

S1,S2,S3

 T1,T2,T3
S2

(a)

0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0
1.50

1.55

1.60

1.65

1.70

1.75

1.80

1.85

1.90

1.95

2.00

 Actual value

Fitting value

F
ra

ct
al

d
im

en
si

o
n

Average width of cracks (mm)

(b)

Parameter Value

a 1.90415

b 0.56845

c 0.30691

Reduced Chi-Sqr 0.00032

R-square(COD) 0.97343

Adj. R-square 0.96457

Fitting equation:

25 30 35 40 45 50 55
1.70

1.75

1.80

1.85

1.90

1.95

2.00

F
ra

ct
al

 d
im

en
si

o
n

Temperature (℃)

C3,C4,C5

S3,S4,S5

C3
C4

C5

S3

S4
S5

(c)

391   Page 14 of 25 Bulletin of Engineering Geology and the Environment (2022) 81: 391



1 3

respectively, and that of S1, S2, and S3 are 0.44, 0.16, and 
0.13, respectively, while that of T1, T2, and T3 is 0.30, 
0.35 and 0.40, respectively. It was found that the maximum 
relative frequency of the crack length about coral clay and 
Chongqing silt decreased significantly with the increment of 
the layer thickness, while that of talcum showed the opposite 

law. However, the maximum relative frequency values of the 
crack length are relatively close (Fig. 16(c)).

Through the fitting analysis of the frequency distribution 
of the crack length, it is found that the crack length distri-
bution of talcum is discontinuous and the fitting effect is 
poor, while the fitting effect of the frequency distribution of 
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Fig. 16   Frequency distribution of the crack length
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the crack length about coral clay and Chongqing silt under 
different layer thickness and temperature conditions is rela-
tively better, which conforms to the form of LogNormal 
function curve, as follows:

(11)y = y
0
+

A
√

2��x
e

−
�

In
x
xc

�2

2�2

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

R
el

at
iv

e 
fr

eq
u

en
cy

Crack width (mm)

 C1  fitting

 C2  fitting

 C3  fitting

Parameter Value1 Value2 Value3

y0 0.01521 -0.01415 -0.00121

xc 0.69900 0.82667 1.19349

ω 0.18259 0.36300 0.34200

A 0.12719 0.17828 0.15770

Reduced Chi-Sqr 7.78046 0.00105 0.00047

R-square(COD) 0.97301 0.91593 0.90398

Adj. R-square 0.95951 0.88441 0.87780

0 1 2 3 4 5 6 7 8 9
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

R
el

at
iv

e 
fr

eq
u
en

cy

Crack width (mm)

 S1

 S2

 S3

0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

R
el

at
iv

e 
fr

eq
u
en

cy

Crack width (mm)

 T1

 T2

 T3

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50
0.00

0.05

0.10

0.15

0.20

0.25

R
el

at
iv

e 
fr

eq
u

en
cy

Crack width (mm)

 C3 

 C4

 C5

(d)

1.5 3.0 4.5 6.0 7.5 9.0
0.00

0.05

0.10

0.15

0.20

0.25

R
el

at
iv

e 
fr

eq
u

en
cy

Crack width (mm)

 S3

 S4

 S5

(c)

(a) (b)

(e)

Fig. 17   Frequency distribution of the crack width
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where y is relative frequency, and x is crack length. The 
specific values of the fitting parameters are shown in the 
tables in Fig. 16(a), (b), (d) and (e).

It can be seen from Fig. 17(a) and (b) that the distribution 
range of the crack width about coral clay and Chongqing silt 
gradually expands with the increment of layer thickness, i.e., 
C3 > C2 > C1, S3 > S2 > S1. It is similar to the crack length 
distribution of coral clay and Chongqing silt. The distribu-
tion range of the crack width about talcum showed a trend 
of decreasing first and then increasing with the increment 
of layer thickness, i.e., T3 > T1 > T2 (Fig. 17(c)). Under a 
certain layer thickness, the distribution range of the crack 
width about different soils varies greatly. For instance, when 
the layer thickness is 5 mm, the crack width distribution 

ranges of C1, S1, and T1 are 0 ~ 1.50 mm, 0 ~ 1.50 mm 
and 0.45 ~ 2.25 mm, respectively; when the layer thick-
ness is 10 mm, that of C2, S2 and T2 are 0.15 ~ 1.80 mm, 
0 ~ 4.00  mm, and 0.45 ~ 1.95  mm, respectively; when 
the layer thickness is 15 mm, that of C3, S3, and T3 are 
0.45 ~ 2.25 mm, 1.00 ~ 9.00 mm and 0.30 ~ 2.55 mm, respec-
tively. The maximum relative frequency of the crack width 
about C1, C2, and C3 are 0.42, 0.22, and 0.19, respectively, 
and that of S1, S2, and S3 are 0.45, 0.29, and 0.20, respec-
tively, while that of T1, T2, and T3 is 0.27, 0.29 and 0.21, 
respectively. It is found that the maximum relative frequency 
of the crack width about coral clay and Chongqing silt 
decreased significantly with the increment of layer thickness, 
while that of talcum showed a trend of increasing first and 

Fig. 18   Frequency distribution 
of the clod area
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Fig. 19   Frequency distribution 
of the crack direction
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then decreasing with the increment of layer thickness, but 
the maximum relative frequency values of the crack width 
are relatively close. Figure 17(d) and (e) shows that under 
different temperature conditions, the distribution range of 
crack width about coral clay is relatively close, while the 
crack width of Chongqing silt has a larger distribution range 
when the temperature is 30 °C.

Through the fitting analysis about the frequency distribu-
tion of the crack width, it is found that the fitting effect about 
the frequency distribution of the crack width about Chong-
qing silt and talcum is poor, while that of coral clay is better, 
which also conforms to the form of the LogNormal function 
curve. As shown in the formula (10), the specific values of 
each fitting parameter are shown in Fig. 17(a).

It can be seen from Fig. 18(a), (b) and (c) that the area 
distribution of various soil clods gradually expands with the 
increment of layer thickness, i.e., C3 > C2 > C1, S3 > S2 > S1 
and T3 > T2 > T1. Under a certain layer thickness, the dis-
tribution range of the clod area about different soil varies 
greatly. For instance, when the layer thickness is 5 mm, the 
clod area distribution ranges of C1, S1, and T1 are 0 ~ 500 
mm2, 0 ~ 1000 mm2, and 0 ~ 5000 mm2, respectively; when 
the layer thickness is 10 mm, that of C2, S2, and T2 are 
0 ~ 600 mm2, 0 ~ 4000 mm2 and 0 ~ 8000 mm2, respectively; 
when the layer thickness is 15 mm, that of C3, S3 and T3 
is 0 ~ 1500 mm2, 0 ~ 7000 mm2 and 0 ~ 12,000 mm2, respec-
tively. The maximum relative frequencies of the clod area 
about C1, C2, and C3 were 0.79, 0.40, and 0.18, respec-
tively, and that of S1, S2, and S3 were 0.99, 0.59, and 0.64, 
respectively, while that of T1, T2 and T3 are 0.46, 0.30 and 
0.63, respectively. It is found that the maximum relative fre-
quency of the clod area about coral clay decreased signifi-
cantly with the increment of the layer thickness, while that 
of Chongqing silt showed a significant decrease first and 
then a slight increase with the increase of the layer thickness. 
However, that of talcum decreases first and then increases 
significantly with the increment of layer thickness. When 
the layer thickness is small, the uniformity of the clod area 
finally formed by each soil is better. As the layer thickness 
increases, the soil clods divided by the cracks become larger. 
Besides, there are still some small soil clods, and the distri-
bution range of the clod area is further expanded. At corre-
sponding layer thickness, talcum has a larger clod area com-
pared with coral clay and Chongqing silt. This phenomenon 
can also be seen in Fig. 9.

Figure 18(d) and (e) shows that with the increase of tem-
perature, the distribution range of clod area about coral clay 
gradually increases, while the maximum relative frequency 
of clod area about Chongqing silt is relatively close, and 
distribution range of crack area is the largest when the tem-
perature is 30 °C.

The direction of initiation and propagation of cracks 
affects the morphological distribution of cracks. Studying 

the distribution of crack angles can better describe the crack-
ing phenomenon and understand the probability of choosing 
the direction of crack development.

It can be seen from Fig. 19 that the crack directions 
of C1 are mostly concentrated in 0° ~ 30°, 80 ~ 110°, and 
150° ~ 180°, and the relative frequencies are 0.21, 0.23, and 
0.17, respectively. The crack directions of C2 are mostly 
concentrated at 0° ~ 10°, 80 ~ 120°, and 160° ~ 180°, and the 
relative frequencies are 0.09, 0.30, and 0.16, respectively. 
The crack directions of C3 are mostly concentrated in 
0° ~ 20°, 80 ~ 110° and 170° ~ 180°, and the relative frequen-
cies are 0.15, 0.20 and 0.09, respectively. The crack direc-
tions of S1 are mostly concentrated in between 60° and 100°, 
and the relative frequency is 0.34.The crack directions of S2 
are mostly concentrated in between 100° ~ 110°, 120° ~ 130° 
and 150° ~ 160°, and the relative frequencies are 0.10, 0.09 
and 0.08, respectively. The crack directions of S3 are mostly 
concentrated in between 80° ~ 90° and 160° ~ 170°, and the 
relative frequencies are 0.10 and 0.12, respectively. The 
crack directions distribution in T1 and T2 are mostly hori-
zontal. This phenomenon can also be observed in Fig. 9. The 
crack directions of T1 are mostly concentrated in between 
0° ~ 10° and 170 ~ 180°, and the relative frequencies are 
0.24 and 0.16, respectively. The crack directions of T2 are 
mostly concentrated in between 160 ~ 180°, and the relative 
frequency is 0.47. The crack directions of T3 are mostly 
concentrated at 0° ~ 10° and 140 ~ 150°, and the relative fre-
quencies are 0.12 and 0.09, respectively. The crack direc-
tions of C4 are mostly distributed in 10° ~ 30°, 60° ~ 80° and 
120° ~ 150°, and the relative frequencies are 0.13, 0.15 and 
0.22, respectively. The crack directions of C5 are mostly 
distributed in 0° ~ 30°, 90° ~ 120°, and the relative frequen-
cies are 0.17 and 0.25, respectively. The crack directions of 
S4 are mostly distributed in 80° ~ 100° and 170° ~ 180°, and 
the relative frequencies are 0.21 and 0.13, respectively. The 
crack directions of S5 are mostly distributed in 80° ~ 100°, 
170° ~ 180°, and the relative frequencies are 0.21 and 0.12, 
respectively. It can be concluded that the direction about 
initiation and propagation of cracks is relatively random. 
As for coral clay and Chongqing silt, cracks tend to develop 
horizontally and vertically, while cracks of talcum tend to 
develop horizontally.

Microscopic analysis

The macro-cracks divide the soil mass into clods of differ-
ent shapes. We used an electron microscope to study the 
clods and found that there are still many microcracks in 
these soil clods. Different soils have different microcrack 
forms. In order to explore the distribution of microcracks 
in the soil, typical clods with a layer thickness of 15 mm 
are selected for microscopic analysis, as shown in Fig. 20.
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From Fig. 20(a), it can be seen that the surface distri-
bution of coral clay is uneven, there are many pores, and 
also a few microcracks. It can be seen from Fig. 20(b) 
that Chongqing silt has microcracks that are longer than 
other soils under the same magnification. Due to the small 
area of the observed clod, it cannot be explained whether 

other soils also exist larger-scale microcracks. It can be 
observed from Fig. 20(c) that the surface of kaolin is more 
uniform and flatter than other soil surfaces, but there are 
also a small amount of micropores and microcracks. It can 
be seen from Fig. 20(d) that there are many micropores 
on the surface of talcum, which is due to the micropores 

Fig. 20   The microscopic morphology of different soils with a layer thickness of 15 mm: a Coral clay; b Chongqing silt; c Kaolin; d Talcum

Fig. 21   Typical soil clods: 
a Soil clod warping; b and 
c Surface microcracks
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remaining when the gas escapes during the evaporation 
process, and then the microcracks start to initiate and 
propagate in the micropores. At present, the research on 
soil cracks mostly focuses on the quantitative analysis 
of macroscopic cracks, often ignoring the microcracks 
formed in the soil. The crack is the behavior when the 
surface tensile stress reaches the self-organized critical 
state, and the shape of the crack is often multi-scale.

Discussion on cracking mechanism

The initiation and propagation process of soil cracks is very 
complicated, which is significantly affected by the type and 
composition of the soil, layer thickness, and temperature 
(Tran et al. 2021; Tang et al. 2010).

It can be seen from Fig. 9 that kaolin has better anti-cracking 
performance compared with coral clay, Chongqing silt and tal-
cum, and only small cracks are generated where bubbles escape 

and are perpendicular to the container wall. Coral clay, Chong-
qing silt and talcum contain different mineral compositions 
due to different soil types, so the resulting cracks vary greatly. 
The layer thickness also has obvious effects on the cracks of 
various soils. It can be observed that when the layer thick-
ness of Chongqing silt is 15 mm, the edges of the large soil 
clod separated by the cracks have relatively obvious warping 
(Fig. 21(a)). This phenomenon also occur in other soils (Meng 
et al. 2020; Sánchez et al. 2019; Tran et al. 2019b). The clods of 
coral clay and Chongqing silt are separated by cracks that still 
have meso-cracks (Fig. 21(b), (c)). At the same time, we can 
still see microcracks (Fig. 20) by using a microscope. It can be 
seen that the type and composition of soil and the layer thick-
ness have a significant impact on soil cracks, and the form of 
cracks is multi-scale, including macro-cracks, meso-cracks and 
microcracks. Therefore, it is necessary to discuss the cracking 
mechanism of soil.

Regarding the formation mechanism of soil cracks, there 
are viewpoints such as evaporation cracking, shrinkage 

Fig. 22   Evolution mechanism 
of soil desiccation cracking

Table 1   Basic physical 
properties of different soils

Soil sample Specific gravity Liquid limit(%) Plastic limit(%) Plasticity 
index

Particle size analysis(%)

Sand Silt Clay

C 2.79 32.98 21.73 11.25 2 56 42
S 2.60 55.22 24.94 30.28 9 67 24
K 2.39 70.07 35.59 34.47 0 54 46
T 2.70 30.43 20.07 10.36 6 80 14
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cracking, and air–water interface intrusion. For the non-
cohesive fine-grained soil, (Shin and Santamarina 2011) 
believe that, driven by the increase of suction, the dry cracks 
in the fine-grained soil are generated as the air–water inter-
face penetrates into the saturated medium. Subsequently, the 
interface film increases the local porosity ratio at the tip and 
decreases the air intake value. The air–water interface enters 
the tip, and the cracks grow. For cohesive soil, Tang et al. 
2012 suggested that cracking is the result of mechanical 
action, essentially, which is a manifestation of soil tension 
failure. In the process of soil evaporation, it is often accom-
panied by shrinkage and cracking of the soil. Figure 22 is 
an evolution mechanism of soil desiccation cracking. The 
evaporation process will cause the migration and reduction 
of water in the soil. The state of soil will change from a 
saturated state to an unsaturated state. At the same time, due 
to the loss of water, the soil shrinks \Deltax, and settlement 
\Deltay will occurs on the surface of the soil sample. Due to 
the different type of soil, the shrinkage varies greatly. Kaolin 
has gone through the initial stage (Fig. 22 (a)), the surface 
settlement and shrinkage stage (Fig. 22(b)), and the surface 
microcrack development stage (Fig. 22(c)). In addition, the 
cracking phenomenon of kaolin is not obvious. Kaolin is 
extremely pure and has a small particle size, which results 
in a high viscosity. In the process of evaporative water loss, 
due to the good bonding between kaolin and the bottom 
and sides of the container, the soil shrinkage is greatly con-
strained by the bottom and sides of the container, which 
is the main reason for less propagation of cracks. Coral 
clay, Chongqing silt and talcum all have experienced the 
initial stage (Fig. 22(a)), surface settlement and contraction 
stage (Fig. 22(b)), crack initiation and propagation stage 

(Fig. 22(c)), and crack stable stage (Fig. 22(d)). Due to the 
different mineral compositions of these soils, there are dif-
ferences in shrinkage, so the final cracks also show different 
morphological laws. In addition, temperature can accelerate 
the evaporation rate, which can promote the saturated soil to 
reach the plastic limit, shrinkage limit, etc. more quickly. As 
a result, cracks can be generated and developed earlier, and 
stabilized more quickly. The temperature has a significant 
effect on the final crack morphology, but the law is relatively 
insignificant. In the follow-up study, the mechanism needs 
to be further revealed.

As the moisture in the soil evaporates, the soil will tran-
sition from a saturated state to an unsaturated state. At this 
time, the matrix suction of the soil will gradually increase 
(Lu and Likos 2004). The unbalanced tensile stress field 
caused by matrix suction is the essential cause of the cracks. 
In the surface area where the soil particles are weakly con-
nected, the tensile stress will be concentrated. Under the 
action of the concentrated tensile stress, the soil will move to 
the center of shrinkage. When the tensile stress in a certain 
part of the soil exceeds the connection strength or tensile 
strength of the soil, the connection among the particles will 
be broken, thereby forming a crack. The generation of cracks 
is also the release process of locally accumulated strain 
energy, so that the strain energy of the soil can be balanced 
again. After the cracks are generated, due to evaporation, the 
soil will shrink further. Furthermore, there is a stress con-
centration at the tip of the cracks, which will further expand 
the cracks and finally reach the stable stage of cracks. There 
are significant differences in the mineral composition, 

Table 2   Particle gradation parameters of different soils

Soil sample d10 d30 d60 Cu Cc

C 0.001 0.003 0.011 11.000 0.818
S 0.003 0.006 0.017 5.667 0.706
K 0.002 0.004 0.007 3.500 1.143
T 0.004 0.011 0.028 7.000 1.080

Table 3   Types and contents of 
elements in different soils

Soil sample Types and contents of elements (%)

C Ca O Mg Sr Na Si Fe Sx Cl Al K Mo
66.90 28.90 1.48 1.08 0.36 0.24 0.24 0.21 0.19 0.16 0.04 0.04

S O Si Al Fe K Mg Ca Na Ti S P Mn
47.65 28.84 10.82 5 2.55 1.62 1.28 0.95 0.58 0.34 0.11 0.07

K O Si Al Ti Fe K Mg Na Sx Au Pt Mo
50.17 25.19 23.44 0.37 0.30 0.17 0.12 0.07 0.05 0.03 0.03 0.02

T Ca O Mg Si F Sr Al Mo Fe Ru Au Rh
53.82 32.91 6.36 6.30 0.36 0.05 0.05 0.04 0.02 0.02 0.01 0.01

Table 4   Types and contents of minerals in different soils

Soil sample Types and contents of minerals(%)

C Aragonite Calcite Calcite magnesian
39.5% 35.5% 25%

S Quartz Alurgite 
2M1

Clinochlore 2 M Albite, 
Ca-rich, 
ordered

12.2% 19.3% 61.9% 6.6%
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particle size, arrangement state, and mechanical properties 
(contact behavior, cementation, etc.) of soil particles about 
coral clay, Chongqing silt, kaolin and talcum. In addition, 
soils that appear homogeneous at the macroscopic level 
show great inhomogeneity at the microscopic level. These 
will significantly affect the cracking behavior of soils, result-
ing in significant differences in crack morphology.

Coral clay can be used as filler for foundations and slope 
protection projects, and can also be used for impermeable 
layers and wall layers. However, the desiccation cracking 
characteristics of coral clay will seriously deteriorate its 
engineering properties, resulting in deformation of the foun-
dation, reduction in strength, instability of slope protection, 

failure of the anti-seepage function of the impermeable 
layer, and reduction of the protective function of the wall 
layer. So revealing the desiccation cracking mechanism is 
of great significance for the potential development value of 
coral clay. Our next work will be to improve the performance 
of coral clay, improve its mechanical properties and crack 
resistance, so as to promote the application of coral clay 
materials, improve the utilization rate of reef materials and 
realize their economic benefits.

Conclusion

In this paper, a series of laboratory cracking tests were car-
ried out to reveal the crack characteristics of coral clay, 
Chongqing silt, kaolin and talcum, with different layer 
thickness and temperature. The following conclusions were 
obtained:

1.	 Coral clay is a light yellow calcareous soft mud com-
posed of fine-grained coral debris, belonging to low 
liquid limit clay. Its particle composition is mainly silt 
and clay, and its sand content is extremely low. Coral 
clay particles have a large size span, and there are a large 
number of flake clay particles, fine strip and needle-
shaped particles distributed on the surface of large par-
ticles. Furthermore, the main chemical composition of 
coral clay is CaCO3, and the main mineral components 
are Aragonite, Calcite and Calcite magnesian. The per-
centage of each mineral composition is 39.5%, 35.5%, 
and 25%, respectively.

2.	 The final shape of soils is significantly affected by the 
layer thickness and temperature. Coral clay, Chong-
qing silt and talcum with different layer thicknesses all 
showed significant crack networks. With the increase 
of layer thickness, the area of the soil clods divided by 
the cracks increases, while the number of soil clods 
decreases. However, the tiny cracks of kaolin have not 
propagated due to its large consistency.

3.	 The number of nodes of cracks decreases with the incre-
ment of the layer thickness. The law between the number 
of crack segments and the thickness of each layer thick-
ness is more consistent with that of the number of nodes. 
The total length of cracks decreases with the increment 
of layer thickness. Coral clay shows a good linear law 
between the total length of cracks and the layer thick-
ness. The average crack width of each soil increases with 
the increment of layer thickness, which shows a good 
linear relationship. Coral clay and Chongqing silt have 
relatively consistent changes in the number of clods and 
layer thickness. The total area of clods about coral clay 
slowly increases with the increase of layer thickness, 
while that of Chongqing silt shows the opposite pattern, 

Table 5   The main parameters of each soil sample

Soil sample Temperature (℃) Layer 
thickness(mm)

C1 30 5
C2 30 10
C3 30 15
C4 40 15
C5 50 15
S1 30 5
S2 30 10
S3 30 15
S4 40 15
S5 50 15
K1 30 5
K2 30 10
K3 30 15
T1 30 5
T2 30 10
T3 30 15

Table 6   Fractal dimension

Soil sample Fractal dimension Linear regression 
coefficient

C1 1.628 0.9998
C2 1.690 0.9997
C3 1.749 0.9993
C4 1.759 0.9997
C5 1.786 0.9998
S1 1.612 0.9996
S2 1.824 0.9998
S3 1.901 0.9999
S4 1.902 0.9999
S5 1.920 0.9999
T1 1.778 0.9993
T2 1.784 0.9997
T3 1.824 0.9998
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and that of talcum has little changed. The average area 
of clods about coral clay and Chongqing silt increases 
linearly and slowly with the increase of layer thickness. 
Coral clay, Chongqing silt and talcum show a linear 
increase in the maximum area of clods with the increase 
of layer thickness. The influence of temperature on the 
clod parameters and crack parameters of different soils 
varies greatly, and the law is relatively insignificant.

4.	 The fractal dimensions of coral clay, Chongqing silt and 
talcum all increase with the increment of layer thickness. 
Fractal dimensions of coral clay and Chongqing silt both 
increase slowly with the increase of temperature. Besides, 
the fractal dimension of coral clay and talcum has a good 
linear relationship with the layer thickness, while that of 
Chongqing silt shows a significant increase first and then 
slowly increase with the increment of the layer thickness. 
There is a good exponential relationship between the frac-
tal dimension and the average crack width.

5.	 The layer thickness and temperature affect the morpho-
logical distribution of soil cracks. The frequency distri-
bution of the crack length of coral clay and Chongqing 
silt and the frequency distribution of the crack width of 
coral clay all conform to the form of LogNormal func-
tion curve. The crack direction of initiation and propaga-
tion is relatively random. The cracks of coral clay and 
Chongqing silt tend to develop horizontally and verti-
cally, while talcum cracks tend to develop horizontally. 
Moreover, the crack morphology is multi-scale, includ-
ing macro-cracks, meso-cracks and microcracks.
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