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ABSTRACT

This study presents a multi-physical modeling approach to analyze the dynamics of moisture potential
and stress-deformation features near deep desiccation cracks in clayey soils under three consecutive
years’ climate variability in an arid region. A triple research approach of statistical analysis, analytical
framework, and numerical modeling was used to investigate the complex thermo-hydro-mechanical
behavior of desiccation-cracked soil, incorporating realistic climatic data of Qom, Iran. The results
revealed the interplay between stress, strain, and pore water pressure over time, demonstrating that soil
experiences significant swelling and shrinkage due to cyclic wetting and drying. The horizontal stress
distribution shows compressive stress concentration at crack tips during wetting, transitioning to
tensile stresses uniformly across the soil surface during drying paths. Similarly, vertical stress distri-
butions exhibit localized compressive stresses along crack boundaries during wetting and tensile
stresses during drying, highlighting the critical stress conditions at crack tips. The model differentiates
between microstructural and macrostructural changes in porosity. Annual trends in micro-porosity
revealed cyclic-dependent behavior, with significant volumetric changes occurring in the first year,
stabilizing with successive cycles. The results also indicated that part of the volumetric changes are
irreversible, with volumetric plastic strain increasing exponentially but at a decreasing rate over three
years. Principal stress analysis indicates a shift from compressive to tensile stress states around cracks,
driven by climate-induced wetting and drying cycles. These findings underscore the critical role of
climate variability in shaping cracked soil behavior in arid regions, providing insights into the hetero-
geneous behavior of cracked soil surfFicial layers.
© 2026 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

1. Introduction

and Znidarci¢, 1995). These cracks exacerbate the soil's suscepti-
bility to further volumetric changes and stress alterations, posing

Arid regions experience extreme climatic conditions that
significantly affect soil behavior. The soil in these regions often
undergoes cyclic wetting and drying due to sporadic rainfall and
prolonged dry periods. These climatic conditions contribute to
significant soil moisture variations, which in turn lead to volu-
metric changes in the soil matrix. The process of soil drying and
subsequent shrinkage often results in the formation of desiccation
cracks, which can penetrate deep into the soil profile (Abu-Hejleh

* Corresponding author.
E-mail address: hsadeghi@sharif.edu (H. Sadeghi).
Peer review under responsibility of Institute of Rock and Soil Mechanics,
Chinese Academy of Sciences.

https://doi.org/10.1016/j.jrmge.2025.05.018

challenges for engineering practices.

The mechanism of soil cracking is primarily due to tensile
stresses that exceed the soil's tensile strength (Konrad and Ayad,
1997; Tang et al., 2010). However, shear stress-induced soil
cracking has also garnered significant interest in previous research
(Wei et al., 2016; Li et al., 2022). Cracks create new soil surfaces for
moisture and heat exchange with the surrounding atmosphere,
accelerating soil evaporation and intensifying soil shrinkage dur-
ing drying. Similarly, during wetting, infiltration occurs from both
the soil surface and the new surfaces created by cracks as prefer-
ential pathways. This accelerates the increase in soil moisture and
intensifies soil swelling by allowing deeper soil wetting (Sadeghi
et al., 2020; Tian et al., 2023; Jabbarzadeh et al., 2024).
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Soil desiccation-crack evolution has been extensively investi-
gated using experimental tools, with many studies employing
image processing techniques to capture crack initiation and
propagation (Lu et al., 2016; Zeng et al., 2022). Early work by
Towner (1987) highlighted the role of soil suction and moisture
content in crack initiation and propagation. Subsequent studies,
such as those by Fredlund and Rahardjo (1993), provided a
framework for understanding the unsaturated soil mechanics
involved in desiccation processes. More recently, Tang et al. (2022)
used this method and demonstrated that cracks typically form
where tensile strain is concentrated. Once a crack forms, the sur-
rounding strain and displacement fields are rapidly redistributed.
These new fields then influence the propagation direction of the
crack (Mousavi and Jabbarzadeh, 2025). However, field-scale
studies have shown that desiccation cracks often initiate and
propagate randomly, sometimes extending several meters in
depth accompanied with land subsidence (Gambolati and Teatini,
2015), a phenomenon that has been infrequently examined in
detail. Nonetheless, the evolution of these cracks driven by the
complex interplay between environmental factors and soil het-
erogeneity was the main focus of field studies (Morris et al., 1992;
Yu et al., 2021; Tourchi et al., 2024a).

Numerical modeling approaches have evolved significantly,
incorporating advancements in computational methods and multi-
physical coupling. More recent efforts by Haghighat et al. (2023)
developed a two-dimensional (2D) finite-discrete element method
(FDEM) for solid phase deformation and fracturing, and nonlinear
Richards’ equation for fluid flow. They employed finite volume
discretization to solve the fluid dynamics. Guo et al. (2023) devel-
oped a new model into discontinuous deformation analysis (DDA) to
simulate the complete desiccation process from volume shrinkage
to cracking and curling. The model treats evaporation-induced
shrinkage and suction-induced tensile failure separately, with soil
suction represented as an equivalent attractive force.

Several experimental studies have investigated soil volumetric
behavior under wetting-drying cycles (Nowamooz and Masrouri,
2008; Xu et al., 2022). During the drying process, soil shrinkage
primarily results from a decrease in macro-pores. Once the
shrinkage limit is reached, the internal pore structure continues to
adjust, even though the total porosity remains constant (Cuisinier
and Laloui, 2005; Tang et al., 2022). In contrast, during the wetting
process, both meso- and macro-pores expand, with the latter be-
ing more dominant. However, the soil deformation and pore vol-
ume evolution during these cycles are not entirely reversible
(Wheeler et al., 2003; Tourchi et al., 2024b; Valipour et al., 2024). It
was found that the cumulative shrinkage-expansion deformation
mainly stems from changes in macro-pore volumes and is
dependent on the number of cycles. As the number of wetting-
drying cycles increases, the volumetric deformation tends to
reach an equilibrium state (Wang and Wei, 2015). Although the
hydromechanical behavior of expansive soils is well recognized in
previous studies, the influence of deep and wide field-scale cracks
on the volumetric dynamics of cracked soil remains unknown.

The stress redistribution in cracked soil has rarely been studied.
Wang et al. (2022) employed an extended-FEM method based on
the Mohr-Coulomb theory to simulate the stress distribution near
soil crack tips. They found that the significant nonuniformity in
stress distribution around the crack tip suggests that crack prop-
agation direction is likely controlled by the local area near the tip,
characterized by a large stress gradient within a small region.
Under shear stress, the major principal stress increases on one side
of the crack tip while the minor principal stress decreases on the
opposite side. Houcem et al. (2023) investigated desiccation-
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induced cracking in fine soil grains using a three-dimensional
(3D) hydro-mechanical model, focusing on crack growth across
soil depth, suction, and tensile stress variations over time. They
found that the 3D tensile stress distribution indicates significant
tensile stress in regions of the sample that remain uncracked.

Despite the extensive diversity of studies on the volumetric
behavior of expansive soils in response to moisture changes, most
research has focused on the volumetric behavior of micro and
macro soil pores under imposed wetting and drying cycles. Other
studies have explored the progression of cracking under different
suction paths, while some have developed advanced constitutive
models to simulate the behavior of expansive soils. However, there
is a lack of comprehensive study that combines realistic field
driven mechanisms with numerical modeling to investigate the
thermo-hydro-mechanical behavior of soils suffered from deep
cracks. Indeed, deep cracks significantly alter the volumetric
behavior of soil and change the stress redistribution mechanisms.
Furthermore, considering real climate conditions leads to a better
understanding and prediction of soil behavior. This is especially
important in arid climates, where the potential for crack propa-
gation, coupled with subsidence, increases the risk of instability
for surface and subsurface structures (Sadeghi et al., 2023).
Therefore, the aim of this research is to examine the multi-physical
behavior of expansive soils with tensile cracks under dry climatic
conditions, analyzing the time-dependent volumetric behavior
and stress redistribution of soil annually.

2. Theoretical considerations and model framework

The primary objective of this study is to elucidate the stress
redistribution and volumetric dynamics of a soil experiencing
deep desiccation cracks under variable climatic conditions. To
achieve this, the finite element program CODE_BRIGHT (Olivella
et al, 1996) and thermo-hydro-mechanical modeling was uti-
lized. A multiphase and multispecies approach was adopted,
where phases are identified by subscripts (s: solid, I: liquid, g: gas)
and species by superscripts (w: water, a: dry air). The primary state
variables considered in this study are displacement (u), liquid
pressure (P;), and temperature (T). The dependent variables are
calculated from the state variable using the constitutive equations.
The unknowns are calculated by numerically solving the system of
partial differential equations (PDEs).

2.1. Balance equations

The balance equations for mass, energy, and momentum were
developed using a compositional approach (Panday and
Corapcioglu, 1989), focusing on species rather than phases. The
mass balance for the solid phase is expressed as
d .

St lPs(1 =) +V-(s) =0 (1)
where p; is the solid mass density, ¢ is the porosity, and js repre-
sents the total flux of solids relative to a fixed reference system.

Water within the soil can exist as liquid or vapor. The water
mass balance equation, accounting for both phases, is given by

ot (2)

Kw]’vplsl + wgpgsg)qﬁ] +V- (]}N _A,_]g’) =fw
where o is the mass fraction, p is the density, S is the saturation
degree, j is the total mass flux, and fV represents the external
water sources.
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Assuming thermal equilibrium across phases, the energy bal-
ance for the porous medium is

d . . . .
o [Esps(1 — ) + Eip1Sip + EgpgSgp] +V - ('c +Jgs +JEi +]Eg) =ft
(3)

where E denotes the specific internal energy for each phase, i. is
the conductive heat flux, ji is the advective energy fluxes, and f£
represents the internal or external energy sources.

Neglecting inertia effects, the momentum balance reduces to
the stress equilibrium equation:

V-6+b=0 (4)

where ¢ is the total stress tensor and b is the vector of body forces.

2.2. Thermal and hydraulic constitutive equations

Heat conduction through the soil was described by Fourier's
law:

ic=—«xVT (5)

where « is the thermal conductivity, influenced by porosity and
saturation. The geometric mean of the thermal conductivity for all
phases is given by

_1-¢ ¢S #(1-5) _ S 1-5
K=Ks "K| 'Kg = KsatKdry

(6)

with ksat and kgry representing the thermal conductivity under
saturated and dry conditions, respectively. The advective flow of
liquid and gas is modeled by Darcy's law:

_ ki

a

9, = (VP —p,8) (7)

where k is the intrinsic permeability, k;, is the relative permeability,
U, is the dynamic viscosity, and P, is the phase pressure (a = 1,g).
Relative permeability for the liquid phase is modeled using the van
Genuchten-Mualem model (Mualem, 1976; van Genuchten, 1980):

= Va1 (152 ®

where 1 is a shape parameter and S. is the effective saturation
defined in terms of the residual liquid saturation (S;) and the
maximum liquid saturation (Sj5) as

P, — P \Tor]

— 2

[ (o)
Po (c/00)

where Py is the air entry value, ¢ is the surface tension at a tem-

perature T (° C), and o is the surface tension at a temperature at

which Py is measured. The relative permeability for the gas phase
is determined by

S51-Su

Se = —
¢ Sls - Srl

(9)

krg =ASeg” (10)
Sg—S

S —28 rg 11

. (11)

where A is a constant; and Syg and Sgs are defined as 1 —S,; and
1 — Sy, respectively.

Non-advective fluxes, such as vapor diffusion, were modeled by
Fick's law:
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iv— - (n/)pgsgngl) Vol (12)
n
D{Y:D[(ZRJPHT)} (13)
g

where 7 is the tortuosity coefficient, D' is the vapor diffusion co-

efficient, I is the identity matrix, and D and n are model
parameters.

2.3. Mechanical constitutive model

In this study, the Barcelona expansive model (BExM) (Alonso
et al., 1999) was employed to simulate the significant swelling
strains exhibited by expansive soils. The BExM was chosen due to
its capability to address the limitations of traditional models that
only allow for minor reversible swelling within the elastic range
(Gens and Alonso, 1992; Wang et al., 2013; Ghandilou et al., 2023).
Expansive clays, however, undergo substantial volumetric changes
that are often irreversible, necessitating a more comprehensive
modeling approach. A critical aspect of unsaturated expansive
soils is the role of microstructural phenomena occurring at the
particle level. To develop a model that aligns with the current
understanding of these fundamental processes, it is essential to
explicitly incorporate microstructural effects into the formulation.
The BExM framework effectively integrates these microstructural
considerations, which are crucial for capturing the overall
behavior of expansive soils. The microstructural pores are assumed
to be always saturated, thus Terzaghi's effective stress concept is
applicable: changes in suction (s) induce the same volume change
as changes in mean net stress (p). The volume strain at this level is
reversible (e5,,) and independent of macrostructural effects as

dem d(p+5)
e _ .
devm =1 o =~ Kom (14)

Pm

where e, is the microstructure void ratio, K, is the microstruc-
tural modulus, and ay and g, are model parameters. The volu-
metric strain of the macrostructure can be decomposed into elastic
and plastic volumetric strains. The elastic volumetric strain of
macrostructure (eg,,) can arise from changes in stress or suction.
This behavior can be expressed as

Ks

G:m) +Q+m)

where ey is the macrostructure void ratio; paem is the atmospheric
pressure; and « and xs are the macrostructural elastic compress-
ibility parameters for changes in stress and suction, respectively.
Moreover, the plastic volumetric strain of the macrostructure (851\/1)
results from changes in stress or suction upon reaching the
loading-collapse (LC) curve, which serves as the yield surface of
the macrostructure. The LC is a yield curve introduced in the BEXM
that defines plastic deformation resulting from a combination of
mechanical load and hydraulic wetting, alongside microstructural
elastic deformations that affect the arrangement of the macro-
structure. The former can be defined as

ds
S + Patm

deM

_dem _ dp
1+em

p

A(s) —x dpg

17
1+em Po (17)

P _
deyy =

where py is the preconsolidation pressure, and A(s) is the slope of
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the virgin consolidation line at suction s which is dependent on the
slope of the virgin saturated consolidation line (4(0)) and model
parameters (r and ) as

A8)=24(0)[r+ (1 —r)e 7] (18)

The plastic volumetric strain of the macrostructure induced by
activating the SI (suction increase) and SD (suction decrease) yield
surfaces can also be expressed as

deby, =fidey (19)

d“f'\[;M :fDdESm (20)
where f; and fp are micro and macrostructural coupling functions
when two SI and SD yield surfaces of the microstructure are
activated, respectively.

Two internal variables define the hardening mechanisms in
BExM: da; and da,. The hardening associated with SI and SD is
governed by da; = de g + de P, where de P and de Pg ) are the
volumetric plastic strains induced by activation of SI and SD,
respectively. On the other hand, the LC hardening is governed by
day = de P+ de Do + de P, ., with de P . denoting the volumetric
plastic strain due to activation of LC. The hardening laws are
formulated as

dSi = Kmfc.lal = dSO (21)
dps_(l +€M) daz (22)

Py A(0) — k
where s; and sq are hardening parameters and pj is the saturated
preconsolidation pressure. The function f describes the micro-
macrostructural coupling and takes distinct forms depending on
whether SI is active (fj) or SD is active (fp). The LC yield locus is
expressed in a p—g-s diagram as

q* —M?(p +kss)(po —p) =0 (23)

where M is the slope of the critical state line, ks is the cohesion
increase parameter with suction, and pg is the preconsolidation
pressure which is defined as

20)—«

()
Do =Dc (pc

where pc is a reference stress. Non-associative rule is considered
for all yield surfaces, and the LC flow rule follows the expression:

(25)

(24)

rq* — M?(p + kss)(po —p) =0

where y is adopted to predict zero lateral strain along the K stress
path. When SI and SD are reached at a mean stress p, a deviatoric
stress g, and a suction value s, the direction of plastic strain is given
by the flow rule at the image point on the LC yield surface. The
coordinates of the image point (p*,q",s") are given by

« n?kss — M2pg 7
n”?+M2

=n(p+kss), s"=s (26)

where
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q

:p + ksS (27)

n
Accordingly, the gradient of the plastic potential function at the
image point gives the direction of plastic strain increments.

2.4. Numerical approach

The system of PDEs is solved using a numerical approach that is
categorized into two main components: spatial and temporal
discretization. The finite element method is employed for spatial
discretization, while finite differences are utilized for temporal
discretization. The time discretization is linear, and an implicit
scheme is implemented that introduces two intermediate time
points, t+¢ and tk+¢, between the initial time t* and the final time
tk+1,Based on the default settings in the FEM program, both ¢ and ¢
are typically assumed to be 1.0. Given that the problem is
nonlinear, the Newton-Raphson method is adopted to establish an
iterative solution scheme.

It is noted that when the solid mass balance is substituted into
the other balance equations, the computation of porosity at in-
termediate points is unnecessary. This is due to the expectation
that porosity varies at a slow rate. Consequently, porosity is inte-
grated explicitly, using values at t*. This assumption simplifies the
calculations and enhances the efficiency of the iterative scheme, as
the variation of porosity is effectively captured by the solid mass
balance equation. After spatial discretization of the PDEs, the re-
siduals for a single finite element can be expressed as follows:

Ty dy ay b, 0
Ip _ g dpl ap b P | _ 0
rp; =dt| dp, ap [+ b |~ |0 (28)
rr dr ar br 0

where r represents the residuals; %d denotes the storage or
accumulation terms of mass, momentum, and energy; a can be
referred to as conductance or transmissivity terms; and b corre-
sponds to the internal sink/source terms and boundary conditions.
After time discretization, the residuals can be expressed in a more
compact form:

dk+1 _ dk

NG (29)

r(XkH) _ +A(Xk+s)xk+9+b(xk+9> -0

where k is the time step index; X = [(umuy,uZ,P],Pg,T)(]),...,
(ux, uy,uz, P, Pg, T) (m} represents the vector of unknowns, which

includes a maximum of six degrees of freedom per node; and A is
the conductance matrix. The Newton-Raphson method for solving
this nonlinear system of algebraic equations is formulated as
follows:

ar<xk+1)

pova (Xk+1<l+1 7Xk+1<l) _ r(xk+1,l>

(30)

where [ denotes the iteration number. In this approach, the stan-
dard Galerkin method is utilized with specific modifications to
enhance computational efficiency.

The coupling of THM processes is formulated within a multi-
physics framework where mass balance, energy balance, and
momentum equilibrium equations are fully integrated with
constitutive models governing thermal, hydraulic, and mechanical
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behaviors. The thermal model incorporates Fourier's law to
describe heat conduction, while hydraulic processes involve both
Darcy's law for liquid advective flow and Fick's law for non-
advective vapor diffusion. The mechanical behavior is repre-
sented by the BExM, which accounts for suction-dependent plas-
ticity and stress-strain evolution. These processes interact through
key coupling mechanisms: temperature variations influence suc-
tion, water retention, and capillary pressure, affecting both hy-
draulic and mechanical responses; changes in porosity due to
mechanical deformation modify permeability and vapor diffusion
pathways, altering fluid transport; and stress-induced structural
rearrangements along with variations in the degree of saturation
impact thermal conductivity, modifying heat transfer properties.
By considering displacement, liquid pressure, and temperature as
primary state variables, the framework ensures that dependent
variables such as porosity, permeability, and saturation evolve
consistently with the governing equations and constitutive re-
lationships, providing a robust and coherent representation of soil
behavior under THM coupling.

3. Validation of the numerical model

For confirming the accuracy and reliability of the results ob-
tained from models, this section presents the validation of the
numerical approach. Therefore, the experimental test of Romero
(1999) on swelling pressure was selected as a benchmark for
validation, hence the hydromechanical numerical model was
conducted in a similar manner. Given the complexities of the nu-
merical model framework and in the absence of all necessary input
parameters, such as all hydraulic and mechanical properties of the
soil used, some rational assumptions were made. The swelling
pressure test is employed as a relevant base to understand the
behavior of expansive soils as a material of interest in this study.
The native clay soil used by Romero (1999) has two distinct
structural levels: a high-density microstructure (dry density of
1.96 mg/cm®) and a low-density macrostructure (dry density of
1.37 mg/cm?). Sanchez et al. (2005) also presented a model for
swelling soils based on an advanced plastic model for soil that
considers two structural levels. The Romero's research was
examined within their numerical model and was compared with
laboratory results. Thus, the main objective of the simulation in
this section is to reproduce the behavior observed during the test
by Romero (1999) and the same numerical model by Sanchez et al.
(2005). To this end, a numerical analysis was conducted under
conditions that replicate the changes in suction in the laboratory
while maintaining constant volume in soil sample. The model's
initial conditions include an initial suction of 80 MPa and negli-
gible vertical stress. Subsequently, through a wetting path, the
suction was reduced to 0.01 MPa. Finally, during the drying pro-
cess, the suction was increased to 0.4 MPa.

Fig. 1 illustrates the changes in vertical net stress in relation to
suction and the results were compared and validated against the
original measurements of Romero (1999) and the predictions of
Sanchez et al. (2005). As observed, during the wetting phase and
the reduction of suction from 80 MPa to 0.01 MPa, the changes in
vertical net stress are initially increased and then decreased.
Following the wetting scenario, from the beginning of the drying
path, as suction rises from 0.01 MPa to 0.4 MPa, the vertical net
stress was consistently decreased. Comparison between the re-
sults of both studies with those from the developed numerical
model, showing a satisfactory match between experimental and
numerical results.
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Fig. 1. Comparison of the model results with the measurements from Romero (1999)
and the predictions made by Sanchez et al. (2005).

4. General layout and description of the numerical model

The study area in this research is the Qom plain with an arid
and semi-arid climate. In this region, deep and wide cracks exist,
the main factor of their formation being the phenomenon of
desiccation, intensified by various factors such as land subsidence,
erosion, and heterogeneous bedrock (Kolahdooz et al., 2020).
Fig. 2a illustrates a sample of these observed deep cracks, which
are approximately 1 m deep and half a meter wide. However, it is
evident that crack depth may vary due to soil erosion during
rainfall and flooding events. Naturally, the ratio of crack width to
depth, as a dimensionless parameter, follows a specific distribu-
tion. Jabbarzadeh et al. (2024) stated that this ratio follows a log-
normal distribution. By utilizing this parameter, a wide range of
available data in the literature, alongside our field observations,
can be utilized. The cracks in the laboratory studies vary on the
scale of a few millimeters. However, the cracks observed in the
study area are deep and lengthy, posing potential risks to existing
infrastructure, such as transmission lines against land subsidence
and surface layer shrinkage phenomena (Sadeghi et al., 2024).
Therefore, in this study, the crack parameters used in the numer-
ical model, as depicted in Fig. 2b, include crack depth, crack width,
and crack spacing.

Cracks have been reported in literature with different depths,
for instance, Gambolati and Teatini (2015) referred to cracks with
depths of 15-20 m, and Morris et al. (1992) mentioned cracks
ranging from 0.5 m to 6 m. However, based on field observations,
the cracks present in the field ranged from 1 m to 2 m, which in
this study, a crack depth of 1 m was considered in the numerical
model. According to Jabbarzadeh et al. (2024), the crack ratio
varies from 1% to 42%. Since the cracks observed in this study were
approximately half a meter wide and the depth due to soil erosion
and filling with soil is not precisely quantified, the crack ratio
cannot be explicitly determined. Therefore, in this study, to
consider relatively wide cracks, a crack ratio of 35 percent was
adopted, meaning a crack width of 35 cm.

The crack formation usually occurs randomly, and cracks have
variable distances at the field scale. Hence, in this study, the crack
spacing was adopted based on full-scale field observations and
complementary statistical analyses. Satellite image, as shown in
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Cw Cs Cw

Cp

Cy: Crack width
Cp: Crack depth
Cs: Crack spacing

Cr (%): Crack ratio = E—V: X 100

Fig. 2. (a) Observed deep desiccation cracks in the studied area of Qom suburb, Iran; and (b) Schematic diagram of the crack geometry and the corresponding parameters.

Fig. 3.

Satellite image of crack networks in the studied area.

Fig. 3, was used to determine the crack spacing in the studied area.
It is evident from this image that these spacings do not follow a
specific pattern. It is acknowledged that crack patterns and char-
acteristics are influenced by factors such as soil type, land topog-
raphy, climatic conditions, and other driving factors for crack
formation and propagation along a preferential direction. To
identify the crack spacing shown in Fig. 3, seven distances (A to G)
were defined. The spacing between cracks was measured, as
summarized in Table 1. According to these measurements, the
maximum spacing was found at distance A (69.1 m), while the
minimum spacing occurred at distance D (11.7 m).

Crack spacing should be defined to preserve the interaction
between cracks; otherwise, defining crack spacing adds no value to
the analysis and does not differ from modeling a single crack.
Therefore, to investigate the impact of crack spacing on findings,

Table 1
Crack spacing in the specified zones of the satellite image.

Position Crack spacing (m)
A 69.1
B 33.9
C 124
D 11.7
E 245
F 63.5
G 27.8

777

initial numerical modeling was required to determine the
maximum spacing at which crack interaction is still maintained.
As a result, the maximum crack distance was considered to be
10 m. The reason for this is that with greater crack distances, the
model geometry becomes more complexX, requiring more
computational effort without adding significant value. Addition-
ally, based on preliminary numerical models, cracks with greater
distances have less interaction with each other and act indepen-
dently. Furthermore, a minimum distance between cracks of 1 m
was considered to ensure that cracks are spaced apart at least by
their depth and to avoid numerical divergence as well. Indeed,
crack spacing lower than 1 m is unlikely to be observed in field
conditions, according to satellite observations.

The random distribution of crack spacing is shown in Fig. 4. For
example, the minimum spacing is between the 3rd and 4th cracks
which is 1.3 m, and the maximum distance is between the 12th
and 13th cracks which is 9.1 m. Therefore, the model geometry
comprises 14 cracks with the aforementioned specifications, with
a model length of 100 m and a depth of 50 m.

To investigate soil behavior under annual climatic variations,
meteorological data for the Qom city was collected over a period of
three years from 2015 to 2017 (Jabbarzadeh et al., 2024). These
parameters include temperature, precipitation, relative humidity,
radiation, and wind speed, whose three-year variations were

©
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Fig. 4. Random generated distance between cracks.
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depicted in Fig. 5. For simplification, these values were uniformly
applied as atmospheric boundary conditions to the soil surface and
crack walls. Since cracks were assumed to be wide, the atmo-
spheric conditions within the crack interior environment can be
assumed to be the same as the atmospheric conditions outside,
disregarding phenomena such as air circulation within the crack
interior environment.

As expansive soils are sensitive to moisture changes and exhibit
high cracking susceptibility during wetting and drying cycles, in
this study, the Boom clay was used to simulate the cyclic behavior
of expansive soils under actual climatic variations. This soil is
extensively studied, and its thermo-hydro-mechanical parameters
are available in literature (Delage et al., 2000; Dehandschutter
et al,, 2005; Gens et al., 2011; Bernier et al., 2007; Francois et al.,
2009). The soil properties used in the numerical model were
presented in Tables 2 and 3.
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As an initial boundary condition for the numerical model, an
initial stress of 1 kPa was uniformly applied to the entire model
domain as compressive stress. In this study, the compressive
stresses are represented with negative signs and tensile stresses
with positive signs. The initial porosity and micro-porosity of the
soil were assumed to be 0.487 and 0.18, respectively (Delage et al.,
2000; Sanchez et al., 2005; Bernier et al., 2007).

Based on field reports from the Qom plain, the groundwater
level is reported to be deep, approximately 90 m below the ground
surface (Jabbarzadeh and Sadeghi, 2024). In this study, assuming a
depth of 90 m for the groundwater level, a hydrostatic boundary
condition will be applied as the underlying boundary of the model,
with an initial suction of 0.4 MPa. Considering the arid climate of
Qom, the presence of deep cracks in the model, and the use of a soil
with low permeability, an initial suction of 10 MPa was assumed at
the soil surface and crack walls, following a bi-linear distribution
of pore water pressure from the groundwater surface to the soil
surface.

According to the studies of De Bruyn and Labat (2002), the
initial temperature of the Boom clay at a depth of 223 m was re-
ported to be 16.6 °C. In this model, an initial soil temperature of
15 °C was assumed, which changes with climatic variations
through thermal conduction mechanisms. Finally, the final model
geometry along with the finite element mesh was depicted in
Fig. 6. As indicated, the model mesh comprises 7245 constant
strain triangle elements and 3954 nodes. Fig. 7 summarizes the
general flow of the numerical model and fundamental processes
along with the derivation of the geometrical model.

It is important to mention that this study focuses on the
behavior of a soil with stabilized desiccation cracks subjected to
cyclic wetting-drying conditions. While the propagation of cracks
and the formation of new ones are not modeled, the proposed
approach only simulates changes in the internal area of stabilized
cracks caused by variations in crack width and wall movement due
to climate dynamics. As a result, this study highlights the stress
redistribution and deformation around existing cracks, assuming
that crack propagation within the three-year time span considered
is quite marginal hence negligible.

5. Interpretation of the results

5.1. Dynamics of moisture potential and cyclic deformation of the
cracked soil

To examine the changes in pore volume, total porosity and
micro-porosity against cyclic variations in pore water pressure
between 3rd and 4th cracks (the closest cracks) are shown in

Table 2
The thermo-hydraulic parameters of the numerical model (Alonso et al., 1999; Delage et al., 2000).
Parameter Description Value
Py Measured P at certain temperature (MPa) 3.44
) Surface tension (N/m) 0.072
A Shape function for retention curve 0.3
Sh Residual saturation 0
Sis Maximum saturation 1
ko Intrinsic permeability (m?) 2.5 x 10710
A Model parameter 0.3
A Constant parameter 1
A Model parameter 3
D Model parameter (m? Pa s~ ! K™") 59 x 1076
n Model parameter 23
Tau Coefficient of tortuosity 1
Kdry Thermal conductivity of the dry porous medium (W/(m K)) 0.646
Ksat Thermal conductivity of the water saturated porous medium (W/(m K)) 1.4396
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Table 3

Input parameters of the mechanical constitutive model (Sanchez et al., 2005).
Parameter Description Value
xMacro Matrix elastic stiffness parameter at macro level for changes in mean stress (p) 0.02
xmicro Matrix elastic stiffness parameter at micro level for changes in mean effective stress (p + s"‘ic”’) 0.1
Ks Elastic macro stiffness parameter for changes in macro suction (smacr) 0.01
oM Poisson's ratio 0.3
Kmiancru Minimum bulk modulus at macro level (MPa) 0.001
K:nniiﬁro Minimum bulk modulus at micro level (MPa) 0.001
fsdo Micro and macrostructure coupling functions when SD is activated -0.1
fsa1 Micro and macrostructure coupling functions when SD is activated 1.1
Ngq Micro and macrostructure coupling functions when SD is activated 2
fsio Micro and macrostructure coupling functions when SI is activated —-0.1
fii1 Micro and macrostructure coupling functions when SI is activated 1.1
ng; Micro and macrostructure coupling functions when SI is activated 0.5
M Slope of the critical state line 1
r Coefficient describing the change in cohesion with suction 0.78
B Coefficient describing the change in cohesion with suction (MPa~') 5
Dc Reference pressure (MPa) 0.01
ks Coefficient describing the increase of tensile strength with suction 0
Do Cohesion corresponding to suction equal to zero (MPa) 0.01
pa Preconsolidation mean stress for saturated soil (MPa) 0.11
%) Coefficient of nonassociativity 1
2(0) Slope of the virgin loading line in the e-In(p) diagram 0.65
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Fig. 6. Finite element mesh and geometry of the numerical model with atmospheric and mechanical boundary conditions.

Fig. 8a. As observed, the trends clearly shift leftward annually
along the total porosity axis, indicating increased desiccation of
the cracked soil surface and intensified volume reduction each
year. Fig. 8b separately illustrates the variations in micro-porosity
relative to suction. This figure selectively shows micro-porosity on
a specific day from each of the three years, with suction levels of
50, 100, and 150 MPa, respectively, to more clearly examine the
annual trends and the suction dependency. The results indicate
that with an increase in suction from 50 MPa to 150 MPa, micro-
porosity decreases from 0.126 to 0.067 in the first year. In addi-
tion to the suction dependency, micro-porosity variations are also
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time-dependent, demonstrating that in the third year, it changes
with a different intercept on the y-axis. While the slope of changes
in all three trends remains nearly constant, the y-intercept of
micro-porosity changes shifts downward by 0.026 from the initial
state to the first year, 0.015 from the first year to the second year,
and 0.014 from the second year to the third year. This also indicates
that the range of changes in soil pore volume is greater in the first
year and decreases with successive seasonal changes due to a
tendency towards equilibrium state. Similarly, Fig. 8c shows the
changes in total porosity at the same selected suction levels.

The 2D distribution of micro-porosity on days 52 (after 7 mm/
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d rainfall), 182 (with a temperature of 39.1 °C), and 567 (with a
temperature of 38.9 °C) is shown in Fig. 9. As observed in Fig. 9a,
micro-porosity at the edges of the crack reaches its highest value
at 0.234, indicating a 30% increase in the volume of microstructure
pores. Additionally, due to water infiltration through the soil sur-
face and crack walls, these areas also experience an increase in
micropore volume due to swelling, with the most significant
swelling occurring at the crack edges. This heterogeneous distri-
bution of pore volume changes can lead to differential soil surface
deformation due to the presence of cracks, potentially endan-
gering structures on the ground. On warmer days of the year, such
as the 182nd and 567th days of the first and second years
respectively, surface desiccation occurs both from the soil surface
and crack walls, with maximum shrinkage similarly occurring at

the crack edges. The results indicate that a depth of about 25 cm
from the ground surface and crack tip is affected by climatic
changes, while the remaining soil areas maintain the initial micro-
porosity value of 0.18.

The volumetric changes in cracked soil during wetting and
drying cycles occur elasto-plastically. In the elastic region, de-
formations are reversible, while upon entering the plastic region,
deformations become irreversible, and plastic strain is induced in
the soil. Fig. 10 illustrates the changes in volumetric plastic strain
between the 3rd and 4th cracks as a function of suction and time.
According to the results in Fig. 10a, the volumetric plastic strain
increases annually. Quantitatively, the maximum plastic strain in
the first year is 16.8%, in the second year is 18.1%, and in the third
year is 19.7%. These values indicate nonlinear changes in plastic
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strain, which eventually reach equilibrium after experiencing
various thermo-hydraulic cycles, resulting in a reduced rate of
changes.

By fixing the product of pore water pressure and porosity (nP; )
at values of —20, —50, and —80 MPa, the plastic strain as a function
of time is shown in Fig. 10b. Interestingly, plastic strain depends on
both time and nP;. Over time and through different natural sea-
sons, plastic strain continues to increase. Moreover, as nP; in-
creases, the plastic strain also increases, and its changes occur with
a steeper gradient. Quantitatively, with a fourfold increase in nP;
from —20 to —80, the gradient of plastic strain changes by a factor
of 2.3. The variations in plastic strain along with porosity over
three years were presented in Fig. 10c. This result shows that these
changes form a linear pattern over three years, following the
relationship below, indicating an increase in plastic strain with a
decrease in porosity due to desiccation:

evp= — 167.19n + 82.3 (31)

The variations in swelling pressure along with volumetric
plastic strain during wetting-drying cycles are indicated in Fig. 11.
When soil dries, the water within the soil pores evaporates,
causing the soil particles to draw closer together. This reduction in
volume results in negative swelling pressure. The negative values
of swelling pressure observed in the results indicate that the soil is
experiencing a shrinking force, which is common during drying
paths. This force opposes the expansion caused by wetting and is a
critical factor in the soil's volumetric behavior during alternating
wetting and drying periods. In other words, the negative swelling
pressure is a measure of the soil's resistance to volume increase
during drying. Moreover, the soil's elasto-plastic behavior under
cyclic wetting and drying conditions means that each drying cycle
leads to an incremental increase in plastic strain and corre-
sponding negative swelling pressure. This accumulation of plastic
strain over time is indicative of the soil's adaptation to the envi-
ronmental conditions, where it undergoes irreversible changes
that manifest as negative swelling pressure.

Irreversible volumetric changes resulting from wetting-drying
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cycles are critical for understanding the long-term stability of soils
in various geotechnical applications. These changes, primarily
caused by cyclic swelling and shrinkage, accumulate over time and
significantly affect soil behavior, particularly in expansive clays.
Studies indicate that desiccation cracks alter the soil's structural
integrity, influencing stress redistribution, porosity, and water
flow paths. The presence of cracks amplifies deformation mecha-
nisms. For instance, during wetting, cracks serve as preferential
water infiltration paths, accelerating soil saturation and reducing
suction. This rapid reduction in suction increases the mobility of
soil particles, leading to localized shear and volumetric strains
along crack edges. Over time, these irreversible strains manifest as
cumulative settlement, differential deformation, and potentially
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instability in slopes, retaining walls, and embankments.

The laboratory experiments highlighted that both macro- and
microcracks contribute to these deformations, reducing the soil's
ability to recover its original state after each cycle (Tang et al.,
2023). In addition to settlement and deformation, the accumula-
tion of irreversible strains has implications for geohazards such as
landslides and subsidence in expansive soils (Sadeghi et al., 2024).
The crack-induced heterogeneity in soil stiffness and strength al-
ters the stress distribution, creating weak zones susceptible to
failure under additional loading, such as heavy rainfall or seismic
events. Furthermore, as evidenced in studies on unsaturated soils,
cyclic temperature and suction variations exacerbate these effects,
particularly in regions experiencing climate extremes (Zhou and
Ng, 2016).

From an engineering perspective, incorporating these irre-
versible volumetric changes into design methodologies is essen-
tial. For example, in foundation engineering, crack-induced
settlement must be considered in serviceability limit state calcu-
lations to ensure structural safety over time. Similarly, for pave-
ment design, accumulated plastic strains from cyclic loading,
coupled with climate-induced suction variations, should inform
maintenance schedules and material selection. In slope stability
analysis, crack propagation and water infiltration must be explic-
itly modeled to evaluate the likelihood of failure under dynamic
climatic conditions.

5.2. Spatio-temporal redistribution of stress

The 2D distribution of vertical, horizontal, and shear stresses on
the 52nd day (coinciding with the first wetting path) and the
182nd day (coinciding with the warmest day over three years with
a temperature of 39.1 °C) is compared in Fig. 12. As a general rule in
this study, compressive stresses and shrinkage strains are denoted
by negative values, while tensile stresses and swelling strains are
indicated by positive values. As is evident from Fig. 12a after a
rainfall, the compressive horizontal stress (ox) at the crack tip
showed a concentration of approximately —0.004 kPa. The
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negative horizontal stress at the crack tip indicates compressive
forces, which are likely due to the soil swelling upon wetting. The
localized increase in horizontal stress at the crack tip can be
attributed to the rapid water infiltration and subsequent soil
expansion, causing compression in the horizontal direction.

During warm days, the surface of the soil exhibited positive
horizontal stress values of 0.0008 kPa, as shown in Fig. 12b. The
positive horizontal stress at the surface indicates tensile forces,
which can be attributed to the desiccation and shrinkage of the soil
due to high temperatures. As depth increased, the horizontal stress
transitioned to negative values, reaching —0.0013 kPa below the
crack tip. The negative horizontal stress observed at deeper levels
below the crack tip suggests compressive forces, likely due to the
overburden pressure and the relative immobility of deeper soil
layers compared to the surface.

The vertical stress (oy) distribution indicates a compressive
stress concentration at the crack walls and tip, with values ranging
from —0.002 to —0.003 kPa after rainfall, as shown in Fig. 12c. This
compressive stress is attributed to the initial wetting of the soil,
causing it to swell and exert pressure on the crack boundaries. The
compressive stress decreases radially from the crack tip, indicating
the localized nature of the swelling-induced stress. The stress
dissipates moving away from the crack, reducing in magnitude but
still indicating a zone of influence. On the 182nd day, the vertical
stress (Fig. 12d) shows a similar stress pattern at the crack walls
and tip, however, distinct mechanism with tensile stresses around
0.0001 kPa. The stress distribution extends further from the crack
tip compared to the 52nd day, suggesting an ongoing stress
adjustment due to prolonged environmental exposure. This

indicates that the crack tip is the area most susceptible to further
propagation.

The shear stress (zxy) distribution near the 9th crack reveals a
symmetrical pattern along the crack walls after a rainfall, as shown
in Fig. 12e. This suggests that the direction of deformation or
movement on the two opposing crack boundaries is in opposite
directions. In the context of shear stresses, the positive and
negative values do not represent tension or compression as in the
case of normal stresses. Instead, they indicate the direction of the
shear forces acting on a plane, relative to a chosen coordinate
system. When defining shear stresses in a Cartesian coordinate
system where the positive y-axis is upward and the positive x-axis
is rightward, the sign of shear stress depends on the direction of
the force acting on the soil element faces. Positive shear stress
(+7xy) occurs when the force on the rightward face is directed
upward and the force on the upward face is directed rightward,
causing clockwise rotation of the soil element. Negative shear
stress (—zxy) occurs when the force on the rightward face is
directed downward and the force on the upward face is directed
leftward, causing counterclockwise rotation.

For example, during the wetting path (Fig. 12e), the soil swells,
and the crack width decreases. This is reflected in the shear stress
distribution, where the right crack edge exhibits negative shear
stress, and the left crack edge shows positive shear stress. By
examining the deformed state of soil elements along the crack
edges, it can be inferred that the opposing edges of the crack move
toward each other, leading to crack closure. On the other hand,
during the drying path (Fig. 12f), the soil shrinks, causing an in-
crease in crack width. The right crack edge experiences positive
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shear stress, while the left crack edge undergoes negative shear
stress, reversing the deformation behavior seen in the wetting
path. On the 182nd day, the shear stress redistribution pattern
changes significantly. Specifically, shear stress decreases with the
shrinkage of the soil. Simultaneously, negative shear stress is
observed at the left head of the crack, while positive shear stress is
observed at the right head. Along the crack walls, the sign of the
shear stress alternates, with notable shear stress localization at the
crack tip. Overall, a wedge-like formation, similar to a failure
wedge, develops in the crack region, indicating concentrated and
localized shear stresses in the crack areas under climatic changes.
This emphasizes the shear crack mechanism; however, it is
negligible with respect to the tensile crack mechanism.

The predominance of the tensile crack mechanism over the
shear crack mechanism is supported by several observations. First,
cracks primarily initiate and propagate due to tensile stresses,
which exceed the soil's tensile strength during desiccation. Sec-
ond, the magnitude of tensile stresses is significantly greater than
that of localized shear stresses, as shown in Fig. 12e and f. Third,
while shear stresses are confined to regions near crack tips and
walls, tensile stresses have a broader spatial influence, driving
crack widening and propagation. Consequently, shear stresses play
a secondary role in localized deformation, whereas tensile stresses
govern the overall cracking process. It is therefore interesting that
the role of shear stress was also revealed in this study, although
the role seems to be relatively marginal compared to the tensile
stress.

The results can be further supported by the principles of frac-
ture mechanics, which provide a robust framework for under-
standing crack initiation and propagation. Cracks in materials
occur in three primary modes: Mode I (opening mode), Mode II
(sliding mode), and Mode III (tearing mode). In Mode I, crack faces
displace perpendicular to the crack plane due to tensile stresses. In
Mode I, crack faces slide over each other parallel to the crack front
due to in-plane shear stresses. In Mode III, crack faces slide relative
to each other parallel to the crack front due to out-of-plane shear
stresses. The stress intensity factors (SIFs) are critical parameters
in fracture mechanics, describing the stress state near the crack tip
for each mode. For Modes I and II, the SIFs can be expressed by the
following simplified equations (Knott, 1973):

K = ov/ma
K]] = r\/ﬁ} (32)

where K; and Kj; are the SIFs for Modes I and II, respectively; a is
half of the crack length; and ¢ and r are the normal and shear
stresses, respectively. A crack propagates when the SIF exceeds the
material's fracture toughness (K > K¢), which is the critical SIF
beyond which the material can no longer resist crack growth.
Additionally, the energy release rate (G) is another fracture crite-
rion that evaluates cracking from an energy perspective and refers
to the energy released when a crack expands per unit area (Xu
et al.,, 2022). For Modes I and II, the energy release rates under
plane strain conditions are given by

1-—12

G = K?

L (33)

Gy = Kz

where E is the elastic modulus and v is the Poisson's ratio. A crack
propagates when G > G¢, where G is the critical energy release
rate. These criteria highlight the interplay between stress in-
tensity, energy dissipation, and material resistance in controlling
crack propagation. In the context of this study, the fixed crack
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depth assumption simplifies the analysis by focusing on stress
redistribution patterns. Based on the results presented in
Fig. 12b-d, and f, extreme drying conditions induced by arid cli-
mates lead to significant stress localization near cracks. The hori-
zontal normal stress localizes primarily on the soil surface,
particularly in tensile zones where drying-induced shrinkage oc-
curs. This increases the SIF (K;) and energy release rate (Gy),
potentially exceeding the threshold values (K¢, Gc) required for
crack propagation (Fig. 12b). The vertical normal stress and shear
stress concentrates along crack walls and at crack tips, consistent
with stress redistribution patterns under multi-physical condi-
tions (Fig. 12d and f). These localized stresses elevate K; and G for
vertical stress and Kj; and Gy for shear stress, suggesting a high
potential for Mode Il and mixed-mode cracking near the crack
walls and tip.

The fracture mechanics principles imply that the crack tip is the
most vulnerable zone for further propagation or branching,
particularly under mixed-mode conditions where both tensile and
shear stresses act concurrently. In expansive soils, cracks form and
propagate due to the interplay of matric suction, environmental
loading, and soil strength. Drying cycles increase suction, leading
to tensile stress accumulation and Mode I cracking, while wetting
cycles reduce suction but may promote shear displacement along
existing cracks (Mode II). The coupling of hydraulic and mechan-
ical fields intensifies stress redistribution, with crack networks
evolving to balance the soil's energy state.

For a surface crack in a semi-infinite medium (i.e. a crack on the
soil surface extending downward), the Mode | stress intensity
factor can be estimated as

Ky =Yovra (34)
where Y is the geometry correction factor that depends on crack
shape, depth, and boundary conditions. For a long, surface-
breaking crack in a semi-infinite domain, a common approxima-
tion for drying-induced shrinkage stress is

Ki=1.126vma (35)

Parameter a in soil as a semi-infinite medium with surface
desiccation cracks is considered to be the crack depth. Since Mode
I SIF characterizes desiccation-induced cracking, the minimum
principal stress (o;) is used in the calculation of K;. This assumption
aligns with the study by Houcem et al. (2023), which also
considered the minimum principal stress as the primary tensile
stress driving soil crack propagation.

To analyze the spatial and temporal variations in K; under
wetting and drying cycles, specific time periods were selected,
capturing both rainfall events and high-temperature conditions.
The two-week period from day 41 to day 54 was chosen to
examine rainfall effects due to significant precipitation during this
time, while the time span of day 175 to day 188 was selected to
evaluate the impact of high temperatures on soil drying and
fracture behavior. To investigate spatial variations in Kj, three
distinct locations along the crack were examined: crack tip where
stress concentration is the highest and crack propagation is most
likely, crack edge located at the soil surface and is influenced by
direct atmospheric boundary effects, and middle of the crack wall
representing stress conditions within the crack itself.

The variations in K; under wetting and drying paths are illus-
trated in Fig. 13. As shown in Fig. 13a, during the wetting path,
rainfall infiltration reduces tensile stress due to soil swelling and
stress relaxation, leading to a decrease in K;. The results indicate
that K; drops as low as —3.9 kPa m'? during periods of high
rainfall, while in the absence of precipitation, K; increases to
1.2 kPa m"/2. A positive K; indicates that the crack tip experiences
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and the middle of the crack wall.

tensile opening if K; > K. A negative K; suggests that the crack is
subjected to compressive stress, which tends to close the crack
rather than to promote its growth. The findings reveal that the
crack tip experiences the most significant fluctuations, empha-
sizing its role as the primary location for potential crack propa-
gation. The crack edge shows moderate fluctuations, with K;
ranging between —1 and +1 kPa m'/2. The middle of the crack wall
exhibits the lowest variations between —0.2 and 0.4 kPa m'/?,
suggesting a relatively stable stress distribution within the crack
compared to its extremities.

In contrast, as soil dries under high temperatures, desiccation-
induced shrinkage increases tensile stress, leading to a rise in Kj.
The results show that at the crack tip, K; increases from
1.39 kPa m'/? to 1.43 kPa m'/?, suggesting a higher probability of
crack propagation under severe drying conditions. The highest K;
values are consistently observed at the crack tip, confirming that
cracks are most likely to propagate from the tip rather than initiate
new fractures along the crack wall. This observation is consistent
with classical fracture mechanics, where the tip acts as a stress
concentrator, accumulating sufficient energy for crack extension.

Based on the calculation of K|, the energy release rate can also
be determined. Eq. (33) presents a straightforward relationship
between the Mode I stress intensity factor and the energy release
rate. Although this equation applies to materials exhibiting linear
elastic behavior, it is utilized here to provide additional insights
from a simplified perspective. The elastic properties of Boom clay,
the soil material examined in this study, have been extensively
documented in previous research. The Young's modulus of Boom
clay has been reported to range from 100 MPa to 400 MPa, with a
Poisson's ratio of approximately 0.4. According to the study of

Dehandschutter et al. (2005), Young's modulus and Poisson's ra-
tio are assumed to be 200 MPa and 0.4, respectively.

Fig. 14 illustrates the spatio-temporal variations of G; under
rainfall and high temperatures at the crack tip, crack edge, and
middle of the crack wall. The energy release rate represents the
amount of energy available for crack propagation per unit of newly
created fracture surface. Under extreme climatic conditions, the
energy release rate G; tends to be high. Since G; depends on K?Z, it
always yields a positive value, indicating that it does not differ-
entiate between compressive and tensile stress states. As shown in
Fig. 14a, although the energy release rate at the crack tip is high in
rainfall conditions, the dominant stress mode is compressive. A
comparison of Fig. 14a—c reveals that, similar to Kj, the most sig-
nificant fluctuations in G; up to 63 mJ/m? occur at the crack tip,
while moderate changes are observed at the crack edge, and the
least variations are found at the middle of the crack wall.

High G; during drying conditions corresponds to tensile stress
at the crack tip, which directly contributes to crack propagation.
This leads to progressive soil degradation, exacerbating desicca-
tion cracking over time. Fig. 14d illustrates that at elevated tem-
peratures of approximately 39 °C, G, reaches 8.6 mJ/m? at the crack
tip, 3.2 mJ/m? at the crack edge, and 0.82 mJ/m? at the midpoint of
the crack wall. Based on these analyses, in soil with pre-existing
cracks, the crack tip is the most vulnerable zone for fracture
growth due to stress concentration and the available energy for
release. Additionally, the crack edge, or the soil surface in general,
is particularly susceptible to desiccation cracking because of direct
exposure to environmental loading, making it prone to enhanced
degradation.
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and the middle of the crack wall.

Arid regions often experience extreme temperature fluctua-
tions and low moisture levels, which can lead to significant soil
shrinkage and cracking. Therefore, for investigating the potential
crack initiation and propagation, it is useful to utilize principal
stresses which are showing the minimum and maximum stresses
experienced by the soil. Fig. 15a illustrates the variations in min-
imum principal stress (o¢;) in relation to changes in pore volume
and pore water pressure. Based on the boundary surface plotted at
zero principal stress, it is observed that as the soil undergoes
successive wetting and drying cycles over several years, the min-
imum principal stress shifts from compression to tension. Due to
the limitations of the finite element method, the occurrence of
new cracks in addition to existing ones cannot be directly
observed. However, considering the shrinkage crack mechanism
resulting from tensile stresses, it is inferred that desiccation
cracking is likely to occur. This behavior is strongly dependent on
the studied climate and soil properties. Fig. 15b displays the
maximum principal stress (o;;), indicating a decrease in
compressive stress over the three-year period. Insights from Fig. 15
indicate that during the drying process, the soil surface experi-
ences significant tensile stresses as a direct result of shrinkage
caused by water evaporation. As moisture is lost from the soil
pores, the internal suction increases, leading to a reduction in
volume. This phenomenon highlights the critical role of tensile
stress in the drying process, as the soil must accommodate the
changes in moisture content while maintaining structural integ-
rity. Furthermore, the analysis reveals that successive wetting-
drying cycles contribute to a gradual reduction in compressive
stresses within the soil matrix. With each cycle, the compressive
forces that initially act to stabilize the soil diminish, creating an
environment where tensile stresses become increasingly domi-
nant. Over time, this transition results in a pronounced shift to-
ward tensile-dominated behavior, particularly evident in the later
stages of the drying process.

Fig. 16 illustrates the 2D distribution of principal stresses
around the 3rd and 4th cracks for days 52 (after rainfall) and 182
(the warmest day). According to Fig. 16a, the increase in pore water
pressure during the wetting path induces compressive stresses in
the minimum principal stress at the soil surface between the two
cracks and at the crack tips, which occurs due to soil swelling.
Fig. 16c on the same day shows the 2D distribution of maximum
principal stress, where compressive stress concentration is seen
along the crack edges. During the drying paths, the minimum
principal stress, as shown in Fig. 16b, demonstrates that tensile
stresses intensify at the soil surface, crack walls, and crack tips.
This is due to the increased suction that occurs during soil drying,
leading to soil shrinkage. In deeper regions of the cracks,
compressive stresses prevail. Additionally, the maximum principal
stress during the drying paths shows a significant decrease along
the crack walls and tips, as seen in Fig. 16d, indicating that the soil
transitions from a compressive to a tensile stress state near the
cracks.

6. Discussion
6.1. Mutual dependence of stress, strain, and pore water pressure

This study corroborates previous research that has emphasized
tensile stress as a primary driver of soil cracking. However, it also
highlights the significant role of shear stress, which, although less
dominant, cannot be ignored in the comprehensive analysis of soil
cracking mechanisms. The insights gained from the 2D stress
distributions around cracks provide valuable information on the
localized stress concentrations and their implications for soil
deformation. The observed stress patterns indicate that crack tip is
the most critical area where stress concentration is most pro-
nounced, making them susceptible to further crack propagation.
According to Fig. 12a, during the rainfall and infiltration process,
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the crack tip experiences the highest compressive horizontal
stress. Specifically, during the wetting phase, the horizontal stress
at the crack tip increases by 5.22 times its initial value. Comparing
this result with Fig. 16¢, it can be observed that the maximum
principal stress is 7.55 times the initial compressive stress at the
crack edges. Therefore, while the crack tip endures maximum
horizontal stress due to crack closure during soil swelling, the
crack edges face the most severe compressive principal stress,
indicating critical swelling at these edges. This conclusion is sup-
ported by Fig. 9a, which shows a significant increase in micro-
porosity at the crack edges during rainfall, with a 30% rise in
micro-porosity in this critical area.

Moreover, the observed results in Fig. 12e and f indicate that in
cracked soil, shear stress increases with rising soil moisture due to
rainfall, and decreases with soil drying. This relationship between
soil moisture and shear stress can be linked to the shear cracking
mechanism. During rainfall, soil moisture increases as water
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infiltrates the soil, reducing soil suction. The reduction in suction
leads to soil particles becoming more lubricated, less tightly
bound, and the water molecules start to separate the clay particles,
reducing the attractive forces between them. This increased
lubrication and particle separation allows the soil to deform more
easily under applied stresses, resulting in higher shear stress
concentrations. In cracked soil, these increased shear stresses are
especially pronounced along the crack edges and tips where water
infiltration is highest. The higher shear stress during wetting can
facilitate the mobilization of soil particles along the crack surfaces,
potentially leading to shear displacement or even further crack
propagation if the shear stress exceeds the soil's shear strength. In
addition, this phenomenon can manifest differently in deep and
wide cracks. Due to increased shear stress, the upper edges of the
crack can fail, leading to crack widening along the wetting path
through a shear failure mechanism. Shear cracks typically form
parallel to the direction of the shear stress. Therefore, based on the
contour lines presented in Fig. 12e, this shear failure at the crack
edges can be anticipated. This widening leads to the expansion of
the space inside the crack, which in turn intensifies evaporation
and infiltration processes. Consequently, these dynamics
contribute to the gradual enlargement of the crack over time.

Conversely, during drying periods, soil moisture decreases and
suction increases. The increased suction causes soil particles to be
drawn closer together, increasing interparticle friction and cohe-
sion. This increased cohesion restricts the soil's ability to deform,
resulting in lower shear stress. As the soil dries, it becomes more
rigid and less prone to shear displacement, which decreases the
likelihood of shear-induced crack propagation. However, the
increased rigidity can lead to higher tensile stresses, which are
more likely to cause tensile cracking.

In the previous sections, the stress and strain evolutions were
separated to be elucidated distinctly. However, their variations are
simultaneous and should be considered at the same time. In this
context, Fig. 17 illustrates the simultaneous changes in vertical
stress (oy), vertical strain (ey), and pore water pressure (P;) over a
period of three years between 3rd and 4th cracks. According to
Fig. 17a, the initial conditions include compressive stress values
of 1 kPa, zero strain, and pore water pressure of —10 MPa. In the
initial days of the first year, limited positive vertical strains, indi-
cating soil swelling, are observed due to rainfall. This is because
the soil, in its initial state, has not yet experienced any hydraulic
paths and shows more swelling behavior in response to an initial
wetting path. However, after undergoing several wetting and
drying cycles, the swelling potential decreases, and the strains
predominantly fall within the range of 5%-10% shrinkage strains.

The dependency between stress-strain and stress-suction was
separately shown over these three years in Fig. 17b and c. As
observed, with the decrease in soil moisture content due to the
arid climate, the suction in the soil increases. The increased suc-
tion leads to a shift in stress towards lower compressive stresses,
corresponding to the mechanism of shrinkage cracks induced by
tensile stresses.

The simultaneous variations in vertical stress, liquid pressure,
and porosity separated with annual variations in Fig. 18. During the
first year, the soil undergoes its initial cycles of wetting and drying.
As drying occurs, suction increases, leading to a reduction in
porosity due to soil shrinkage. This shrinkage is accompanied by a
decrease in compressive vertical stress, moving the stress state
towards tensile stress. In the second year, the trend observed in the
first year persists, but with more pronounced shifts. The cyclic
variations become more evident as the soil undergoes further
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shrinkage and desiccation, reducing porosity and shifting the
vertical stress further towards tensile stress. The movement in the
plot indicates that the soil is adapting to the repetitive cycles, with
the stress state trending more consistently towards tensile regions.
By the third year, the soil has undergone multiple wetting-drying
cycles, leading to significant desiccation. The plot shows an even
further shift towards the right along the vertical stress axis, indi-
cating increased tensile stress. The porosity continues to decrease,
reflecting substantial shrinkage. The results also indicate the se-
vere reduction in void volumes during soil shrinkage. Since the
studied area has an arid climate, soil tends to shrink rather than
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swell. Therefore, the reduction of 22% can be concluded from the
porosity variations during three-year period.

6.2. Model applicability and future research directions

The real-world data used in this study, including meteorolog-
ical inputs (e.g. temperature, precipitation, and radiation) from
Qom, Iran, and the parameters for Boom clay, were selected
because they represent realistic environmental conditions and
well-studied soil properties. These parameters were incorporated
into the model calibration and validation processes to capture the
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essential physical phenomena driving the thermo-hydro-
mechanical behavior of desiccation-cracked soils. The parame-
ters utilized in this study reflect specific conditions, including a
semi-arid climate, deep water table, thick vadose zone, low annual
rainfall, and particular soil characteristics. However, the governing
equations and constitutive relationships employed in the model
are applicable in a broader context. Therefore, the model can be
applied to other climates and soil types by adjusting input pa-
rameters, such as soil hydraulic properties, thermal conductivity,
and mechanical behavior, to match site-specific conditions. The
findings demonstrate that the model is robust and generalizable,
making it applicable to a range of semi-arid to arid climates and
different clayey soils. While the magnitudes of stress and defor-
mation may vary depending on soil properties and climatic con-
ditions, the fundamental mechanisms described in the manuscript
remain valid and consistent. However, conducting a sensitivity
analysis of the results across a wide range of environmental con-
ditions, from extreme dryness to wet processes and various soil
types, is beneficial.

While soils often reach an equilibrium state after several
wetting-drying cycles, where crack depth stabilizes and only mi-
nor changes in crack width occur, the fixed crack depth in the
simulations introduces certain simplifications. In natural systems,
cracks may propagate to variable depths before stabilizing,
affecting subsurface stress redistribution, volumetric behavior,
and pore water pressure. Additionally, the evaporation rate and
associated soil swelling and shrinkage are influenced by the
interplay between environmental conditions and evolving crack
geometry. By fixing crack depth, the model may underestimate or
oversimplify the dynamic feedback between crack depth and
surface processes. Despite this limitation, the model is capable of
identifying the deformed crack geometry at each time step. It also
takes into account the changes in crack width and internal area on
the interaction of parameters such as stress, strain, and pore water
pressure. Nonetheless, the findings are most applicable to sce-
narios where crack depth remains relatively stable, such as in soils
with deep groundwater level.

Future studies should adopt new methods to examine the
propagation of crack depth and the potential initiation of new cracks
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during wetting-drying cycles. Additionally, the geometry of cracks
involves several complexities. Previous studies have indicated that
the shape of cracks in a 3D view exhibits various characteristics,
including width, depth, length, inclination, the number of crack
segments, crack intensity factor (CIF), and the number of in-
tersections. A 3D model could also be utilized to explore the char-
acteristics of the 3D crack network in relation to the soil surface
deformation mechanism. Furthermore, secondary cracks, branch-
ing, and complex crack network interactions are not explicitly rep-
resented, yet these features are vital for understanding subsurface
connectivity and deformation mechanisms. Multi-scale models that
capture both primary and secondary cracks are needed. Moreover,
the inclusion of soil-root-atmosphere interactions affects crack
initiation and propagation mechanism and pore water pressure
distribution. Incorporating such interactions would provide a ho-
listic understanding of soil behavior under natural conditions.
Hence, addressing these limitations will significantly enhance the
understanding of desiccation-cracked soils and broaden the appli-
cability of the findings to a wider range of environmental and en-
gineering scenarios.

7. Conclusions

This study investigated the thermo-hydro-mechanical behavior
of desiccation-cracked soils under cyclic wetting-drying condi-
tions, emphasizing stress redistribution, pore volume evolution,
and crack mechanics.

Over three years, total porosity and micro-porosity exhibited a
progressive decrease, with micro-porosity reducing from 0.126 to
0.067 at suction levels of 50-150 MPa in the first year. By the third
year, a 22% reduction in total porosity was observed, indicating a
gradual shift toward an equilibrium state. The maximum plastic
strain increased from 16.8% in the first year to 19.7% in the third
year, demonstrating the irreversible nature of shrinkage-induced
deformation.

Stress redistribution patterns showed strong correlations with
climate-driven moisture variations. During wetting, compressive
horizontal stresses developed at crack tips due to swelling, with
stress increasing by 5.22 times its initial value. Concurrently,
compressive principal stresses along crack edges intensified by
7.55 times compared to the initial stress state. During drying,
tensile stresses dominated, particularly at the crack walls and tip,
facilitating crack propagation.

The results further demonstrate that both tensile and shear
stress-induced cracking mechanisms contribute to soil deforma-
tion. Shear stress increased significantly with rising soil moisture
during rainfall and decreased during drying cycles. The findings
revealed that during wetting, crack walls experienced shear stress
localization, which facilitated particle mobilization along crack
surfaces and shear-induced displacement. The alternation of pos-
itive and negative shear stress along crack edges indicated shear-
induced crack widening, particularly at the upper edges of deep
cracks, where failure occurred along the wetting path.

The results of fracture mechanics analysis demonstrate that
under wetting conditions, rainfall infiltration reduces tensile
stress, leading to negative K; values as low as —3.9 kPa m'/?,
indicating crack closure due to compressive stresses. Conversely,
under high temperatures, desiccation-induced shrinkage increases
tensile stress, elevating K; to 1.43 kPa m'/? at the crack tip, pro-
moting crack propagation. The G; provides a measure of the
available energy for fracture extension. The highest G; values,
reaching 63 mJ/m? under rainfall and 8.6 mJ/m? under drying
conditions, are consistently observed at the crack tip, reinforcing
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its role as the primary location for fracture growth. These findings
highlight that the crack tip is the most vulnerable region for
propagation due to stress concentration and energy accumulation,
while the crack edge is particularly susceptible to degradation due
to direct exposure to environmental loading.
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