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Abstract
Based on the combined finite–discrete element method (FDEM), this paper presents a moisture diffusion–fracture coupling

model to simulate soil desiccation cracking. The coupling model, firstly, analyzes moisture content distribution within the

soil according to a moisture diffusion model. Then, the shrinkage stress caused by the change of moisture content is

calculated and applied to the system equation of FDEM. Finally, if a new crack is generated, the node sharing relationship

and mesh of adjacent solid elements are updated for moisture diffusion calculation in the next time step. In this paper,

examples of 1D moisture migration in the soil trip, shrinkage stress and deformation caused by the moisture reduce in the

rectangular soil are studied. The simulation results agree well with analytical solutions, which verifies the correctness of the

proposed model. Then, the model is used to simulate soil desiccation cracking process, and the crack evolution pattern in

the numerical results is consistent with experimental results. Besides, several main factors affecting soil desiccation

cracking are also investigated, including the elastic modulus, the moisture shrinkage coefficient, and the soil thickness. The

moisture diffusion–fracture coupling model provides a new research tool for studying the mechanical mechanism of soil

desiccation cracking.
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1 Introduction

Desiccation cracking in soil due to loss of moisture is a

commonly occurred natural phenomenon, which is also a

fundamental problem involving multiple disciplines such

as geotechnical engineering, environmental engineering,

mining engineering, and agricultural engineering. Soil

desiccation cracking can cause severe damage to hydraulic

structures, extensive cracking in roadbeds and landfill clay

liners, triggering of slope sliding, and even decline in crop

yields. For example, desiccation cracks were observed in

dikes and dams that affected their stability [7, 82]. In slope

engineering, soil desiccation cracking not only causes the

loss of the cohesive effect of the soil but also provides

channels for rainwater to infiltrate into the slope and thus

aggravates the damage and instability of the slope

[2, 9, 46, 59, 81]. Bronswijk et al. [3] indicated that soil

desiccation cracking controls the transport speed of mois-

ture solute and microorganism in the soil, which affects

crop growth and production significantly.

With more frequent occurrence of extreme arid climates

recently, there are more and more engineering problems

caused by soil desiccation cracking. Therefore, it is urgent

to develop effective quantitative methods to study the

fundamental mechanism of desiccation cracking in soils.

At present, the study of soil desiccation cracking mainly

includes two approaches: experimental study and numeri-

cal simulation. The experimental research mainly focuses

on the shrinkage and cracking behavior of soil [16, 35, 41].

Tang et al. [48] studied the influencing factors of surface
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shrinkage cracks in clayey soils, which revealed that

sample size, boundary conditions, soil properties, temper-

ature, and drying conditions all affect the crack initiation

and propagation in soil. Then, Tang et al. [47] carried out

drying experiments on saturated clay layers and found that

most of the crack growth and volume shrinkage occur in

the continuous evaporation period, while the sample is still

saturated. Yu and El-Zein [80] carried out a drying test of

the clay layer under high-temperature conditions and

observed clear cracks. Jones et al. [15] and Sentenac et al.

[43] used geophysical methods to map actual 3D topog-

raphy of drying cracks under different environmental

conditions. Li and Zhang [22] conducted a field study to

investigate the crack patterns and related geometric

parameters and indicated that the lengths and apertures of

the cracks followed a lognormal distribution as expected.

Li et al. [21] used a newly designed experimental device to

study the moisture characteristic curve of silty clay

cracking under both dry and wet conditions. The possible

factors affecting crack pattern and geometry, such as depth,

thickness, density, spacing, and aperture, are also investi-

gated through experiment of soil desiccation cracking

in situ [6, 19, 23]. These experiments revealed that crack

initiation depends on the soil mineralogy, environmental

conditions (temperature, relative humidity, rainfall), and

the thickness of the clay layer. However, sample prepara-

tion and laboratory or field testing are often time-con-

suming and expensive in experiments, and the

measurement of the parameters involved in the drying

process is very complicated.

Numerical simulation is another alternative approach to

study soil shrinkage and cracking. The numerical simula-

tions for simulating the soil desiccation cracking can be

divided into two categories: (1) continuum-based methods,

such as the finite element method (FEM), the extended

finite element method (XFEM); (2) discontinuum-based

methods, such as the distinct/discrete element method.

In terms of continuum-based numerical methods, Kon-

rad and Ayad [18] analyzed the crack propagation in clay

under evaporation conditions using linear elastic fracture

mechanics (LEFM). Mohammadnejad and Khoei [26]

studied the crack propagation in porous media using the

extended finite element method (XFEM). The method was

also used by Vahab et al. [55] to simulate the formation of

drying cracks in the soil. Sánchez et al. [42] studied the 3D

desiccation soil crack networks using a mesh fragmentation

technique. Pouya [36] proposed a finite element formula-

tion for the hydraulic diffusion problem in porous materials

with cracks and gave the weak formulation for the problem

and the corresponding finite element equation including

cracks and the contribution of cracks to the flow. Based on

the cohesive zone model and finite element code, Pouya

et al. [37] proposed an energy approach as a complement to

the stress approach commonly considered for investigating

soil desiccation cracking.

Although several numerical methods based on finite

element methods and linear fracture mechanics have been

proposed, the mechanism of soil desiccation cracking has

not been explained clearly [1, 5, 38, 53]. Because the crack

initiation and propagation involve the generation of dis-

continuities, it is difficult to use continuous methods to

model the shrinkage and cracking behavior of soils. For

example, the location of crack initiation in the finite ele-

ment method is difficult to determine, which is usually set

manually in advance to reproduce the basic characteristics

of the crack pattern [34]. The cracking model based on

fracture mechanics is still immature and usually only

considers the growth of a single crack [1, 51]. Therefore,

these continuum-based methods are difficult to simulate

desiccation cracking of soil.

For the discontinuum-based numerical methods, Vo

et al. [57] examined a discontinuous model comprising

explicit cracks modeled as zero-thickness joint elements.

The coupled hydromechanical diffusion and deformation

processes in unsaturated soil, underlying soil desiccation

and cracking, were considered and numerically modeled.

Sima et al. [45] studied the effects of soil thickness,

shrinkage coefficient, and micromechanical parameters on

soil desiccation cracking using discrete element method

(DEM). Yao and Anandarajah [79] proposed a three-di-

mensional discrete element model based on cuboid parti-

cles to analyze the shrinkage and cracking behavior of

clayey soil. Gui and Zhao [11] and Gui et al. [12] used a

discrete lattice spring model (DLSM) and Universal Dis-

tinct Element Code (UDEC) to simulate soil drying

shrinkage and cracking, respectively. Tran et al. [54]

combined the smooth particle hydrodynamics (SPH)

method, size-dependent constitutive model and embedded

cohesive fracture process zone to simulate soil desiccation

cracking. Although PFC can solve complex cracking

problems, the input parameters of PFC are difficult to

calibrate, and the crack characterization is not intuitive

[44]. It can be seen that some existing methods still have

obvious disadvantages for simulating soil desiccation

cracking.

To simulate transition from continua to discontinua,

Munjiza et al. [27, 28, 30, 32] proposed the combined

finite–discrete element method (FDEM) and developed an

open-source research code, known as Y-Code [30], which

combines the advantages of both continuum-based and

discontinuum-based numerical methods and is very suit-

able for simulating solid fracturing [8, 72, 69]. Recent

development in FDEM can be found in Rougier et al. [40],

Munjiza et al. [33] and Fukuda et al. [10]. For example,

Rougier et al. [39] developed a FDEM software package

named Hybrid Optimization Software Suite (HOSS) for
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simulation of fracturing of material. Lei et al. [20] and

Munjiza et al. [31] developed an anisotropic deformation

formula in FDEM for simulating the large deformation of

geomaterials. Mahabadi et al. [25] conducted a three-di-

mensional FDEM numerical simulation of the fracturing

process in the Opalinus Clay sample under the triaxial

compression test. Tatone and Grasselli [49] proposed an

approach to calibrate the microscopic parameters in FDEM

for simulating rock fracturing. Munjiza et al. [33] devel-

oped a novel fluid–solid interaction solver for fracturing

and fragmenting solids. Deng et al. [4] calibrated the value

of normal contact penalty in FDEM and indicated that

when the ratio of normal contact penalty to fracture penalty

is 0.1448, the triangular elements can achieve a smooth

transition from cohesion to contact.

It should be noted that FDEM can only perform purely

mechanical fracture calculations initially. Recently, Yan

et al. developed a series of hydromechanical

[60, 62, 66, 73–75, 78], thermomechanical

[61, 63, 67–71, 76], contact heat transfer [77] and

hydrothermal coupling models [64, 65] into FDEM, which

makes it an ideal model to simulate multiphysics-driven

fracturing problems. However, to date, FDEM has not been

used to simulate moisture diffusion, shrinkage and cracking

of the soil. Therefore, we propose a two-dimensional

moisture diffusion model to consider moisture transport in

the soil in this paper. Moreover, the moisture diffusion

model is combined with the FDEM mechanical fracture

calculation to construct a coupled moisture diffusion–

fracture model. The coupled model can simulate the

moisture migration in the soil and soil desiccation crack-

ing, which provides a new tool for studying the mechanism

of shrinkage and cracking evolution in the soil.

2 Fundamentals of FDEM

The fundamental theory of FDEM is illustrated in Fig. 1.

For 2D FDEM, the continuum is discretized into triangular

finite element meshes, and a zero-thickness joint element

with bonding effect is inserted on the common edge of

adjacent elements. The crack initiation and propagation in

the continuum are simulated by the joint element breaking,

while the deformation of the continuum is simulated

through the constant strain triangular element. The fracture

criterion (mode I, mode II, and mixed mode) of the joint

element is shown in Fig. 2. The detailed introduction of

this method can be found in the literature [24, 29, 62, 65].

3 Coupling of moisture diffusion
and mechanical fracture

Many researchers have studied the desiccation cracking

mechanisms in clayey soils [14, 17, 58]. The thickness of

the absorbed water film on the surface of clayey soil par-

ticles becomes thinner when the clayey soil loses moisture

during drying, which shows the volume shrinkage at the

macro-scale. The shrinkage deformation is affected by two

factors: one is boundary constraint; the other is heteroge-

neous change of moisture in the clayey soil. Normally, the

moisture change gradually decreases from the soil surface

to the interior and thus the shrinkage deformation of the

soil also decreases from the surface to the inside. The

largest shrinkage deformation occurs at the surface of the

soil layer. As the shrinkage deformation of the surface soil

is restricted by the inner soil, tensile stress is generated at

the soil surface. If the tensile stress exceeds the tensile

strength of the soil, cracks are generated in the soil surface

and extend inward.

In summary, two problems need to be solved in the

study of soil desiccation cracking. The first is the moisture

diffusion in the soil, and the second is the simulation of soil

cracking. On the one hand, moisture diffusion can induce

soil cracking, on the other hand, the soil cracking affects

moisture migration. Therefore, in this study, we develop a

moisture diffusion–fracture coupling model to simulate

two-dimensional desiccation cracking phenomenon.

To simulate the soil desiccation cracking effectively,

firstly, a 2D moisture diffusion model is established to

Fig. 1 Continuum characterization in 2D FDEM
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calculate the distribution and evolution of moisture content

in the soil. Secondly, the cracking process is simulated by

taking advantage of the FDEM capability. Next, the node

sharing relationship between the adjacent triangular ele-

ments on both sides of the newly generated cracks is

updated, which is used as the input of moisture migration

calculation in the next time step to consider the disconti-

nuity of moisture content across the crack. Finally, the

coupled calculation of the moisture field, stress field, and

fracturing is realized, and the whole process of soil des-

iccation cracking is simulated.

3.1 Moisture diffusion model

As shown in Fig. 3, the continuum is discretized into finite

triangular elements in the moisture diffusion model. Thus,

the distribution of the moisture content in the whole con-

tinuum can be expressed by the moisture content of each

triangular element node. The moisture content in the tri-

angular element can be obtained by linear interpolation.

Taking node 1 as an example, six triangular elements

D123, D134, D145, D157, D178, and D182 connect to node

1. Because the moisture content of node 1 may be different

from that of nodes 2, 3, 4, 5, 7, and 8, the moisture may

migrate in these triangular elements. Taking D123 as an

example, the moisture content at its three nodes is wi (i is

the node number, i = 1, 2, 3). Assuming that the moisture

content in a triangular element obeys a linear distribution,

then the moisture gradient in the triangular element is a

constant and can be expressed by

ow

oxi
¼ 1

A

Z

A

ow

oxi
dA ð1Þ

According to the Gaussian divergence theorem, Eq. (1)

can be written as:

ow

oxi
¼ 1

A

Z

s

wnids ¼
1

A

X3
m¼1

�wm 2ij Dx
m
j ð2Þ

where A is the area of the triangular element, ni is the

external normal vector, �w is the average moisture content

of edge m, Dxmj is the difference between the coordinate

components of the two vertices of edge m, and 2ij is the

two-dimensional permutation tensor, 2¼ 0 1

�1 0

� �
.

Assuming that the moisture migration in the triangular

element is proportional to the moisture gradient, and the

moisture flow per unit area along the i direction is given by

mi ¼ kij
ow

oxi
ð3Þ

Substituting Eq. (2) into Eq. (3), the moisture flow mx,

my along the x, y direction per a unit area can be obtained.

Thus, the moisture mass into node 1 through D123 per

unit time can be calculated by

MD123!1 ¼ �min
ð1Þ
i Lð1Þ

2
ð4Þ

Fig. 2 Constitutive behavior of a joint element in 2D FDEM. a Relationship between normal bonding stress and normal opening amount in mode

I; b relationship between tangential bonding stress and tangential slipping amount in mode II; c relationship between joint element yielded,

failure and the normal opening amount and tangential slipping amount in mixed modes I–II

Fig. 3 Schematic diagram of moisture diffusion calculation
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where n
ð1Þ
i is the outer normal unit vector of the edge

opposite to node 1 in the triangular element, and Lð1Þ is the
length of the edge opposite to node 1.

In the same way, we can obtain the moisture mass

MD123!1, MD134!1, MD145!1, MD157!1, MD178!1, MD182!1

into node 1 from the triangular elements D123, D134,
D145, D157, D178 and D182.

Therefore, the moisture mass into node 1 per unit time is

given by:

Mtotal!1 ¼ MD123!1 þMD134!1 þMD145!1 þMD157!1

þMD178!1 þMD182!1

ð5Þ

For any node i, the change of its moisture content can be

written as:

owi

ot
¼ Mtotal!i

Ms
ð6Þ

where Ms is the dry mass associated with the node i, Mtotal

is the moisture mass into the node per unit time.

Combining Eqs. (5) and (6), the moisture content of

node 1 can be updated by:

wtþDt
1 ¼ wt

1 þ
Mtotal!1Dt

Ms
ð7Þ

where wtþDt
1 and wt

1 are the moisture content of node 1 at

the next and the current time step, respectively.

According to the above steps, the moisture content of

node 1 in the next time step is obtained. The moisture

content of other nodes can be updated similarly. Note

within a triangular element, the moisture mess is con-

served, i.e.,

MD123!1 þMD123!3 þMD123!2 ¼ 0 ð8Þ

3.2 Effect of crack propagation on moisture
diffusion

Crack initiation and propagation change the moisture

migration of the soil on both sides of the crack. After a

crack is generated, the moisture cannot migrate directly

from one side to the other side of the crack. Instead, the soil

on both sides of the crack may exchange moisture with the

air. Therefore, crack propagation will affect the calculation

of moisture diffusion.

As shown in Fig. 4, a crack is generated within the soil

mass of Fig. 3. The adjacent triangular elements on both

sides of the crack are separated to consider the effect of

crack propagation on moisture migration. For example,

node 1 is separated into node 1 and node 10; node 5 is

separated into node 5 and node 50. D123 and D128 are

separated into D123 and D1028, respectively; D145 and

D157 are separated into D145 and D1507, respectively.

Thus, the moisture into node 1 from D128, D187, D175
becomes D1028, D1087, D1075 flowing into node 10. The
moisture into node 1 has changed because only the mois-

ture of D123, D134, D145 flows into node 1. Then, the

moisture mass into node 1 per unit time through directly

connected triangular elements can be updated as:

MD!1 ¼ MD123!1 þMD134!1 þMD145!1 ð9Þ

Besides, the soil on both sides of the crack contacts with

the air directly after the cracking and thus exchanges

moisture with it. As shown in Fig. 4, the air moisture is

assumed to be we. Taking D123 as an example, the mois-

ture content of the two nodes of the triangular element on

the crack boundary is w1 and w2. The moisture exchange

coefficient between soil and air at the interface is hc. Then,

the moisture exchange between edge 12 of D123 and the air
in the crack is as follows:

Mc12 ¼ hc we �
w1 þ w2

2

� �
L12

¼ 1

2
hcðwe � w1ÞL12 þ

1

2
hcðwe � w2ÞL12 ð10Þ

The above moisture mass is allocated to nodes 1 and 2,

respectively. The moisture mass allocated to node 1 is

given by:

Mc12!1 ¼
1

2
hcðwe � w1ÞL12 ð11Þ

Similarly, the moisture mass into node 1 through edge

15 per unit time is given by

Mc15!1 ¼
1

2
hcðwe � w1ÞL15 ð12Þ

Thus, the total moisture mass into node 1 per unit time

is:

Mtotal!1 ¼ MD!1 þMc12!1 þMc15!1 ð13Þ

Fig. 4 The effect of crack propagation on moisture diffusion
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Substituting Eq. (13) into Eq. (7), the moisture content

of node 1 at the next time step can be obtained.

After the crack initiates, the moisture mass of the nodes

on both sides of the crack (nodes 10, 50, 5, and node 2 in

Fig. 4) is calculated in a similar way to that of node 1. For

crack tip node 2, it should be noted that the case is slightly

special. First, the moisture exchange between five trian-

gular elements directly connected to node 1 is written as:

MD!2 ¼ MD123!2 þMD2;12;3!2 þMD2;12;11!2

þMD2;11;10!2 þMD1028!2 ð14Þ

As shown in Fig. 5, the moisture mass from air into

node 2 includes two parts. The first part is the moisture

mass into node 2 from the air through edge 12, referring to

Eq. (10), which can be given by:

Mc12!2 ¼
1

2
hcðwe � w1ÞL12 ð15Þ

The second part is the moisture mass into node 2 from

the air through edge 102, which can be given by

Mc102!2 ¼
1

2
hcðwe � w2ÞL102 ð16Þ

Thus, the total moisture mass into node 2 per unit time is

given by:

Mtotal!2 ¼ MD!2 þMc102!2 þMc12!2 ð17Þ

For the nodes not located on cracks, the updating of

moisture mass per unit time of these nodes still uses the

method in Sect. 3.1. Finally, the moisture content of all the

nodes is updated in a similar way as Eq. (7).

3.3 Coupling of moisture diffusion model
and mechanical fracture calculation

When moisture starts to decreases, shrinkage and defor-

mation at the surface are greater than that of the soil inside.

This inconsistent deformation generates tensile stress in the

surface of the soil. Crack is generated when the tensile

stress is greater than the tensile strength of the soil, which

is known as soil desiccation cracking. In other words, the

moisture field affects the stress field. At the same time,

crack initiation and propagation affect the moisture

migration in the soil. Although cracks prevent the migra-

tion of moisture through the crack, moisture can exchange

between the soil and the air within the crack.

Thus, the whole coupling of moisture diffusion and

mechanical fracture calculation includes the following

steps: (1) calculate the moisture distribution of the soil

according to the moisture diffusion model; (2) calculate the

shrinkage deformation and stress caused by the moisture

change and obtain the corresponding equivalent nodal

force; (3) the node force caused by shrinkage deformation

is added to the total nodal force; (4) the node sharing

relationship of adjacent elements on both sides of the crack

is updated as the mesh input for the moisture diffusion

calculation at the next time step.

According to the above four steps, the problem of soil

desiccation cracking can be solved and analyzed. Since

steps (1) and (4) have been introduced before, only steps

(2) and (3) are introduced next.

With the moisture reduces in the soil, the soil particles

gradually get close to each other. At the macro-level, the

soil shrinks and generates tensile stress. According to the

research results of Hobbs et al. [13], soil particles contact

each other and will no longer shrink when the moisture

content reaches the shrinkage limit, so the soil volume will

not further decrease, as shown in Fig. 6.

Therefore, we suppose that the soil shrinkage deforma-

tion is proportional to the change of the moisture content

before the moisture content reaches the shrinkage limit

Deij ¼
�dijaðw� wiÞ; w�ws

�dijaðws � wiÞ; w\ws

�
ð18Þ

Fig. 5 Calculation diagram of moisture content at crack tip

Fig. 6 The relationship between soil volume and moisture content

[13] (wS, shrinkage limit; wP, plastic limit; wL, liquid limit; IS,
shrinkage index; IP, plasticity index)
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where a is the shrinkage coefficient, wi is the initial

moisture content (assume wi [ws), w is the current

moisture content, ws is the shrinkage limit.

It should be noted that the above piece-wisely linear

relationship between the soil deformation and moisture

content has been supported by experimental tests [13, 52].

If needed, nonlinear relationships, as shown in [50], can be

formulated to improve the simulation results.

According to linear elasticity, an equivalent stress

increment caused by shrinkage deformation is given by:

Drij ¼
�dij3K�aðw� wiÞ; w�ws

�dij3K�aðws � wiÞ; w\ws

�
ð19Þ

where K� = 6KG=ð3K þ 4GÞ for the plane stress problem

and K� = K for the plane strain problem, K is bulk mod-

ulus, and G is the shear modulus. Finally, the equivalent

stress increment is applied as nodal forces on the corre-

sponding element.

4 Model validation

4.1 Verification of 1D moisture migration

A rectangular soil strip with a length of 0.1 m and a width

of 0.01 m is shown in Fig. 7a and the model is discretized

into 80 triangular elements with an element size of 0.005 m

as shown in Fig. 7b. The initial moisture content of the

model is 0%. To study the soil moisture migration within

the soil strip, we apply a flow density of 0.00001 kg/(m2 s)

on the left side of the strip, and the other boundaries are

impervious.

The analytical solution of moisture migration in the strip

can be written as:

wðx; tÞ ¼ 2q

k

jt
p

� �1=2
eð�x2=4jtÞ � x

2
erfc

x

2ðjtÞ1=2

 !" #

ð20Þ

where x is the distance to the left, q is the flow density, t is

the time, j ¼ k=q0, k is the moisture conductivity tensor,

and q0 is the density of soil strip.

Taking k = 1 9 10-6 kg/(m.s), q0 = 1333 kg/m3, the

moisture migration in the strip along the x direction at

different times is obtained as shown in Fig. 8. It can be

seen that the numerical solution is in good agreement with

the analytical solution. Figure 9 shows the moisture dis-

tribution in the strip at different times. This example ver-

ifies the accuracy of the proposed model in dealing with the

moisture migration problem.

4.1.1 Effect of element size on moisture migration
in the strip

We keep the parameters fixed and study the effect of ele-

ment size on the moisture migration in the strip. As shown

in Fig. 10, three different element sizes are set, which are

(a) Le = 0.005 m; (b) Le = 0.002 m; (c) Le = 0.001 m.

Figure 11 shows the moisture distribution in the strip with

different unit sizes at t = 800,000 s. It can be seen that the

element size has little influence on the moisture migration

in the strip, which indicates that the proposed model has

little dependence on the element size when calculating

moisture migration.

4.1.2 Effect of element shape on moisture migration
in the strip

Similarly, to study the influence of element shape on the

moisture migration in the strip, we set up three different

element shapes and keep other parameters unchanged as

shown in Fig. 12. Figure 13 shows the moisture distribu-

tion in the strip with different element shapes at

t = 800,000 s. It can be seen that the element shape also

has little influence on the moisture migration in the strip,

which indicates that the proposed model has little depen-

dence on the element shape when calculating moisture

migration.

Fig. 7 a Calculation model of strip moisture migration; b computational mesh, element size Le = 0.005 m
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4.2 Moisture migration of soil with single crack

A rectangular soil with a length of 0.1 m and a width of

0.05 m has a crack through the top, as shown in Fig. 14.

The moisture content at the left and the right boundaries is

fixed at 100% and 0%, respectively. Since the moisture of

the left boundary is higher than that of the right boundary,

the moisture in the rectangular soil will migrate from left to

right.

The moisture will migrate from left to right uniformly

when no crack is encountered as shown in Fig. 14 at

t = 100,000 s. However, when the moisture migrates to the

crack, it is no longer evenly distributed, as shown in

Fig. 14 at t = 200,000 s. As the moisture continues to

migrate, the moisture can only be transmitted from the

bottom of the crack to the right side of the rectangular soil

due to the hindering effect of the crack, so the moisture on

the left side of the fracture is always higher than that on the

right side as shown in Fig. 14 at t = 500,000 s and

t = 1,200,000 s. After the moisture migration is stable, the

moisture distribution in rectangular soil is shown as

t = 4,000,000 s in Fig. 14.

4.3 Calculation of shrinkage stress
and deformation

Take a rectangular soil with L = 0.1 m in length and

W = 0.05 m in width. The top and bottom are fixed in

normal direction, but the left and right boundaries are free.

The initial moisture content of the rectangular soil is

w0 = 100%. Assuming that the moisture of the rectangular

soil reduces to 80% (Dw = 20%), the rectangular soil will

produce shrinkage deformation. However, because of the

constraint of the top and bottom boundaries, the shrinkage

deformation along the y direction is constrained and

shrinkage stress will produce in soil. The rectangular soil

will shrink along the x direction. The analytical solution of

this problem is given as follows.

The analytical solution of shrinkage deformation along

the x direction is given by:

DLx ¼ L � vry
E

þ a Dw
� �

ð21Þ

The shrinkage stress along the y direction is given by:

ry ¼ EaDw ð22Þ

The rectangular zone is discretized into 2500 triangular

elements with an element size of 0.002 m, as shown in

Fig. 15a. The parameters used in the calculation are elastic

modulus E = 1 MPa, Poisson’s ratio v = 0.2 and shrinkage

coefficient a = 0.1. The calculation time step is 20 s.

The displacement vector in the rectangular soil is shown

in Fig. 15c. It can be seen that the shrinkage displacement

of the rectangular soil only occurs along the x direction,

and it gradually decreases from the outside to the inside.

The displacement along the y direction is 0. In addition, the

displacement distribution of the rectangular soil along the x

direction is shown in Fig. 15b, in which the numerical

result of the displacement along the x direction is D Lx-
= 0.00243102 m, while the analytical solution obtained

according to Eq. (21) is 0.0024 m. The error between the

numerical solution and the analytical solution is 1.29%.

Figure 15d shows the shrinkage stress of the rectangular

soil along the y direction; the numerical result is

Fig. 8 Comparison of numerical and analytical solutions of moisture

migration in the strip

Fig. 9 Moisture distribution in the strip at different times
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ry = 19,630 Pa. The analytical solution obtained according

to Eq. (22) is 20000 Pa. The error between the numerical

solution and the analytical solution is 1.85%. The numer-

ical results are in good agreement with the analytical

solutions, which verifies the accuracy of the proposed

model in solving the shrinkage stress and deformation

caused by the change of soil moisture.

5 Simulation of soil desiccation cracking

5.1 Simulation results

Peron et al. [35] investigated the desiccation cracking

mechanism in a fine-grained soil through experiment.

Three types of tests were performed: unconstrained desic-

cation, linearly constrained desiccation, and crack pattern

tests. Three types of materials were used: Bioley silt, Sion

silt, and Lafrasse clay. Here, only desiccation tests on

Bioley silt under linear constraints are simulated to com-

pare with the experimental results. The Bioley silt prop-

erties are: liquid limit wL = 31.8% and plastic limit

wP = 16.9%, and particles are smaller than 90 lm. The

clay minerals in the Bioley silt are illite (10% of the total

minerals of mineral species), smectite (10%), and chlorite

(5%).

In this experiment, the slurry with an initial moisture

content (49.1%) of 1.5 times the liquid limit was poured

into an aluminum mold with the size of

295 mm(length) 9 49 mm(width) 9 12 mm(height), and

placed on a base with 2-mm-wide parallel notches, which

restrict the horizontal deformation of the soil at the bottom,

as shown in Fig. 16a. Under this special constraint condi-

tion, only unidirectional cracks are generated in the des-

iccated soil, as shown in Fig. 16b. The experiment was

carried out in a climate chamber with controlled relative

humidity and temperature. During the whole test period,

the average relative humidity was maintained at 40% with

a variation of 4%, and the temperature was fixed at 19 ± 1

�C.

Fig. 10 The rectangular strips are discretized using three different element sizes

Fig. 11 Effect of different element sizes on moisture migration in the

strip
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The 2D FDEM-based moisture diffusion–fracture cou-

pling model is used to simulate the experiment of Peron

et al. [35] using input parameters listed in Table 1.

Throughout the simulation, a flow boundary is prescribed

such that the soil loses moisture to its surrounding at a

constant flow rate of 6.93 9 10-4 kg/(m2.min), until the

moisture content reaches a residual value of 2.5% in the

soil. The dimension of the calculation model is 295 mm

(length) 9 12 mm (height). Figure 17 is the established

model, which is composed of two parts: the soil and the

base with notches at the bottom. The width and height of

the notches and the spacing between the notches are all

2 mm. Figure 18 shows the soil moisture evolution curves

of the experiment and FDEM; it also shows that the

moisture content curves of FDEM and experiment are in

good agreement. With evaporation of the soil moisture, soil

shrinks and induces tensile stress on the surface. When the

tensile stress reaches the tensile strength, cracks are formed

on the soil surface. With the continuous evaporation of

moisture, the cracks propagate along the depth direction

gradually and finally reach a stable state. Figure 19a shows

the process of crack initiation and propagation in soil

desiccation cracking. It can be seen that a total of seven

cracks are generated in soil, which is consistent with Per-

on’s experimental results (Fig. 16b). In Fig. 19a, it is also

worth noticing that during the desiccation process, mois-

ture distribution is discontinuous across the cracks, show-

ing the influence of crack on moisture migration. It is also

interesting to note that, close to crack 1, a small crack

initiates from the soil bottom and propagates upward at

2250 min, as shown in Fig. 19a. This phenomenon is also

observed in experiment [35] as shown in Fig. 19b and

simulation results of similar cases in references [12].

5.2 Soil curling behavior

Drying in the soil can lead to shrinkage, cracking and

curling deformation. In this paper, the FDEM-based sim-

ulation is used to capture the curling behavior of the soil

during desiccation cracking. Figures 20 and 21 illustrate

the final vertical and horizontal displacement distribution

of the soil. Large horizontal displacement is observed

around the crack opening. Due to uneven shrinkage and

formation of the crack, the soil also curves upward with a

larger vertical displacement around the crack locations, i.e.,

Fig. 12 The rectangular strips are discretized using three different element shapes

Fig. 13 Effect of different element shapes on moisture migration in

the strip

2618 Acta Geotechnica (2021) 16:2609–2628

123



soil curling. In addition, the final horizontal displacement

at the right end of the soil surface is 6.73 9 10-4 m, which

is very close to the numerical simulation of the same

experiment (6.64 9 10-4 m) conducted by UDEC [12].

Figure 22 shows the vertical displacements of the soil

surface at different times. They indicate that the vertical

displacement of the soil surface increases gradually with

continuous moisture loss in the soil, and the position of

crack initiation is consistent with that of the peak value

of the displacement. The large shrinkage in the surface

of the soil makes it deform unevenly, resulting in

maximum vertical at both ends of the soil sample. When

the shrinkage stress is greater than the tensile strength of

the soil, cracks begin to occur on the surface of the soil

and the soil is cut into many blocks. Due to larger

moisture change, shrinkage deformation in the surface is

larger than that of the bottom, which makes the soil

curls upward between two cracks.

5.3 The evolution pattern of cracks

Cracks initiate after a period of evaporation. We can see

from Fig. 19 that the seven cracks (labeled as cracks 1–7)

are generated and propagate from surface to the bottom soil

gradually with continuous loss of moisture. The original

complete soil sample is divided into eight small blocks as

shown in Fig. 10 at 2250 min. Figure 23 shows the evo-

lution of the width of seven cracks quantitatively. It can be

seen that the initiation time of each crack is quite close but

not exactly the same. The crack width increases with the

elapse of evaporation time. After 2250 min, the width of all

cracks remains stable without further change. It should be

noted that the final average width of 7 cracks is 0.841 mm,

which is consistent with the experimental results

(0.836 mm) [35]. Figure 24 is the evaluation of crack

length, which is similar to the numerical result of the lit-

erature [56].

Fig. 14 Moisture distribution in the rectangular soil at different times
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6 Effects of model parameters on soil
desiccation cracking

The soil desiccation cracking is affected by many internal

and external factors, such as environmental parameters (air

temperature, wind speed, and relative humidity) or soil

parameters (elastic modulus, moisture shrinkage coeffi-

cient, soil thickness). In the following three parts, we

investigate the effects of elastic modulus, moisture

shrinkage coefficient, and soil thickness on the crack

evolution pattern using the 2D moisture diffusion–fracture

model.

6.1 Effect of soil elastic modulus

To study the effect of elastic modulus on soil desiccation

cracking, we assume the elastic modulus E as 1 MPa,

Fig. 15 Calculation of shrinkage stress and deformation of the rectangular soil; a the calculation mesh, b displacement distribution along the

x direction, c displacement vector, d shrinkage stress distribution

Fig. 16 Drying experiment of saturated clay [35]: a View of the aluminum base with notches and (b) final crack pattern under the constrained

desiccation experiment (viewed from the top)

Table 1 Input parameters in FDEM

Parameters Soil Base

Density (kg/m3) 1.33 9 103 8 9 103

Elastic modulus (MPa) 4.0 2 9 105

Poisson’s ratio 0.2 0.2

Tensile strength (kPa) 4.0 10

Friction angle (degree) 20 30

Cohesion (kPa) 10.0 30

Fracture energy release rate, GfI (J/m
2) 0.24 –

Fracture energy release rate, GfII (J/m
2) 10 –

Moisture shrinkage coefficient, a 0.08 –

Moisture conductivity (kg/(m s)), km 5 9 10-6 0
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4 MPa, and 16 MPa, respectively, and keep the other

parameters in Table 1 unchanged.

As shown in Fig. 25, the number of cracks increases

with the increase in elastic modulus. Figure 26 shows the

evolution of the average crack width with time for different

E. The larger the elastic modulus is, the earlier the crack

initiates. Besides, a larger elastic modulus results in an

earlier propagation of the crack to the stable state, with a

smaller final averaged crack width. Note that in terms of

the total crack width (6.69 mm, 5.89 mm, 4.87 mm for

these three cases), when more cracks are generated under a

higher E, the soil is less constrained during shrinkage and

the accumulated crack width becomes larger.

Figure 27 is the evolution of the averaged crack length

for E, which indicates that a larger E leads to an earlier

stable state of the averaged crack length. Compared with

Fig. 18, the crack reaches a stable state in length before it

reaches a stable state in width.

Fig. 17 The calculation mesh for simulating soil desiccation cracking (the upper part is the soil, the lower part is the base with notches)

Fig. 18 Evolution of soil moisture content

Fig. 19 a The process of cracks initiation and propagation in soil desiccation cracking. b Desiccation crack from experiment (view on the top)
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6.2 Effect of moisture shrinkage coefficient

The moisture shrinkage coefficient a of soil is an important

factor that affects soil desiccation cracking. Here, we take

the moisture shrinkage coefficient as 0.04, 0.08, and 0.12

and keep other parameters unchanged to perform a

numerical simulation.

As shown in Fig. 28, the number of cracks increases

with an increase in the moisture shrinkage coefficient,

which is consistent with the numerical results of the liter-

ature [45]. Besides, we can observe that the final averaged

crack width is larger for a larger moisture shrinkage

coefficient. Evolution analysis of the crack width and

length is performed as follows. As shown in Fig. 29, a

larger the moisture shrinkage coefficient leads to an earlier

crack initiation time. Besides, when the shrinkage coeffi-

cient is larger, the crack reaches a stable state earlier with a

larger averaged crack width.

According to the experimental results of Tang et al.

[48], the surface cracks increase with the clay content of

Fig. 20 The final vertical displacement of the soil

Fig. 21 The final horizontal displacement of the soil

Fig. 22 Vertical displacement of soil surface at different times

Fig. 23 Evolution curve of crack width

Fig. 24 Evolution curve of crack length
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the soil. Although the influence of clay content on soil

shrinkage cracking is very complex, the high clay content

can be expressed by the high value of shrinkage parameter

a [45]. The effect of a on soil desiccation cracking in

FDEM simulation is consistent with that in experiment.

Figure 30 shows the evolution of the average crack

length for different moisture shrinkage coefficients. A

larger moisture shrinkage coefficient results in an earlier

time for the average crack length to reach the stable state.

6.3 Effect of soil thickness

The soil thickness h is another important factor that affects

the final crack pattern of soil desiccation cracking

[12, 45, 48]. Here, a series of models are established to

study the effect of soil thickness on crack initiation,

propagation, and final crack pattern. The model is com-

posed of the soil and the base. The lateral displacement of

soil is only constrained by the friction of the soil–base

interface (interface friction angle 20�). The length of the

soil is 100 mm, while h is taken as 4 mm, 8 mm, and

16 mm, respectively. Moisture exchange only occurs

through the top surface of the soil at a constant rate. The

parameters are listed in Table 2.

As shown in Fig. 31, the number of cracks decreases

with the increase in soil thickness. Besides, we can see that

the lateral shrinkage displacements of soil increase with the

increase of soil thickness intuitively.

Figure 32 shows the evolution of the average width of

these fully penetrating cracks for soil samples with dif-

ferent thicknesses. The average time of crack initiation

increases with the increase in sample thickness. The larger

the soil thickness, the later the average crack width reaches

a stable state. Moreover, the final average crack width

increases with the increase in soil thickness. The simulation

results are consistent with the numerical results [12, 45]

and the experimental results [35, 48].

Figure 33 shows the evolution of the average length of

fully penetrating cracks for soil samples with different

sample thicknesses. The time for average crack length to

Fig. 25 The final crack patterns for different elastic modulus

Fig. 26 The evolution of the average crack width for different elastic

modulus

Fig. 27 The evolution of the average crack length for different elastic

modulus
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reach the stability increases with the increase in soil sample

thickness.

7 Conclusions

In this paper, a moisture diffusion–fracture coupling model

for simulating soil desiccation cracking is established by

combining the moisture diffusion model with FDEM

mechanical fracture calculation. The coupled model takes

into account the evolution of soil moisture content.

Meanwhile, the influence of soil cracking on the moisture

migration is also considered, that is, the discontinuous

distribution of soil moisture content on both sides of the

crack is considered in the example of moisture migration of

soil with single crack. We use the coupled model to sim-

ulate an experiment of soil desiccation cracking. The crack

initiation and propagation in soil are well captured in the

coupling model. The simulated moisture content evolution,

the number of cracks, and the average crack width are all in

good agreement with the experimental results, which

demonstrates the validity of the moisture diffusion–fracture

coupling model. Furthermore, the effects of soil elastic

Fig. 28 The final crack pattern for different moisture shrinkage coefficients

Fig. 29 Evolution of the average crack width for different moisture

shrinkage coefficients

Fig. 30 Evolution of the average crack length for different moisture

shrinkage coefficients

Table 2 Input parameters in FDEM for different soil thicknesses

Parameters Soil Base

Density (kg/m3) 1.33 9 103 8 9 103

Elastic modulus (MPa) 4.0 2 9 105

Poisson’s ratio 0.2 0.2

Tensile strength (kPa) 4.0 10

Friction angle (degree) 20 30

Cohesion (kPa) 10.0 30

Fracture energy release rate, GfI (J/m
2) 0.24 –

Fracture energy release rate, GfII (J/m
2) 10 –

Moisture shrinkage coefficient, a 0.15 –

Moisture conductivity (kg/(m.s)), km 5 9 10-6 0
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modulus, moisture shrinkage coefficient, and soil thickness

on the crack evolution pattern are discussed.

The coupled model provides a good quantitative anal-

ysis tool for the study of soil desiccation cracking mech-

anism. Besides, the moisture diffusion model proposed in

this paper can also be combined with other common

numerical methods such as FEM, DEM, DDA, and NMM

to simulate the soil desiccation cracking for a wide range of

application.
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