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Abstract
Bottom-initiated radial cracking is a special phenomenon for soil as it is subjected to desiccation. This study aims to simu-
late the initiation and propagation of radial cracks in soil using both experimental and discrete-element method (DEM) 
approaches. Under controlled conditions of constant temperature and humidity, a laboratory desiccation test of clayey soil 
samples with bottom-constrained boundary conditions was carried out to illustrate the soil bottom-initiated radial desic-
cation cracking behavior. The evaporation characteristics as well as the development of radial cracking initiating from the 
subsoil were captured. To simulate this phenomenon, a desiccation model based on discrete-element method was used in 
DEM. Based on the laboratory testing results, appropriate parameters are selected for the numerical simulations. The DEM 
approach was calibrated by reproducing the experimental results of radial desiccation cracking. Subsequently, the initiation 
and propagation mechanisms of this typical soil cracking phenomenon was analyzed and discussed. With the constraint of 
the bottom boundary, the initiation of radial desiccation cracking was associated with the arched distribution of inter-particle 
tensile force in the soil samples. The propagation direction of the cracks was perpendicular to the inter-particle tensile forces. 
Finally, the effects of basal friction, evaporation gradient and shrinkage parameter on the bottom-initiated radial cracks in the 
simulation were analyzed. The size of the bottom particles and interface bonding factor played a significant role in the effect 
of basal friction. Compared with the samples under uniform water loss conditions, the bottom shrinkage rate was relatively 
low for the sample under a gradient water loss. In addition, an increase in the shrinkage parameter of the soil particles led 
to a greater extent of crack propagation.
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Introduction

Extreme drought climate conditions could usually lead to 
severe soil desiccation cracking phenomenon. The pres-
ence of cracks can significantly alter the strength, perme-
ability, and compressibility of soils, reducing the overall 
stability and bearing capacity of the relevant earthworks 
(Péron et al. 2009; Sima et al. 2014; Tang et al. 2021). 
Soil desiccation cracking is of great importance in the 
environmental geotechnical engineering (Morris et  al. 
1992; Miller et al. 1998; Lozada et al. 2015), as it could 
potentially cause instability and serious failure of enclosed 
isolation layers in some fields, including nuclear waste 
storage and landfill (Nahlawi and Kodikara 2006; Rayhani 
et al. 2007; Kalkan 2009; Chaduvula et al. 2017). Further-
more, road subgrade cracking in pavement engineering and 
landslide in natural slopes are also common hazards due to 
soil desiccation cracking (Baker 1981; DeCarlo and Shokri 
2014; Jiang et al. 2019; Xu et al. 2022).

Previous research on desiccation cracking mainly 
focuses on soil surface-initiated cracks, while limited 
attention has been given to desiccation cracks initiated 
at the soil bottom. It is widely recognized that water loss 
from the soil surface leads to surface-initiated desiccation 
cracking. In nature, soil sediments are typically stratified, 
while some desiccation cracks could also initiate within 
the subsoil and propagate toward the earth surface. For 
instance, Weinberger (1999) first reported that cracks can 
initiate from the subsoil, which has greatly changed the 
original understanding. Costa et al. (2013) also observed 
bottom-initiated cracks while conducting a series of des-
iccation cracking tests on potato starch samples. Despite 
subsurface cracks being easily overlooked due to difficul-
ties in visualization, their initiation and propagation can 
lead to severe failure of soil structures. Consequently, the 
soil hydraulic–mechanical behaviors such as water reten-
tion capacity, permeability and strength can be signifi-
cantly affected. The adverse effects and potential disas-
ters caused by desiccation cracks in drought-prone regions 
might be underestimated if the cracks on unexposed 
surfaces are ignored, leading to more substantial losses 
(Lakshmikantha et al. 2013). Therefore, a comprehensive 
study on bottom-initiated cracks is of great significance 
in understanding the mechanism of this phenomenon and 
preventing the related disasters.

Recently, Zeng et al. (2020) changed the basal friction 
conditions of the slurry soil bars and conducted a series of 
desiccation tests. The experimental observations revealed 
a correlation between the propagation directions of cracks 
initiated at the bottom of the soil bar and their initiation 
positions. Vertical cracks tend to locate in the middle of 
the soil bar, while oblique cracks initiate near the edge 

which is called as radial cracks. They suggested that cracks 
initiated at the bottom surface and propagated obliquely 
upward are primarily influenced by the combined effect 
of shear and tensile stresses. Until now, comprehensive 
investigations into the mechanism of bottom-initiated 
radial cracks are still lacking due to the limitations of 
investigation methods.

In recent years, numerical modeling has become an 
effective approach in analyzing complex geotechnical 
engineering problems. Numerical methods could poten-
tially overcome the shortcomings of experiments (e.g., 
time consuming and scale limitations), and enable multi-
scale and multi-physics characterization of desiccation 
cracking in soils under a precisely controlled environment 
(Tang et al. 2021). Compared with other numerical meth-
ods, the discrete-element method (DEM) has an excellent 
adaptability to simulate discontinuous deformations and 
failure processes of granular materials (Cundall and Strack 
1979). However, previous DEM simulations mainly focus 
on analyzing the two-dimensional crack network pattern 
and geometry, while the initiation and propagation of a 
single crack in a 3D space of the sample are not well stud-
ied (Sima et al. 2014; Guo et al. 2018; Le et al. 2022). Vo 
et al. (2017) used a cohesive fracture method and proposed 
a hydro-mechanical coupling model to simulate the des-
iccation of clayey soil, in which the soil bottom-initiated 
cracking phenomenon was observed. Recently, Lin et al. 
(2021) have successfully modeled both top-initiated and 
bottom-initiated cracks in a thin clay layer using DEM. 
However, in their work, the propagation direction and 
angle of the cracks initiated from bottom were not pre-
sented. Up to now, quite a few numerical analyses on the 
bottom-initiated cracks exist, and the involved mechanism 
is still unclear. No attempt has been made to simulate the 
bottom-initiated radial desiccation cracking phenomenon 
in soil.

The main objective of this research is to investigate 
the initiation and propagation of radial cracks initiating 
from the soil–base interface using the discrete-element 
method. A laboratory soil desiccation test was first carried 
out on a clay sample with a bottom-constrained boundary 
condition. The development of the bottom-initiated radial 
cracks and the evaporation characteristics during the dry-
ing process were monitored. Based on the laboratory test-
ing results, a two-dimensional desiccation model based on 
DEM was employed to capture the initiation and propaga-
tion mechanisms of the bottom-initiated soil radial desic-
cation cracking phenomenon, considering the variability 
of soil properties. The DEM approach was also validated 
by reproducing the results of experimental radial desicca-
tion cracking. The involved mechanisms and the parameter 
sensitivity of the model were analyzed.



Environmental Earth Sciences (2024) 83:229	 Page 3 of 18  229

Laboratory tests

Materials and methods

The soil used in laboratory tests was sampled from Nan-
jing, China. The physical properties of the soil are presented 
in Table 1. It is classified as a lean clay (CL) according 
to the Unified Soil Classification System (ASTM D-2487, 
2017). To obtain a relatively homogeneous sample, the natu-
ral clayey soils were subjected to air drying, crushing, and 
passing through a 2 mm sieve. Oversaturated slurry samples 
were prepared by mixing the sieved clay with distilled water 
to reach an initial gravimetric water content of 170%. The 
sample was vibrated on a shaking table for about 5 min to 
remove entrapped air bubbles generated in clay slurry. Sub-
sequently, it was sealed and stored for 72 h to achieve a water 
content equilibrium state. After sedimentation, the water 
above the slurry surface was pumped and the gravimetric 
water content of the sample was further measured as 58.9%.

The acrylic container with the dimension of 90 mm 
(length) × 25 mm (width) × 40 mm (height) was used in the 
laboratory tests. The boundary confinement was achieved by 
fixing a sandpaper (the average sand grain diameter: 0.063 
mm) to the bottom of the container. The container sidewalls 
were coated with grease to reduce the boundary effect. Sub-
sequently, the prepared slurry was poured into the acrylic 

container to form a predetermined layer thickness of 35 mm. 
Ultimately, the desiccation tests were conducted under con-
trolled room temperature of 25 °C, and relative humidity 
of 40%. The schematic drawing of the experimental setup 
is shown in Fig. 1. During the drying process, the sample 
weight and water evaporation rate were monitored, and the 
side views of the drying sample were recorded by a fixed 
digital camera at every 2 h.

Experimental results

The variations in water content (w) and evaporation rate (Re, 
mass of water loss per minute) over time are illustrated in 
Fig. 2. The process of water evaporation can be described 
as three main stages during drying (Cui et al. 2010; Tang 
et al. 2011). At stage 1 (constant rate stage), the average 
evaporation rate was ~ 0.011 g/min, while the average water 
content decreased linearly from 58.9% to 16.4%. Stage 2 
(rate decreasing stage) started at the average water content 
of 16.4% (corresponding to the air-entry value). After about 

Table 1   Physical properties of 
the tested clayey soil

Soil properties Value

Specific gravity 2.73
Liquid limit (%) 36.5
Plastic limit (%) 19.5
Plasticity index (%) 17.0
Sand content (%) 2
Silt content (%)
Clay content (%)

76
22

USCS classification CL

Fig. 1   Schematic drawing of the 
experimental setup

Fig. 2   Changes of the water content and evaporation rate during the 
desiccation tests
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2980 min, the decrease of water content slowed down gradu-
ally, and the corresponding water evaporation rate decreased 
rapidly. During stage 3 (residual rate stage), the residual 
water content of the soil sample stabilized at around 4.1%. 
Concurrently, the water evaporation rate approached zero 
upon attaining the residual water content.

Figure 3 illustrates the crack initiation and propagation 
in the tested sample with the change of water content. The 
slurry sample shrunk and completely detached from the two 
side walls of the container at the average water content of 
26.2% and soil thickness of 30 mm. A series of preliminary 
tests in the early stage show that the effect of detaching from 
the walls of the container on the initiation and propagation 
of cracks is significant. If the sample did not detach com-
pletely from the container walls, the cracking initiated at 
the sample top or side surfaces is likely to be observed. This 
phenomenon can be explained by the boundary constraint 
provided by the cohesion between the side wall and the 
sample, leading to stress concentration at the detached and 
non-detached regions. The observations can match well the 
results reported from other studies on bottom crack initiation 
(Zeng et al. 2020; Lin et al. 2021).

As shown in Fig. 3, Crack 1 and Crack 2 initiated from 
the soil–base interface simultaneously at the average water 
content of 21.6% and propagated in oblique directions at the 
right edge of the sample. The soil was fully saturated at the 
crack initiation stage and the corresponding evaporation falls 
into the constant rate stage (Stage 1, Fig. 2), as indicated by 
Tang et al. (2011). Two bottom-initiated cracks (Crack 3 
and Crack 4) at the left side edge and middle of the bottom 
boundary, respectively, initiated and propagated when the 
average water content decreased from 21.6% to 16.4%. This 
phenomenon is radial desiccation cracking where vertical 

cracks initiate in the middle of the sample, while oblique 
cracks initiate near the edge of the sample. Furthermore, the 
left-initiated cracks inclined to the left, while the right-initi-
ated cracks inclined to the right. As the soil sample started to 
desaturate at the average water content of 16.4%, the number 
of cracks did not increase and only the crack width increased 
slightly. It should be noted that only the bottom-initiated 
cracks can be observed in the sample. All cracks initiated 
from the bottom and stopped in halfway at the end of dry-
ing process. This is attributed to the lower water content 
distribution in the upper soil mass, resulting in the formation 
of a higher tensile strength (Lin et al. 2021). At the end of 
test, slight curling phenomenon of the soil sample can be 
observed (Morris et al. 1992; Nahlawi and Kodikara 2002; 
Zeng et al. 2020).

Discrete‑element modeling of soil 
desiccation

In the DEM model, the soil aggregates are usually simulated as 
spherical particles (Sima et al. 2014; Guo et al. 2018; Lin et al. 
2021; Tran et al. 2021; Le et al. 2022). The discrete particles 
do not directly represent solid grains or dry clay particles, but 
represent the mixture of soil and water phases. A linear contact 
bond model (Itasca Consulting Group Inc., 2015) was selected 
as the fundamental model to simulate the cohesion between 
clayey soil particles. This contact model has also been success-
fully employed by previous researchers in DEM simulations of 
clayey soil behaviors (Guo et al. 2018; Gu et al. 2022).

It is generally believed that the desiccation cracking of 
clayed soils occurs when the internal tensile stress exceeds 
the tensile strength of the soil (Kodikara and Choi 2006; 

Fig. 3   Crack patterns of the 
sample when water content 
is (a) 26.2%; (b) 23.2%; (c) 
21.6%; (d) 18.9%; (e) 16.4%; (f) 
4.1% (side view, serial number 
C1–C4 marks the initiation 
location and sequence of cracks)
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Tang et al. 2010). The concentration of tensile stress inside 
the soil is caused by the soil shrinkage constraint or non-uni-
form drying shrinkage during the drying process. In terms of 
the desiccation model, the shrinkage of the particles simu-
lates the water loss of the saturated soils. When the shrink-
age deformation is constrained, tensile force will also be 
generated between the particles. If the tensile force exceeds 
the tensile strength between the particles, the cohesive bond 
will break between the particles. The soil desiccation model 
is described in detail as below.

Contact model

The force–displacement relationship of the linear-elastic 
contact bond model is shown in Fig. 4. The normal and 
incremental tangential contact forces between bonded par-
ticles are calculated as

where kn and ks are the normal and tangential stiffness, and 
dn and ds are the normal and tangential displacement. The 
normal stiffness kn can be obtained by the effective modulus 
Ec at the contact as follows (Potyondy and Cundall 2004):

where A and L are the cross-section area and length at the 
contact in the two-dimensional model as follows:

(1)Fn = kndn,

(2)ΔFs = ksΔds,

(3)kn =
A∗Ec

L
,

(4)A = 2rt(t = 1), r =

{

min
(

R(1),R(2)
)

, ball-ball

R(1), ball-wall
, L =

{

R(1) + R(2), ball-ball

R(1), ball-wall
,

where R(1) and R(2) are the radii of the two contacting 
particles.

It is noted that how the contact force between particles 
is calculated in DEM based on the overlapping distance 
between the contacting particles at every step, while the par-
ticles are shrinking without moving during drying process. 
When the normal tensile force Fn between particles exceeds 
the tensile strength Tn or the tangential force Fs between 
particles exceeds the shear strength Ts, the cohesive bond 
breaks.

After the bond breakage, the model becomes a linear 
contact model for dispersed particles. The mechanical 
behavior is linear elastic and frictional with slip being 
accommodated by imposing a Coulomb limit on the shear 
force. The contact forces between dispersed particles are 
calculated by

where Fi
s and Fi−1

 s are shear forces calculated at the cur-
rent and previous simulation time steps, respectively; Δds is 
the corresponding incremental shear displacement; μ is the 
friction coefficient.

(5)Fn =

{

kndn, dn < 0

0, otherwise
,

(6)Fi
s
=

{

Fi−1
s

+ ksΔds, Fi−1
s

< 𝜇Fn

F
μ
s = 𝜇Fn, otherwise

,

Fig. 4   The force–displace-
ment law of the bond contact 
model (kn and ks are normal and 
tangential stiffness, dn and ds are 
normal and tangential displace-
ment, and Fs

μ is sliding friction 
force)
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Changes of physical and mechanical properties 
during drying

Macroscopically, during the drying process, the clayey soil 
properties change simultaneously, including the physical 
(e.g., volume, density) and mechanical properties (e.g., 
contact forces). Therefore, the relationship between the cor-
responding meso-parameters and water content was estab-
lished in the proposed model.

Volume

The majority of the desiccation cracks initiate during the 
first stage of evaporation, as shown in the Section “Test 
results”, which is also consistent with the results obtained by 
previous researchers (Costa et al. 2008). During this stage, 
the soil is saturated, and the evaporation rate is a constant. 
While there might be localized unsaturation of the sample, 
the soil as a whole remains saturated (Shin and Santamarina 
2011). The fundamental assumption of the model is that the 
soil is saturated, and the water loss due to evaporation leads 
to the change of volume and mass in the soil sample. The 
relationship between particle size and drying time needs to 
be established to reflect the dynamic changes of the volume 
in the DEM model. For samples with homogeneous shrink-
age, El Youssoufi et al. (2005) proposed the relationship 
between the variation of particle radius R and drying time t:

where R0 is the initial radius of the particles, α is the shrink-
age parameter, and T is the total simulation time. Since the 
evaporation rate remains constant during the first stage of 
water evaporation, the variation over time in Eq. (7) can 
be substituted by the alteration in water content within the 
sample. Therefore, the equation of particle radius R variation 
can be rewritten as

where w0, w and wf are the initial water content, current 
water content and final water content in the simulation, 
respectively. Assuming the shrinkage kinetics is the same for 
all the discrete particles, the overall shrinkage deformation 
of the sample is consistent with the shrinkage deformation of 
a single particle. Therefore, in the two-dimensional model, 
the volumetric strain εv of the sample during the shrinkage 
process can be expressed as

(7)R = R0e

(

−�
t

T

)

,

(8)R = R0e

(

−�
(w0−w)
(w0−wf)

)

,

(9)�v = 1 − e

(

−2�
(w0−w)
(w0−wf)

)

.

The variable of α can be calculated by the following 
equation:

where εvf is the final volumetric strain of the sample at the 
end of the simulation.

Density

During the process of soil drying, it is also necessary to 
consider the change in particle density. In DEM, the total 
mass of the solid phase is set to 1, and the mass of the 
liquid phase is equivalent to the current mass of water 
content. The following equation can be used to calculate 
the density of particles in the model under different water 
contents in the saturated state:

where Gs is the specific gravity of the clayey soil in the 
laboratory test, and ρw is the density of water.

To ensure mass conservation during the simulation, 
the volumetric strain of the sample is determined by the 
change of water content in the saturating stage, which is a 
function of the initial and final water content:

where V0 is the initial particle volume and Vf is the final 
particle volume.

Mechanical properties

The tensile strength and elastic modulus of soil are major 
mechanical parameters controlling the development of 
tensile cracks (Tang et al. 2015), which can be calibrated 
by experimental data from direct tensile tests. The same 
method was also employed by Lin et al. (2021) and Sima 
et al. (2014). The DEM model of the test was set up as 
a composite of two wedges with 50.0 mm in width and 
100.0 mm in length, as shown in Fig. 5a. The particle 
radius of the sample varied from 0.27 mm to 0.33 mm, 
with an average value of 0.30 mm. The particle size distri-
bution is the same as that in the desiccation cracking simu-
lation. The stress–strain curves were obtained by applying 
a constant displacement rate of 0.5 mm/min in opposite 
directions to the loading area at both ends of the sample, 
as shown in Fig. 5b. The peak value of the stress is taken 
as the macroscopic tensile strength of the samples, and the 

(10)� = −
1

2
ln
(

1 − �vf

)

,

(11)�sat =
1+w
1

Gs�w
+

w

�w

,

(12)�vf = 1 −
Vf

V0

= 1 −

1

Gs�w
+

wf

�w

1

Gs�w
+

w0

�w

,
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slope of the curve is the macroscopic elastic modulus. To 
simplify the calculation, the tensile strength is assumed to 
be equivalent to the shear strength, and the normal contact 
stiffness is consistent with the tangential contact stiffness 
in the contact model (Guo et al. 2018; Lin et al. 2021). The 
correlation between the tensile bond strength and effective 
modulus of the particles as a function of water content 
is established through parameter calibration in sections 
below.

Numerical model configurations

Initial model establishment and input parameters

The size of the sample container in the simulation was 
30 mm in height and 90 mm in length. To obtain homoge-
neous samples, the grid method proposed by Duan et al. 
(2017) was used to generate the samples. The particle 
radius varied from 0.27 mm to 0.33 mm, with an average 
radius of 0.30 mm. The adopted particle size in this simu-
lation may not be consistent with that of the laboratory 
tests due to high computational cost for real sized sample. 
However, our preliminary works have indicated that when 
the sample particle size is less than 0.4 mm, the size dis-
crepancy does not impede the mechanical interpretation 
of the initiation and propagation mechanisms of radial 
desiccation cracking. The particle size in the simulation 

governs the sample’s structure and additionally influ-
ences the shape of the cracks formed during drying (Lin 
et al. 2021). As the particle size decreases, the edges of 
the developed cracks become smoother. Generally, it does 
not affect the overall reproduction of the drying process 
and cracking pattern. Nonetheless, a smaller particle size 
would result in a larger quantity of particles, leading to 
a significant reduction in the computational efficiency of 
the simulations. Therefore, the selection of particle size 
is based on the considerations of being able to track crack 
development clearly, while maintaining computational effi-
ciency. A group of particles of radius 0.3 mm were fixed 
at the bottom of the sample to mimic the fixed boundary 
condition. The sample in the model was composed of 8246 
particles. The bonds between the particles were added 
after the gravitational deposition. The geometry of the 
initial sample in the numerical model is shown in Fig. 6.

This research has investigated the constant rate stage of 
soil evaporation after the sample detached from two side 
walls of the container by PFC2D discrete-element software. 
The sample has the initial water content of 26.2% and the 
final water content of 16.4% corresponding to the water 
content of the air-entry value. In the simulation, the total 
volumetric strain εvf of water content from 26.2% to 16.4% 
was determined by Eq. (12) and the value of α was cal-
culated by Eq. (10) as 0.085. Then, Eq. (8) is determined. 
As the water content changes, the particle radius (particle 
volume) does change. The time step in DEM simulation is 

Fig. 5   a The sample of tensile 
test in numerical simulation. 
b Stress–strain curves of the 
samples with different water 
contents

Fig. 6   The geometry of the 
initial sample in numerical 
simulation
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usually only a few microseconds, while the laboratory test 
usually lasts for several days. Therefore, it is unrealistic to 
control the amount of water evaporated in each iteration of 
DEM simulation according to the evolution of water content 
over time obtained from the laboratory test (Le et al. 2022). 
To improve the computational efficiency, it is set for every 
0.01 s increase in simulation time, the water content of the 
sample decreases by 0.05%.

The changes of tensile strength σt (kPa) and elastic 
modulus E (MPa) of the soil with water content w (%) was 
obtained through laboratory tests according to Lin et al. 
(2021), as shown in the following equations:

Accordingly, the tensile bond strength Tn (N) and effec-
tive modulus Ec (MPa) between particles were calibrated, 
and the relationship between these two parameters with the 
water content w (%) was obtained as follows:

Calibration results of the DEM model is shown in 
Fig.  7. The black line in Fig.  7 represents the tensile 
strength σt (kPa) and elastic modulus E (MPa) obtained 
from laboratory tests, varying with water content. The 
red line is the calibration results of macroscopic tensile 
strength (kPa) and elastic modulus (MPa) changing with 

(13)�t = 680.143e(−0.124w).

(14)E = 0.736 + 229.3e(−0.270w).

(15)Tn = 150.623e(−0.124w).

(16)Ec = 0.5 + 200.3e(−0.270w).

water content. They were obtained by inputting the ten-
sile bond strength Tn (N) and effective modulus Ec (MPa) 
between discrete particles (derived from Eqs. (15) and 
(16) into the model as a meso-parameter and conduct-
ing direct tensile tests. The calibration results show the 
tensile strength and elastic modulus in the DEM model 
match well the laboratory results. It should be noted that 
the simulation begins when the sample has detached from 
the walls of the container. Thus, no sidewall constraint 
was set on the sample. The bonds between the particles 
and the bottom boundary particles in the DEM simulation 
corresponds to the interaction between the soil sample and 
the bottom surface sandpaper in the laboratory test. The 
interface bonding factor d was added to account for the 
tensile strength between particles of the sample and the 
bottom boundary:

(17)Tn(soil−base) = d ∗ Tn(soil−soil).

Fig. 7   Calibration of the DEM model, (a) tensile strength and (b) elastic modulus

Table 2   Parameter in the numerical simulation

Parameter Initial value Final value

Particle density (kg/m3) 2008 2195
Water content (%) 26.2 16.4
Average particle radius (mm) 0.300 0.276
Volume strain 0 0.156
Shrinkage parameter 0.085
Effective modulus (MPa) 0.67 2.89
Bond strength (N) 5.84 19.71
Interface bond factor 1.0
Friction coefficient 0.25
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In the simulation, d was set as 1.0, and the friction coef-
ficient between particles was 0.25. Table 2 summarizes the 
main input parameters used in the simulation of bottom-
initiated radial cracking.

Results

Cracking pattern and force distribution of the sample 
during drying process

The soil sample cracking process is analyzed in terms of the 
force chain distribution and the cracking pattern, as shown 
in Fig. 8. The left plots (a–f) illustrate the evolution of soil 
cracking with the gradual decrease of water content. The 
middle plots (g–l) and the right plots (m–r) are diagrams 
of the distribution and magnitude of the force chain within 
the sample, respectively. In plots (g–l), the red lines repre-
sent the inter-particle tensile forces in the sample, while the 
black lines represent the inter-particle compressive forces. In 
addition, the green line segments represent the micro-cracks 
resulting from bond breakage between soil particles.

The initial cracking pattern and inter-particle force chain 
distribution of the sample at water content of 26.2% is 
shown in Fig. 8a, g, respectively. The densely spaced black 
lines observed at the bottom region indicate a relatively 
high compressive force in that area. The compressive force 
gradually decreases with the height. As the water content 
decreases, the basal friction constrained the shrinkage of 
the sample bottom region, resulting in the heterogeneous 
distribution of tensile forces there. The tensile forces were 
distributed in an arch shape. The thickest and most concen-
trated red lines were observed at the bottom of both sides 
of the sample, indicating the concentration of tensile force 
as shown in Fig. 8b, h. With the soil shrinkage developed 
further, the inter-particle tensile force at the bottom cor-
ners of the sample reached its tensile strength. Therefore, 
the inter-particle bonds at this position broke, resulting in 
micro-cracks. After cracking, the region of tensile stress in 
the arch-shaped distribution decreases and contracts towards 
the geometric center of the sample due to stress redistribu-
tion. The micro-cracks at the bottom further propagated into 
the main crack (Crack 1) on the bottom surface at the water 

Fig. 8   Evolution of cracking pattern, the inter-particle force distribu-
tion and magnitude of the soil sample during drying process. a–f The 
crack pattern of the sample. g–l The inter-particle force chain distri-

bution of the sample. m–r The magnitude of the inter-particle force 
inside the sample
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content of 24.5%. The tensile forces concentrated at the top 
of the main cracks, and the cracks continued to propagate 
upwards. The main crack (Crack 2) appeared on the left 
side at a water content of 24.1%, but the crack pattern was 
not obvious on the macroscopic level. As the water con-
tent decreased, the main crack at the bottom propagated. It 
should be noted that the sequence of cracks development 
in the sample differs from the laboratory test. Cracks may 
first initiate from both the middle and edge regions of the 
sample, a phenomenon also observed in the laboratory test 
conducted by Zeng et al. (2020). In addition, it was observed 
that both sides of the sample curled upward due to the pres-
ence of tensile stress (Lin et al. 2022; Tran et al. 2020), 
which can also be observed in the laboratory test. The curl-
ing was primarily attributed to differential shrinkage of 
the sample induced by moisture gradient along the depth 
(Kodikara et al. 2004; Maedo et al. 2020; Lin et al. 2022). 
Specifically, the upper portion of the sample experienced a 

higher degree of shrinkage, while the shrinkage of the bot-
tom portion was constrained.

Figure 9 shows the view of the crack initiation process 
of Crack 1 (Fig. 9a–h) and Crack 2 (Fig. 9i–r). The middle 
cracks initiated vertically, while the cracks on both sides of 
the sample were inclined, which is similar to the experimen-
tal observations in Fig. 3. Figure 9a–h illustrates the cracking 
pattern and inter-particle force distribution during the initia-
tion and propagation of Crack 1. As shown in Fig. 9e, the 
tensile force field exhibited an almost horizontal distribution 
prior to the initiation of Crack 1. With further shrinkage of 
the soil sample, vertical micro-cracks initiated sequentially 
upwards from the bottom boundary. The tensile force field 
concentrated at the tip of the Crack 1, and the crack contin-
ued to propagate upwards. Simultaneously, the force field 
on both sides of Crack 1 did not weaken entirely, leading 
to the ongoing development of micro-cracks at the bottom. 
Figures 9i–r shows the variations of the cracking pattern 
and inter-particle force distribution during the initiation and 

Fig. 9   Cracking pattern and the inter-particle force distribution dur-
ing the initiation of Crack 1 and Crack 2. a–d The cracking pattern 
during the initiation process of Crack 1. e–h The inter-particle force 
distribution of the sample during the initiation of Crack 1. i–m The 

cracking pattern during the initiation process of Crack 2. n–r The 
inter-particle force distribution of the sample during the initiation 
process of Crack 2
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development of Crack 2. As shown in Figs. 9n–p, the sample 
shrank centripetally, initiating a series of micro-cracks from 
left to right at the sample bottom boundary. The local tensile 
force field was inclined to the right, and the correspond-
ing direction of the micro-cracks was mostly inclined to the 
left. As shown in Figs. 9l, q, the micro-cracks continued to 
develop at the water content of 24.3%. It is obvious that the 
tensile force was highly concentrated at the crack tip, driving 
the propagation of the crack to form Crack 2.

The adhesion and friction between the soil sample and 
side walls constrained the sample shrinkage, leading to the 
generation of the tensile forces in the sample, as shown 
in Fig. 10. When the side walls were added, it is appar-
ent that the boundary conditions have a great effect on the 
inter-particle force distribution in the sample. As shown in 

Fig. 10h, the force concentration occurred in the upper right 
side near the side wall. When the local inter-particle tensile 
force reached the tensile strength, the sample detached from 
the side walls. Without the constraint of the side walls, the 
inter-particle tensile force in the sample was redistributed 
as shown in Fig. 10j. Similar to the cases without sidewalls, 
the bottom boundary additionally constrained the shrinkage 
of the sample, resulting in the force concentration at the 
bottom edge of the sample. This phenomenon has also been 
observed in some previously published work on desiccation 
cracking simulations of soil bar (Péron et al. 2013; Sánchez 
et al. 2014; Lin et al. 2021). After cracking, the original soil 
bar is divided into several shorter soil bars, where the tensile 
force distribution is similar to the arched tensile force field, 
as depicted in Figs. 8h and 10j (Sánchez et al. 2014; Lin 

Fig. 10   Evolution of cracking 
pattern and the inter-particle 
force distribution of the sample 
with side walls during drying in 
numerical simulations. a–f The 
crack pattern of the sample. g–l 
The inter-particle force distribu-
tion of the sample
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et al. 2021). Under the constraints of the bottom boundary, 
the length-to-thickness ratio of the sample may affect the 
distribution of inter-particle tensile forces.

Shearing effect

As shown in Fig. 11, the cracking angles corresponding to 
different cracks can be roughly obtained by connecting the 
particles at the top and bottom of the cracks, respectively. 
The cracks inclined to the right are defined to have positive 
angles, while those inclined to the left are negative. Specifi-
cally, the angles for Cracks 1, 2, and 3 are measured to be 
0°, − 61°, and 57.5°, respectively. For each crack, 5 pairs of 
particles, distributed on both sides of the crack, are selected 
as labeled points for data analysis, as shown in Fig. 11.

Table 3 shows the final displacement of the particles on 
the left and right sides of the three main desiccation cracks. 
In the table, L and R are used to represent the labeled points 
on the left and right sides of the crack, respectively. The 
crack propagation direction is quantified by the crack angle. 
First, the changes in the coordinates of the corresponding 
particles in the global coordinates were obtained from the 
particles. Then, the displacement of the particle along the 
crack development direction can be calculated through the 
coordinate axis transformation. Due to the overall shrink-
age of the soil, all obtained displacements are all negative 
values. The displacement of the particles on the right side 
of the Crack 2 surpasses that on the left. The displacement 
of the particles on the left side of the Crack 3 is larger than 
that on the right side. For both cracks 2 and 3, the displace-
ment of the particles inside the crack dip along the crack 
development direction is smaller than that of the particles 
outside the crack dip. This difference in displacement along 
the direction of the failure surface indicates that the desic-
cation cracks are not only affected by tensile stress during 
the propagation process, but also influenced by shear stress 
(Zeng et al. 2020). There is no obvious pattern of particle 
displacement on both sides of Crack 1, indicating that the 
crack developed in the middle of the sample bottom is basi-
cally not affected by shearing effect.

Figure 12 shows the distribution of the inter-particle 
shear forces in the sample during crack development, with 
the darker colors representing larger shear forces. In the case 
of cracks C2 and C3, the inter-particle shear forces near 

Fig. 11   The angle of the crack and the position of labeled particle in 
the sample

Table 3   Final displacement of 
particles on both sides of the 
crack along the crack direction 
(m)

C2(L) C2(R) C1(L) C1(R) C3(L) C3(R)

− 2.56E−03 − 2.65E−03 − 1.92E−03 − 1.84E−03 − 1.63E−03 − 1.62E−03
− 2.17E−03 − 2.32E−03 − 1.53E−03 − 1.54E−03 − 1.42E−03 − 1.41E−03
− 1.65E−03 − 1.97E−03 − 1.01E−03 − 1.02E−03 − 1.04E−03 − 1.04E−03
− 1.12E−03 − 1.72E−03 − 4.64E−04 − 4.52E−04 − 6.27E−04 − 5.02E−04
− 7.19E−04 − 1.46E−03 − 9.11E−05 − 5.60E−05 − 2.82E−04 − 1.67E−04

Fig. 12   The distribution of the inter-particle shear forces within the sample during crack development
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the side wall regions surpass that at the inner side during 
propagation, while there is no significant difference around 
the crack C1. This phenomenon indicates the existence of 
shearing effect during the development of oblique cracks.

Discussions

The mechanism of radial crack initiation 
and propagation

In the DEM modeling, the bottom friction constrains the 
shrinkage of the sample, resulting in the distribution of 
arched inter-particle tensile force in the sample. It is inter-
esting from the numerical results that the radial cracks at 
the bottom in this model are basically perpendicular to 
the inter-particle tensile force, which conforms to the rule 
of stress-induced cracks (Weinberger 1999). As shown in 
Fig. 13, the blue line is the inter-particle tensile force dis-
tribution field in the sample, while the red dotted line rep-
resents the direction of potential crack development. Since 
the tensile forces are distributed in an arched shape, cracks 
would theoretically initiate perpendicular to the direction 
of tensile force. Consequently, cracks in the middle initi-
ate vertically, while those on the sides develop obliquely. 

As the micro-cracks originate from the edges and propa-
gate towards the center, the arched tensile force contracts 
inward. It is also noted that the initiation of cracks will 
gradually change the inter-particle tensile force distribu-
tion. Besides, the shear stress continues to generate new 
cracks obliquely, because the sample is continuously sub-
jected to frictional force and reverse shrinkage force at the 
left or right regions of the sample.

Influencing factors of radial cracking

Basal friction

Basal friction has a significant effect on cracking patterns 
(Groisman and Kaplan 1994; Amarasiri et al. 2011; Zeng 
et al. 2019). Previous studies show that the bottom-initiated 
radial cracks were caused by the shearing effect due to basal 
friction (Zeng et al. 2020). The influence of basal friction 
includes three aspects: the size of the particles attached to 
the bottom boundary, the interfacial frictional coefficient, 
and the interfacial bonding. Holding all other parameters 
constant, Fig. 14 shows the bottom radial cracks of the sam-
ple with different radii of boundary particles. When no parti-
cle was attached on the bottom boundary (i.e., particle radius 
was 0.0 mm), the sample was in direct contact with the flat 

Fig. 13   Schematic view of the radial crack initiation and propagation

Fig. 14   Final cracking pat-
tern in samples with different 
interfacial roughness where the 
radii of bottom particles are (a) 
0.0 mm, (b) 0.1 mm, (c) 0.3 mm 
and (d) 0.5 mm
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surface and no cracks were initiated. As the radius increased 
to 0.1 mm or 0.3 mm, the number of cracks increased, due 
to the increased boundary roughness which significantly 
impacts sample shrinkage. Therefore, the tensile stress in 
the sample tends to be localized at the bottom, resulting in 
the initiation of more cracks. However, when the bottom 
particle radius was 0.5 mm, the number of cracks is less 
than that with the particle radius of 0.3 mm. It indicates that 
the number of cracks is not positively correlated with the 
bottom particle size.

Figure 15 shows the bottom radial cracking patterns when 
the interfacial friction coefficients were set as 0.05, 0.25 and 
0.45, respectively. It was found that the interfacial friction 
coefficient has no obvious effect on the crack development. 
The shrinkage of the soil particle may cause detachment 
of the bottom boundary particles from the sample within 
a short time. Thus, the model is not sensitive to interfacial 
friction coefficient in the simulation.

Previous numerical studies have reported a significant 
impact of the interfacial bonding factor on cracking pat-
terns (Sánchez et al. 2014; Sima et al. 2014; Stirling et al. 
2017; Le et al. 2022). Figure 16 shows the final cracking 
patterns of the samples with different interfacial bond fac-
tors d. Similar to the basal particle size effect, the larger 
the interfacial bonding factor, the more restriction on the 
sample shrinkage. There was no crack in the sample when 
the interfacial bonding factor was 0.1. With the increase of 
interfacial bonding factor, the number of cracks increased, 
but it was not positively correlated.

Figure 17 shows the evolution of inter-particle force chain 
distribution of samples with interfacial bonding factor of 0.1 
and 10.0. In the modeling, the micro-cracks first initiated in 
samples of lower interfacial bonding factor. A large number 
of micro-cracks initiated at the bottom of the sample with 
an interface bonding factor of 0.1. The internal inter-particle 
tensile force field was relatively weak at the water content 
of 25.25%. However, the sample with an interfacial bonding 

factor of 10.0 only produced a few micro-cracks at the edges, 
and the interior was mainly distributed with an arched tensile 
force field. During the subsequent drying, the basal bonds 
of the sample were broken, and the sample was almost free 
from boundary resistance during the subsequent shrinkage. 
As a result, no large cracks occurred. However, the basal 
bonds in the sample with a larger interfacial bonding factor 
was not completely broken, and the sample shrinkage con-
tinued to be constrained during the drying process. When 
the local tensile force increased to the tensile strength of 
the sample, the large cracks initiated and simultaneously 
weakened the tensile force field.

Evaporation gradient

Due to the small thickness of the simulated soil samples, it 
was assumed in the model that the water loss in the samples 
was basically uniform. In practice, during the drying pro-
cess, an evaporation gradient is present in the soil samples. 
Herein, the effect of evaporation gradient on the develop-
ment of basal radial cracks is explored below. As an exam-
ple, the water loss rate gradient was set to 20% along the ver-
tical direction of the soil layer. It means that the water loss 
rate of the upper particle layer will be 20% faster than that 
of the bottom particle layer. Figure 18 shows the final crack-
ing patterns of samples with the evaporation gradient of 0%, 
15% and 30%, respectively. The sample in Fig. 18a lost water 
uniformly. It was found that a higher evaporation gradient 
would lead to a smaller number of cracks. Compared with 
the sample of uniform shrinkage, the bottom shrinkage of 
the sample with gradient water loss was relatively small. 
The bottom stress caused by the friction constraint is rela-
tively small, making it difficult to initiate more cracks. In 
other studies, the same conclusion was obtained for thicker 
samples with explicit consideration of evaporation gradi-
ent (Zeng et al. 2019; Lin et al. 2021; Le et al. 2022). The 

Fig. 15   Cracking pattern in soil samples where the interfacial frictional coefficient was (a) 0.05, (b) 0.25 and (c) 0.45

Fig. 16   Cracking patterns in samples where the interfacial bonding factor was (a) 0.1, (b) 1.0 and (c) 10.0
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water content at the surface layer is lower during the drying 
process, so that the tensile strength and effective modulus 
of the upper part of the sample are always higher than the 
bottom regions. Due to the relatively higher tensile strength 
of the upper soil sample, radial cracks were more difficult 
to propagate upwards.

Shrinkage parameter

The shrinkage parameter is a typical indicator reflecting 
the material shrinkage potential (El Youssoufi et al. 2005; 
Péron et al. 2009). A larger shrinkage parameter indicates a 
higher clay content in the simulated soils (Sima et al. 2014). 

Fig. 17   The inter-particle force 
chain distribution of samples 
with interfacial bonding factor 
of 0.1 and 10.0 during the dry-
ing process. a–e The interfacial 
bonding factor is 0.1. f–j The 
interfacial bonding factor is 
10.0

Fig. 18   Crack patterns in samples where the evaporation gradient is (a) 0%, (b) 15% and (c) 30%

Fig. 19   Cracking patterns in samples with the shrinkage parameter of (a) 0.065, (b) 0.085 and (c) 0.105



	 Environmental Earth Sciences (2024) 83:229229  Page 16 of 18

Figure 19 shows the effect of the shrinkage parameter on the 
bottom radial cracks. The final water content of the three 
samples was constant as 16.4%. The larger the shrinkage 
parameter, the more cracks and the wider the cracks would 
be. Under the same bottom boundary constraints, the tensile 
stress is more concentrated in the samples with large shrink-
age parameters. Therefore, it is easy to initiate more cracks. 
Simultaneously, the larger the shrinkage parameter of the 
sample, the larger the sample deformation was. In this case, 
the crack was also wider.

Conclusions

In this study, the discrete-element method (DEM) is 
employed to simulate the bottom-initiated radial desiccation 
cracking phenomenon in soil. Through laboratory tests and 
DEM simulation, the initiation and propagation mechanisms 
of bottom-initiated radial cracks and its influencing factors 
were explored. The following conclusions can be drawn:

(1)	 Laboratory tests revealed a clear correlation between 
the propagation direction of bottom cracks and their 
initiation positions. The radial characteristics of the 
bottom-initiated cracks were observed. The observed 
soil radial desiccation phenomenon by DEM modeling 
is in good agreement with experimental observations, 
which confirms the feasibility of the DEM simulation 
approach.

(2)	 The numerical results show that the inter-particle ten-
sile force in the sample was distributed as an arched 
shape due to the constraint of the bottom boundary. 
The crack propagation was perpendicular to the inter-
particle tensile force. Therefore, the middle cracks 
developed vertically, while the cracks on both sides of 
the sample were inclined. The shear stress induced by 
the combined effect of the basal friction and the reverse 
shrinkage controlled the cracks on both sides to propa-
gate obliquely.

(3)	 Several influencing factors of bottom-initiated radial 
cracks in the simulation were discussed. The rough 
bottom boundary would enhance the constraint on soil 
shrinkage, increasing the number of bottom-initiated 
cracks. The size of the bottom particles and interface 
bonding factor played a significant role in the effect of 
basal friction. Compared with the samples under uni-
form water loss conditions, the bottom shrinkage rate 
was relatively low for the sample under a gradient water 
loss. In addition, an increase in the shrinkage param-
eter of the soil particles led to a greater extent of crack 
propagation.

The DEM modeling in this study has successfully repro-
duced the unique radial characteristics of bottom-initiated 
cracks and improves the understanding of bottom-initiated 
desiccation cracking phenomenon in soil. This phenomenon 
is subjected to the control by the special basal boundary 
conditions and the uniform water loss model. Furthermore, 
the linear-based contact bond model may not be enough to 
represent the complex viscoelastic-plastic property and the 
physical–chemical reaction of the clayey soil. More detailed 
studies in the future could focus on the mechanical interac-
tions between soil and boundary, the evolution of moisture 
field and the plastic and ductile properties of the clayey soil 
to improve the numerical analysis of soil bottom-initiated 
radial desiccation cracking phenomenon.
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