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Crack is one of the important factors affecting the engineering characteristics of expansive rock and soil. In order to study the
evolution characteristics and cracking mechanism of red beds in Central Sichuan during seepage and swelling, multiple groups
of cracking tests are conducted under different initial states with a self-made device. In addition, combining swelling-softening
mechanism of expansive rock and numerical analysis, the swelling-cracking mechanism is studied. The following research
results are obtained. (1) The evolution process of swelling cracks is divided into three stages: the generation stage, the rapid
development stage, and the stabilization stage. In the rapid development stage, the increase in the crack degree accounts for 90%
of the whole process. (2) The final crack degree of the sample is related to the initial water content, water absorption method,
and clay mineral content. The lower the initial water content, the greater the final crack degree of the sample. The final crack
degree under the soaking water absorption method is greater than that under the capillary water absorption method, and the
final crack degree of mudstone is greater than that of argillaceous sandstone and sandstone. (3) The development of swelling
cracks is controlled by three significant values of water absorption, which are w1, w2, and w3, respectively, representing the
beginning of cracking, the starting of the rapid development stage, and the starting of the stabilization stage. Among them, w2 is
of great significance in engineering practice. It shows that the development of cracks has entered a stage of rapid development,
and the crack degree in this stage will increase exponentially with water absorption. (4) Uneven water absorption and uneven
distribution of clay minerals lead to uneven swelling of expansive rock, which in turn generates swelling stress. Under the
combined action of swelling stress and water swelling-softening, the internal structure of the rock is destroyed, leading to the
generation and development of the cracks. Due to the different causes of uneven expansion, the mechanical mechanism of
cracking and the shape of the resulting cracks will be different.

1. Introduction

Crack is one of the important factors affecting the engineer-
ing properties of rock and soil. Previous studies have shown
that cracks generate and expand under external stress,
freeze-thaw, and dry-wet cycles, causing structural damage
and strength attenuation of rock and soil, and changing the
seepage characteristics of rock and soil [1–6]. Especially in
expansive rock and soil engineering, fissures will cause seri-
ous deterioration of the engineering properties of the rock
and soil mass, which will cause serious geological disasters
and damage to engineering buildings and structures [7, 8].

Therefore, relevant geotechnical practitioners have con-
ducted a large number of systematic studies on the expansive
rock or soil cracks. These researches involve crack develop-
ment characteristics and quantitative index analysis, influ-
ence factors of the development and expansion of cracks,
and cracking mechanisms.

At present, there are a lot of research results on the crack
development characteristics and quantitative description of
expansive rock/soil. Chen [9] and Lu et al. [10] conducted
CT test research on the crack evolution of expansive soil
cracks. The research results show the process of crack devel-
opment, new cracks connecting, and the formation of a crack
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network. Yi et al. [11] studied the fractal characteristics of the
fractured structure of expansive soils based on the fractal
theory. Wang et al. [12] based on the numerical processing
technology of image grayscale and binarization proposed
the concept and quantitative description method of fissures
in expansive rock. Li et al. [13] optimized and improved the
image processing method of shrinkage cracks in expansive
soil and the method of extracting crack features. Wei et al.
[14] conducted a quantitative analysis of the cracks on the
surface of expansive soil samples through indoor dry-wet
cycle tests, and studied the variation of the geometric struc-
ture and morphological characteristics of the crack network
with the number of cycles.

The evolution of cracks is greatly affected by the external
environment. Tang et al. [15] studied the effect of tempera-
ture on the shrinkage cracks of expansive soil and found that
the shrinkage cracks have obvious temperature effects. Mao
et al. [16] studied the effects of different initial damage
degrees, different numbers of dry-wet cycles, and coupled
conditions of the two on the development and evolution of
pores and fissures in expansive soils, as well as the corre-
sponding soil deformation and mechanical behavior. Hu
et al. [17] conducted a CT scan test on the undisturbed
expansive soil through the dry-wet cycle, and studied the
relationship between the three-dimensional space cracks
and the dry-wet cycle from both qualitative and quantitative
aspects. Lou et al. [18, 19] studied the influence of size and
temperature on the evolution of cracks in expansive soils,
and combined with the tensile failure theory of soil cracking
and the shrinkage and evaporation of the sample, the crack-
ing mechanism of soil under the influence of thickness is
theoretically analyzed.

On the generation and propagation mechanism of cracks,
many researchers have conducted considerable in-depth
researches from the aspects of experiment, theory, and
numerical model. Konrad and Ayad [20] established a theo-
retical model of clay cracking under the condition of surface
evaporation through the field test results of clay dry cracking;
Yao et al. [21] used elastic theory and fracture mechanics
principle to put forward the mathematical expression of
crack propagation depth, which basically determined the
approximate depth of crack development. Ma et al. [22]
studied the process of crack generation, propagation, and

expansion under the condition of dehumidification, and
summarized the laws of crack generation, propagation, and
expansion. Wu et al. [23] studied the development mecha-
nism of initial cracks in expansive soil when water content
changes, and established a theoretical model. Yin et al. [8]
proposed that high shrinkage and low permeability are the
basic reasons for the multicracks of expansive soils, and fur-
ther discussed the generation mechanism and development
process of cracks in expansive soils.

The above studies are mainly aimed at the shrinkage
cracks of the expansive rock/soil under the condition of water
loss. However, under the condition of water absorption, the
expansive soil generally does not develop cracks, but the
expansive rock will develop and expand cracks. Many
scholars have observed the development and expansion of
cracks in the expansion test and disintegration test of expan-
sive rock [24–26]. In response to this phenomenon, the
researchers only carried out some qualitative descriptions
and analyses, and believed that the evolution of fissures was
one of the reasons for the volume expansion and the disinte-
gration of expansive rock. However, these studies did not
quantitatively analyze the evolution characteristics of swell-
ing cracks nor did they in-depth study of the mechanism of
swelling cracks.

This work takes the red-bed mudstone in Central
Sichuan as the research object. Through the self-made soft
rock water absorption and cracking test device, multiple sets
of unconfined swelling-cracking tests under different initial
conditions were carried out. The crack field information is
visualized through image recognition and interpretation
technology. Combined with the analysis of fissure quantita-
tive indicators, the evolution law and influencing factors of
swelling cracks in red-bed mudstone are studied, and the
relationship curve between the crack degree and water
absorption is established. Finally, combining the swelling
mechanism and numerical analysis, cracking mechanism of
expansive rock under water swelling condition is studied.

2. Experimental Material and Methodology

2.1. Rock Material and Its Basic Physical Properties. The
expansive rock materials studied in this work were acquired
from red beds in Central Sichuan (Figure 1). The red bed is
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Figure 1: The red bed in Central Sichuan.
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the Middle Jurassic Upper Shaximiao Formation (J2s) mud-
stone intercalated with sandstone. The mudstone is purple-
red, argillaceous cemented, with well-developed fissures,
contains more hydrophilic minerals, and is easy to disinte-
grate. Laboratory swelling test research shows that the
average swelling force of the original rock is 700 kPa, and
the average free expansion rate of rock powder is 27.9%,
which has a large expansibility [27, 28]. The sandstone is
gray-green/gray-white, mostly feldspar quartz sandstone,
with medium-fine grain structure, argillaceous cement, hard
texture, and nonswelling.

Table 1 shows the X-ray diffraction results of the test
samples. From the results, mudstone contains 20% montmo-
rillonite and 15% illite, argillaceous sandstone contains just
5% montmorillonite and 13% illite, and sandstone contains
only 11% illite. According to SEM imaging analysis of mud-
stone sample in Figure 2, microcracks are developed, and clay
minerals are stacked in flakes with no obvious orientation
arrangement. In addition, there are some large pores and
many small pores that can be observed.

2.2. Test Method. In the process of water swelling of
mudstone, cracks must generate and develop in three-
dimensional space. However, due to limited conditions, the
sample cannot be scanned by three-dimensional CT (com-

puted tomography) during the test. Therefore, the test
mainly focuses on the observation and quantitative analy-
sis of surface cracks on the sample. The sample is a rock
cake obtained by cutting the core (Figure 3), and its size
is ϕ × h = 64:0mm × 24:0mm. The selection of the thickness

Figure 3: Rock sample.

Table 1: X-ray diffraction results (unit: %).

Lithology Montmorillonite Illite Chlorite Kaolinite Calcite Hematite Quartz Albite Plagioclase

Mudstone 20 15 5 1 38 21

Argillaceous sandstone 5 13 5 2 3 37 27 8

Sandstone 11 4 12 3 31 27 12

× 800

Crack

Crack

Crack

Large pores 

× 800

× 2000 × 2000

Figure 2: SEM results of mudstone.
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takes into account the need for surface crack observation (the
thinner the sample, the easier the cracks to develop and the
easier the observation) and the difficulty of sample prepara-
tion (the thinner the sample, the more difficult it is to prepare
the sample).

A total of 8 samples were selected for this test, including 5
mudstone samples, 2 argillaceous sandstone samples, and 1
sandstone sample. The basic parameters of each sample are
shown in Table 2, and the clay mineral composition is shown
in Table 1.

There are many factors influencing the swelling-cracking
of expansive rock. The external factors include environmen-
tal conditions (temperature and humidity) and water absorp-
tion methods (capillary water absorption, soaking water
absorption, and pressure). The internal factors include sam-
ple size and initial water content, density, clay mineral com-
position, and internal initial cracks. This test mainly analyzes
the influence of initial water content, clay mineral content
(different lithology), and different water absorption methods
on the characteristics of swelling cracks under no confining
condition.

Different initial water content is obtained by controlling
the sample to air-dry at 45°C. Capillary absorption means
that the sample absorbs water from the saturated permeable
stone through capillary action. Soaking absorption means
that the bottom and sides of the sample are immersed in
water, and the top surface is left as observation surface with-
out being immersed in water. The samples with the same
lithology are all taken from the same rock core to ensure that
the samples with the same lithology are uniform.

2.3. Test Device and Process. The soft rock water absorption
and cracking test device is shown in Figure 4. The water tank
provides the water source to the sample dish, and the sample
gains weight by absorbing water. Then, the weight of the
water absorbed is measured by the electronic balance, and
the photo of swelling cracks on the surface of the sample
is obtained with the camera. All collected photos and
water absorption data are input to the computer via a data
collector.

The main processes of the test are as follows:

(1) Before the test, fix the position of the camera to
ensure that the focus direction of the camera is

perpendicular to the surface of the sample. At the
same time, adjust the LED light sources on both
sides to keep the vertical projection as much as
possible to reduce the impact of shadows on photo
quality

(2) Set the shooting interval of the camera and the
recording interval of the electronic balance at the
specified time interval

(3) In the capillary moisture absorption mode, pour
distilled water into the water tank, and set the sample
when the water level in the sample cuvette just
surpasses the permeable stone

(4) In the soaking water absorption mode, wrap the
surface of the sample with plastic wrap and place it

1 – Sample

2 – Permeable 

3 – Electronic balance

4 – Sample dish

5 – LED lamp

6 – Sealing cover

7 – Digital camera
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1
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8 – Water tank

9 – Control valve

10 – Data collector

11 – Computer 

Figure 4: Test device of soft rock water absorption and cracking.

Table 2: Basic physical properties of samples.

Sample number Lithology Method of water absorption
Initial water content

(%)
Thickness
(mm)

Diameter
(mm)

Natural density
(g/cm3)

1#

Mudstone

Capillary absorption

4.01 23.82 65.51 2.49

2# 2.95 24.23 63.17 2.51

3# 1.56 23.92 64.35 2.51

4#
Soaking absorption

4.01 23.94 64.35 2.51

5# 2.90 24.06 64.50 2.51

6#
Argillaceous sandstone

Soaking absorption

3.37 24.00 64.10 2.49

7# 2.56 24.30 64.66 2.49

8# Sandstone 3.34 24.20 64.42 2.46

4 Geofluids



t = 30 min 
w = 3.37 % 
Sr = 0.20 %

t = 53 min 
w = 7.24 % 
Sr= 3.68 % 

t = 360 min 
w = 8.47 % 
Sr = 8.06 % 

(a) 1# sample

t = 30 min 
w = 13.02 % 
Sr = 0.20 % 

t = 340 min 
w = 22.02 % 
Sr = 12.8 % 

t = 143 min 
w = 17.29 % 
Sr = 3.90 % 

(b) 2# sample

t = 78 min 
w = 10.37 % 
S
r
 = 0.17 % 

t = 141 min 
w = 18.43 % 
S
r
 = 3.45 % 

t = 300 min 
w = 22.17 % 
S
r
 = 17.17 % 

(c) 3# sample

t = 7 min 
w = 0.26 % 
S
r
 = 0.24 % 

t = 21 min 
w = 1.76 % 
S
r
 = 4.72 % 

t = 62 min 
w = 6.68 % 
S
r
 = 13.13 %

(d) 4# sample

t = 32 min 
w = 5.20 % 
Sr = 1.10 % 

t = 123 min 
w = 10.67 % 
Sr = 5.20 % 

t = 157 min 
w = 20.26 % 
Sr = 11.63 % 

(e) 5# sample

t = 46 min 
w = 2.12 % 
Sr = 0.07 % 

t = 106 min 
w = 5.20 
Sr = 1.22 % 

t = 260 min 
w = 7.61 % 
Sr = 7.00 % 

(f) 6# sample

Figure 5: Continued.
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on the permeable stone, and then pour water into the
water tank so that the liquid level in the water absorp-
tion dish is just under the upper surface of the sam-
ple. Close the control valve and remove the sample.
Take it out and install the sample after removing
the cling film, and open the control valve at the same
time

(5) Start collecting test data and observe the test process.
When the water absorption does not increase and the
cracks no longer change within 1 hour, the test is
complete

3. Experimental Results and Analysis

3.1. Quantitative Indexes of Crack Field. By taking photos of
the surface of the sample during the test, the spatial distri-
bution and temporal changes of the cracks are recorded.
Then use image processing technology to get the relevant
crack indexes. There are many ways to implement crack
image processing. However, considering that the cracks
in this test are affected by the background environment
(caused by water absorption), it is difficult to perform
batch processing in accordance with conventional process-
ing methods [8]. Therefore, the cracks in the photos of
this experiment are all manually drawn by CAD. Due to
the large amount of photos during the entire experiment,
only the images with large fissure changes were processed.
In addition, there are many small cracks on the surface of
the sample, but due to the influence of swelling and mud-
ding on the mudstone surface, it is difficult to count the
small cracks. Therefore, only the cracks with larger width
or later development are drawn.

Currently, the more commonly used crack indexes are
total length of cracks, average width of cracks, maximum
width of cracks, and the proportion of the area of cracks. In
this test, the crack degree index was used to quantitatively
analyze the evolution of the swelling cracks. This index com-
prehensively considers the degree of crack development

(length and width), and the calculation method is shown in
Equation (1).

Sr =
∑Si
S0

, ð1Þ

where Sr is the crack degree (%), Si is the area of the i-th crack
(mm2), and S0 is the initial upper surface area of the sample
(mm2).

3.2. Analysis of Crack Evolution Process. A large number of
crack development photos were obtained from the experi-
ment, and crack diagrams at different stages were drawn
through CAD. Figure 4 shows the typical photos and crack
diagrams of samples 1#~7# at different stages, and lists the
state of the sample at each stage, including time t, the water
absorption w, and the crack degree Sr . Since the 8# sample
did not appear cracks during the water absorption process,
it was not analyzed.

It can be seen from Figure 5 that the cracks of the speci-
mens basically developed from the outside to the inside,
gradually connected, and developed into a crack network.
Each crack network is basically composed of 2 to 4 main frac-
tures and several fine cracks. The basic morphology of the
cracks is mainly arc or chord shape which develops circularly
and short-line shape which develops radially.

In order to quantitatively analyze the swelling-cracking
process of red-bed mudstone, taking the 2# sample as an
example, the curve of the crack degree over time is shown
in Figure 6. It can be seen from Figure 6 that the evolution
process of the cracks can be divided into three stages, namely,
the generation stage, the rapid development stage, and the
stabilization stage.

Figure 7 shows the generation stage. During this stage,
the sample begins to absorb water, and the surface becomes
muddy and uplifted due to swelling and softening. A small
amount of fine cracks are generated, but these cracks are

t = 75 min 
w = 3.57 % 
Sr = 0.16 % 

t = 176 min 
w = 6.81 % 
Sr = 3.22 % 

t = 314 min 
w = 7.67 %
Sr = 8.36 % 

(g) 7# sample

Figure 5: Cracking pictures of samples.
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short and local, independent and not connected to each
other. The overall crack degree is small.

Figure 8 shows the rapid development stage of the cracks.
In this stage, the old small cracks quickly grow and expand
with new cracks forming. The old and new cracks are inter-
twined and connected with each other. In this stage, the crack
degree has increased significantly.

Figure 9 shows the crack stabilization stage. During this
stage, cracks grow slowly and the crack degree increases
slowly to be constant.

3.3. Influencing Factors of Crack Evolution Characteristics. In
order to analyze the influence of the initial state of the sample
on the evolution characteristics of swelling cracks, plotting
the time history curve of crack degree of different water
absorption methods and different lithology samples is shown
in Figures 10 and 11.

The following points can be obtained from Figures 10
and 11:

(1) The three-stage characteristics of crack development
are obvious. In the first stage, the crack degree did
not increase. In the second stage, the crack degree
increased rapidly. The duration of this stage was
short, but the increased crack degree accounted for
90% of the whole process. In the third stage, the crack
degree increased slowly, but eventually stabilized

(2) Lithology, initial water content, and water absorption
methods have a significant impact on the initial
cracking time (as shown in Figure 12). Under capil-
lary water absorption, the higher the initial water
content of the sample, the earlier the cracks will
appear. Under the same initial water content, the
initial cracking time of soaking water absorption is
significantly earlier than capillary water absorption.
Under soaking water absorption conditions, mud-
stone started to crack earlier than argillaceous
sandstone. This phenomenon may be related to the
process of water swelling and softening. The initial
water content is high, and the initial softening degree
of the sample is large; in addition, the content of
clay minerals such as montmorillonite is high, the
greater the expansion and softening during the water

Figure 8: Rapid development stage.

Figure 9: Stabilization stage.

Figure 7: Generation stage.
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Figure 6: Curve of crack degree over time of 2# sample.

7Geofluids



0

20

40

60

80

100

0 1 2 3 4 5

In
iti

al
 cr

ac
ki

ng
 ti

m
e (

m
in

)

Initial water content (%)

Mudstone-capillary absorption
Mudstone-soaking absorption
Argillaceous sandstone-soaking absorption

Figure 12: Curves between initial cracking time and initial water content
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Figure 10: Time history curves of crack degree of 1#~5# samples.
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absorption process; finally, the water migration is
faster under soaking water absorption. These three
reasons work together to make the cracking occurred
earlier

(3) Lithology, initial water content, and water absorption
methods also have a significant impact on the final
crack degree. Table 3 shows the statistical results of
the final crack degree after the test, and Figure 13
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Figure 13: Curves of final fissure ratio and initial water content.
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Figure 14: Curves of crack degree and water absorption over time of 2# sample.

Table 3: Final crack degree of samples.

Sample number Lithology Method of water absorption Initial water content (%) Final crack degree (%)

1#

Mudstone

Capillary absorption

4.01 8.06

2# 2.95 12.81

3# 1.56 17.18

4#
Soaking absorption

4.01 14.50

5# 2.90 28.20

6#
Argillaceous sandstone

Soaking absorption

3.37 7.25

7# 2.56 8.36

8# Sandstone 3.34 0
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Figure 15: Continued.
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shows the relationship between the final crack degree
and the initial water content

It can be seen from Figure 13 that the lower the initial
water content, the greater the final crack degree of the sam-
ple, and the final crack degree under the soaking water
absorption method is greater than the capillary water absorp-
tion. The final crack degree of mudstone is greater than that
of argillaceous sandstone and sandstone.

The main reason for the development and expansion of
swelling cracks is the uneven expansion of the sample during
water absorption. The degree of this uneven expansion is
controlled by the swelling potential of expansive rock.

The greater the swelling potential of the expansive rock
is, the greater the internal stress caused by the uneven
swelling deformation, and the resulting crack development
and expansion will be more intense. The mudstone sample
contains 20% montmorillonite, and its expansion potential
is much greater than that of argillaceous sandstone, while
sandstone has no montmorillonite mineral and has no
obvious expansibility. Therefore, the swelling crack degree
is generally larger than that of sandy mudstone. Due to the
small expansibility of sandstone, the uneven expansion stress
generated is not enough to cause the damage of the rock
material, so no cracks are generated.

Even with the same expansion potential (such as 1~3#
samples, 4~5# samples, and 6~7# samples), the initial water
content of the sample is different, and the expansion energy

released under the condition of complete water absorption
is also different. The lower the initial water content is, the
greater the released expansion energy is, and the greater the
swelling deformation and swelling stress are. Therefore, as
the initial water content decreases, the final crack degree
increases.

The water absorption method also affects the crack
development of the sample. Compared with the capillary
method, the sample absorbs water faster under the soaking
method. Thus, the faster the water absorption is, the larger
the internal water content gradient is, resulting more seri-
ous uneven expansion and softening. Therefore, the final
crack degree under soaking method is higher than capil-
lary method.

In summary, the degree of development of swelling
cracks in expansive rocks is controlled by the swelling
potential, and the basic material condition for swelling and
cracking is swelling clay minerals.

3.4. Analysis of the Relationship between Crack Degree and
Water Absorption. The swelling and cracking of red-bed
mudstone is a process in which water absorption gradually
increases, expansion occurs continuously, and cracks con-
tinue to develop. In order to analyze the time history change
relationship between the crack degree and the water absorp-
tion in this process, the time history change curve of the 2#
sample crack degree and water absorption was drawn in the
same coordinate, as shown in Figure 14.
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Figure 15: Relationship curves of crack degree and water absorption of 1#~7# samples.

Table 4: Characteristic values of water absorptions and fitting results.

Sample number
Characteristic value of water absorptions (%) Fitting results (Sr = aebw) (Sr (%), w (%))
w1 w2 w3 a b R2

1# 3.08 3.97 8.29 0.0791 0.5683 0.98

2# 13.15 15.12 22.02 0.0119 0.3207 0.97

3# 11.10 16.94 21.86 0.0009 0.4468 0.95

4# 0.26 0.91 3.76 0.8509 0.8527 0.95

5# 1.54 18.38 23.71 0.0517 0.2687 0.98

6# 2.64 4.59 7.61 0.043 0.6509 0.99

7# 3.56 4.87 7.67 0.0283 0.7253 0.96
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It can be seen from Figure 14 that the crack degree is
basically unchanged in the early stage of the test, while
the water absorption increases rapidly. When the water
absorption reaches a certain level, the cracks and the water
absorption increase simultaneously. After the growth of
water absorption gradually slows to stability, the cracks still
grow, but eventually tend to stabilize. In general, the
growth of the crack degree lags behind the increase of water
absorption.

In order to further analyze the relationship between the
crack degree and water absorption, the relationship curves
of 1#~7# samples are plotted in Figure 15. It can be seen from
Figure 15 that the crack degree of the seven samples changes
with the water absorption basically similar, and there are
three characteristic values of water absorption that control
the development of the cracks. At the beginning of the test,
the water absorption continued to increase, but the crack
degree was always zero. When the water absorption increases
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Figure 16: Displacement vector graph in different times of 2# sample.
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to the first characteristic value w1, cracks begin to occur, and
the crack degree slowly increases with the water absorption.
As the water absorption increases to the second characteristic
value w2, the crack degree begins to increase sharply with the
water absorption. The growth trend is close to the exponen-
tial type, and the fitting correlation is good (R2 > 0:9). When
the water absorption is close to or reaches the third charac-
teristic water absorptionw3, the crack degree increases slowly
to a stable value. Table 4 lists the characteristic values of

water absorption of each sample and the fitting results of
the rapid development stage.

Among the three characteristics of water absorption, w2
has a relatively large engineering significance. Under rainfall
conditions, with the infiltration of water, the water absorp-
tion of swelling rock/soil slopes gradually increases. When
the water absorption increases to w2, the cracks on the open
surface such as the toe or shoulder of the slope will develop
rapidly. As a result, the overall strength of the slope shoulder,

Water absorption
direction

(a) Capillary absorption

Water absorption
direction

(b) Soaking absorption

Figure 17: Numerical analysis model.
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−435 −355 −274 −193 −112 −31.5 49.3 130 211 292 −61.6 −44.6 −27.6 −10.6 6.37 23.3 40.4 57.4 74.4 91.4

Figure 18: Stress cloud diagrams under capillary water absorption (unit: kPa).
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especially the slope toe, is significantly reduced, leading to
instability and failure of the slope.

4. Discussion on the
Swelling-Cracking Mechanism

In the process of water loss and shrinkage of expansive
rock/soil, tensile stress is generated on the surface due to
the different evaporation degrees of the external and internal
surfaces. When the tensile stress exceeds the tensile strength
of the soil, tensile cracks will occur. The tensile stress caused
by this inconsistent water loss of internal and external will
make the cracks continue to develop in depth, and the cracks
will develop and expand horizontally with the overall water
loss and shrinkage of the soil. However, different from
shrinkage cracks, swelling cracks of expansive rock are gener-
ated in the process of water absorption and swelling. In this
process, on the one hand, the uneven expansion deformation
leads to the internal swelling stress; on the other hand, the
water swelling and softening decrease the bond strength
between clay particles. From these two aspects, the
swelling-cracking mechanism is completely different from
the shrinkage cracking mechanism, so the mechanical mech-
anism of the swelling and cracking needs to be further
studied.

4.1. Reasons for Uneven Expansion of Swelling Rock. In order
to intuitively reflect the uneven expansion of the swelling
rock during the water absorption process, the displacement
of the black grid points in the 2# sample was calculated,
and the displacement vector diagram is drawn in Figure 16.

It can be seen from Figure 16 that during the process of
water absorption, the sample continuously expands out-
wards, and there is always a point in each vector diagram that
does not shift, which is regarded as the center of expansion.
As time changes, the center of expansion is constantly chang-
ing and it is not near the center of the sample. This shows that
the water swelling process is an uneven expansion, and this
uneven expansion is constantly changing over time.

The swelling potential of expansive rock is directly
related to its clay mineral content, and the release of swelling
potential is controlled by its water absorption. Therefore,
from these two aspects, the uneven expansion of the sample
may be caused by uneven water absorption and uneven
distribution of swelling clay minerals.

4.2. Uneven Water Absorption Process. The process of water
migration inside the sample inevitably determines the
unevenness of water absorption. In the process of water
absorption for a uniform and crack-free sample, the outer
material preferentially absorbs water and expands. With the
migration of water, the inner material expands later, so there
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Figure 19: Stress cloud diagrams under soaking water absorption (unit: kPa).
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is a sequential expansion difference in time. At the same time,
the external has larger water absorption than the internal,
meaning the released expansion energy of the external is
greater than that of the internal. Therefore, there is an
uneven expansion in space. In general, due to uneven water
absorption, there is a humidity gradient field in the sample
space, and the humidity gradient field changes with time.

In order to analyze the distribution law of the expansion
stress caused by the humidity gradient field, an axisymmetric
numerical analysis model was established using ANSYS soft-
ware, as shown in Figure 17. The material parameters
involved in the model refer to Dai et al. [29], and the calcu-
lated stress cloud diagrams are shown in Figures 18 and 19
(the X-axis is the radial direction, the Y-axis is the axial
direction, and the Z-axis is the circular direction).

It can be seen from Figures 17 and 18 that the stress
distribution law is basically similar in the two cases of soak-
ing and capillary water absorption. The radial stress and the
circular stress σz have similar distributions, and both change
more uniformly along the radial direction. The outer area is
compressive stress; the middle area is tensile stress. Axial
stress σy changes from compressive stress to tensile stress
from outside to inside in the radial direction, with obvious
concentrated stress area. The shear stress σxy has an obvious
concentration area in the outer edge, and the whole internal
shear stress is much smaller than other stresses.

Since the internal area of the sample has not been soft-
ened by water, the horizontal tensile stress σx and σz needs
to destroy the bond strength to produce vertical cracks. This
is difficult when there is no internal water swelling and soft-
ening, and no structural defects (such as microcracks). The
concentrated area of axial stress σy is on the outer surface,
and prone to water softening. Therefore, this area is easier
to damage and crack from the perspective of fracture
mechanics. In addition, from the principal stress vector
diagram of the XOY section (Figure 20), there are principal
tensile stresses in the inner area and corner area of the
specimen, which may provide mechanical conditions for
the propagation of the cracks.

According to the above analysis, the sample swells during
the process of water absorption, and compressive stress con-
centration area appears in the middle part of the side (see
Figure 21). Due to compressive stress concentration σy and
water softening of the rock material, shear failure is very

likely to occur in this area, and the crack will form a certain
angle (rupture angle φ) with the side face. Under capillary
action, water will migrate to the tip of the crack, causing
the tip to absorb water and soften. At the same time, under
the action of the principal tensile stress in the corner area,
the crack will continue to expand along the vertical direction
of the principal tensile stress until it penetrates the upper
surface of the sample, forming a crack surface as shown in
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Figure 21: Processing of crack development.
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Figure 21. It is worth noting that, theoretically, this kind of
crack can develop on the upper and lower surfaces, and the
degree of softening and crack development on the lower sur-
face should be more serious. But in fact, due to the friction
between the bottom surface and the permeable stone and
the action of gravity, the degree of development of cracks
on the bottom surface is much lower than that on the upper
surface.

The development mode of this crack will gradually move
to the inside of the sample as the crack penetrates and softens
by water absorption. In this way, during the whole test pro-
cess, the sample will produce layer after layer of “wrapped”
crack surface, which is a layer of arc-shaped cracks when
observed on the surface of the sample. This type of arc-
shaped cracks appears more often in the rapid development
stage (Figure 22).

Finally, the model considers the case where the material
is uniform and has no internal microcracks. In fact, accord-
ing to the SEM results (Figure 2), it can be seen that there
are obvious microcracks in the sample. These microcracks
are fast passages for water swelling, aggravating the uneven
degree of swelling and deformation. In addition, the cracks
are also the locations of poor cementation inside the rock
mass. Under the action of internal horizontal tensile stress
and water softening, the microcracks will stretch and expand
in the vertical direction, and the tendency of the cracks to
develop is perpendicular to the direction of the horizontal
principal tensile stress. After the microcracks expand to pen-
etrate the surface, a visible chord-like macrocrack is formed,
as shown in Figure 23.

4.3. Uneven Distribution of Swelling Clay Minerals. During
the test, the surface of mudstone and argillaceous sandstone
showed obvious mudding and uneven uplift (Figure 24). This
indicates that the clay minerals in the sample are not evenly
distributed. The degree of unevenness may be related to the
size and distribution of clay particles and the composition
of clay minerals during mudstone deposition.

The content of clay minerals in different areas of the sam-
ple is different, and the final water content of different areas
will also be different under the condition of sufficient water

supply. Therefore, the sample after the test is divided into
the upper layer and the bottom layer. The upper layer is
divided into different areas with the cracks as the boundary
to measure the water content, as shown in Figure 25 (take
2# sample as an example). Table 5 records the results of final
water content in different areas of 1#~7# samples. The crack
network of each sample is different, and the number (5~6)
and size of the regions divided by the cracks are also different.
It can be seen from Table 4 that the water content of different
areas of the same sample is different. 1#, 3#, and 4# samples
have relatively small differences in water content of different
areas, while 2# and 6# have great differences. 2# is the differ-
ence between the upper and lower layers, while 6# is the over-
all difference, and its range is the largest, reaching 34.4%.

The uneven distribution of clay minerals on the one hand
leads to differences in the degree of water absorption; on the
other hand, it also leads to differences in swelling potential.
Therefore, it is more likely to cause uneven expansion of
the rock and aggravate the development and expansion of
cracks. Especially when the internal clay mineral content of
the sample is greater than the external one, the internal water
swelling pressure is greater than the external one, resulting in
external tension. And the outside is an easy-softening zone,
which makes it easier to produce vertical tension cracks.
With water absorption and softening, the cracks gradually
develop inward along the radial direction.

Internal defect area 

A chord-like
crack

Figure 23: Surface chord cracks of 3# sample.

Arc-shaped cracks
on the surface Cracks on

the side 

Crack
surface

Figure 22: Cracks of 4# sample.
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Based on the above analysis, the swelling rock absorbs
water and expands unevenly, causing internal swelling stress.
Under the effect of structural defects such as internal micro-
cracks and water softening, the expansion stress will destroy
the internal structure, resulting in the generation and expan-
sion of cracks. This uneven expansion is mainly caused by
uneven water absorption and uneven distribution of clay
minerals. Due to the different causes of uneven expansion,
the mechanical mechanism of cracking and the shape of the
resulting cracks will be different. When the material is uni-
form and has no internal structural defects, the cracks grad-
ually develop from the outside to the inside, showing a
“wrapped” shape. In the case of microcracks inside, it will
cause vertical chord-like tension cracks. The uneven distribu-
tion of clay minerals will result in different degrees of water
swelling. When the content of clay minerals inside is greater

than that of the outside, vertical tension cracks will be gener-
ated from the outside to the inside.

5. Conclusion

Through the swelling-cracking test of the expansive
mudstone in the Central Sichuan red beds, the evolution
characteristics of the swelling cracks were studied. The rela-
tionship between the water absorption and the crack degree
during the evolution of the cracks was analyzed. Combined
with a numerical analysis, the cracking mechanism of expan-
sive rock is studied. The main conclusions are summarized as
below:

(1) The swelling-cracking process has obvious three-
stage characteristics: the generation stage, the rapid

Table 5: Water content in different areas (unit: %).

Sample number
Distribution area

Bottom layer Average value Range
1 2 3 4 5 6

1# 11.20 11.86 12.43 12.29 13.00 12.69 15.21 14.51 4.01

2# 25.78 24.26 34.89 33.23 29.02 14.40 24.96 25.70 20.5

3# 32.70 31.35 29.74 27.34 29.67 — 27.35 28.60 5.36

4# 16.70 14.08 15.63 14.81 17.14 — 15.25 15.36 3.06

5# 27.40 26.49 35.20 32.03 31.60 — 31.62 31.46 8.71

6# 28.40 8.53 20.74 29.14 27.16 39.73 5.35 9.70 34.4

7# 12.97 11.33 9.14 11.49 11.78 10.62 8.69 9.32 4.28

1
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5

4

6

Upper layer

Bottom layer

Figure 25: Measuring water content of 2# sample.
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Sandy 
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Figure 24: Uneven expansion on the surface of 6# sample.
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development stage, and the stabilization stage. Among
them, the increase in the crack degree during the rapid
development stage accounts for 90% of the total
process

(2) The final crack degree of swelling and cracking is
related to the initial water content, water absorption
method, and clay mineral content

(3) The development of swelling cracks of expansive rock
is controlled by three characteristic values of water
absorption. The first characteristic value w1 is the
water absorption at the beginning of cracks; the
second characteristic value w2 is the initial water
absorption at the rapid development stage of cracks;
the third characteristic value w3 is the water absorp-
tion when crack development reaches a stable level.
The second characteristic value w2 is of great signifi-
cance in engineering practice. It indicates that the
development of cracks has entered a stage of rapid
development, in which the crack degree increases
exponentially with water absorption. This has a cer-
tain reference for the study of swelling rock slope
instability under rainfall conditions

(4) Swelling and cracking of expansive rock is caused by
uneven expansion, which is constantly changing over
time. The main cause of uneven swelling is uneven
water absorption and uneven distribution of swelling
clay minerals. Due to the different causes of uneven
expansion, the mechanical mechanism of cracking
and the shape of the resulting cracks will be different
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