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This study presents an analytical—statistical-numerical framework to examine the thermo-
hydro-mechanical (THM) behaviour and the resulting heterogeneous subsidence and
swelling of desiccation-cracked expansive soils under realistic soil-atmosphere
interactions. Desiccation cracks, by creating preferential pathways for water and vapour,
significantly alter the near-surface hydraulic and thermal regimes, leading to non-uniform
moisture distribution and temperature gradients. The study employs a statistical
characterisation of crack geometry, including crack width, depth and ratio, based on log-
normal and Gaussian probability distributions, and applies climatic data from Qom as
time-dependent Neumann boundary conditions. The modelling results demonstrate that
cracked ground experiences up to 4.6-fold greater cumulative subsidence compared with
uncracked ground, and the spatial variability of deformation strongly depends on crack
geometry and spacing. Narrow cracks induce intense local desiccation and deep suction
zones, whereas wide cracks promote infiltration and transient swelling during rainfall
events. The distinctive pattern of concave deformation during wetting and convex
deformation during drying highlights the complex cyclic behaviour of cracked soils. The
developed framework provides a physically consistent and practical approach to evaluate
climate-driven subsidence hazards in expansive soils.

Introduction

cracking, field observations and satellite monitoring reveal
that spatially variable subsidence is predominantly associated

Expansive clayey soils are highly sensitive to changes in
environmental moisture and temperature [4]. Under cyclic
drying and wetting, these soils develop tensile stresses that
lead to desiccation cracking, which can propagate several
metres below the surface [2]. These cracks act as open
conduits that accelerate evaporation and rainfall infiltration,
significantly modifying hydraulic conductivity, suction
distribution and heat transfer within the soil mass [41].
Consequently, heterogeneous deformation occurs, which may
threaten infrastructure such as pavements, canal linings, and
shallow foundations [1]. Conventional assessments in
unsaturated soil behaviour can therefore underestimate
hazard. While most previous numerical studies treat the soil
as a homogeneous continuum, ignoring the impact of surface

with cracked zones [45]. This research aims to overcome
these limitations by developing a computational framework
that explicitly represents crack geometry and soil—
atmosphere interaction. The objectives are: (i) to formulate
THM governing equations capturing the simultaneous
exchange of liquid, vapour and energy; (ii) to statistically
describe realistic crack geometries derived from field
observations and prior literature; and (iii) to simulate three
years of actual climatic variations to assess their influence on
subsidence and swelling behaviour in cracked and uncracked
soils.

Methodology

The governing equations consist of mass conservation for
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each solid phase (Eq. 1), fluid phase (Eq. 2), the energy
balance accounting for conduction and latent heat effects (Eq.
3), and the momentum equilibrium equation for the porous
skeleton (Eq. 4). The liquid and vapour fluxes are computed
using generalised Darcy and Fick’s laws (Egs. 11, 17), while
thermal conduction follows Fourier’s law with saturation-
and porosity-dependent effective conductivity (Eq. 5). The
soil-water retention curve (SWRC) is represented by the van
Genuchten equation (Eq. 14). The mechanical behaviour is
governed by the Barcelona Expansive Model (BExM), which
considers coupled elasto-plasticity and swelling behaviour in
a double-structure porous medium (Egs. 19-25). The
numerical implementation employs a combined finite-
element and finite-difference scheme. The spatial
discretisation is performed by Galerkin finite elements, while
time integration uses implicit finite-difference steps for
stability. To ensure numerical stability, the initial time step
was set to 1x1073 days (0.864 s), while the maximum time
step was limited to 1x102 days (864 s) to balance
computational efficiency and accuracy. An upper limit of 20
iterations per time step was imposed, beyond which the
solution was terminated automatically if convergence was not
achieved. The iterative solution algorithm and convergence
process are illustrated in Figure 2. The computational domain,
boundary conditions and mesh distribution are shown in
Figure 5, where the upper boundary interacts dynamically
with the atmosphere through climatic fluxes. The three-year
meteorological dataset for 2015 to 2017 from Qom
(temperature, radiation, rainfall, wind speed, and relative
humidity) is applied to simulate realistic environmental
variations. Atmospheric fluxes were applied to the ground
surface and crack walls as time-dependent flux (Neumann)
boundary conditions. Based on field data from the Qom plain,
the groundwater table lies at a considerable depth of
approximately 90 m below the ground surface. Accordingly,
a hydrostatic boundary condition of 4 MPa suction was
applied at the model base. Considering the arid climatic
conditions of Qom, the presence of deep desiccation cracks,
and the low permeability of the soil, the initial suction at the
ground surface was set to 10 MPa, following a bilinear
distribution between the surface and the groundwater table. A
statistical study of crack geometry (width, depth and crack
ratio) is performed to develop representative scenario sets
named DiRj (Table 2). Each scenario corresponds to a
combination of crack spacing and crack ratio drawn from
probability  distributions (Table 1). This enables
quantification of the sensitivity of soil deformation to crack
geometry. Three representative crack ratios (5 %, 13 %, and
35 %) were selected to capture the variability of natural
cracking. Each scenario was assigned a constant crack depth
of 1 m. Random crack spacing along the ground surface was
generated following the procedure illustrated in Figure 4.
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Model parameters are calibrated against Boom clay as a
typical expansive soil properties and verified through mesh
and time-step refinement analyses.

Results and Discussion

The simulation outcomes reveal that cracking introduces
pronounced THM heterogeneity. Cumulative subsidence in
cracked scenarios reaches 4.6 times that of the uncracked case
(Fig. 6), confirming the amplifying role of cracking on
ground deformation. Narrow cracks (low crack ratio) cause
deeper desiccation and higher negative pore-water pressure,
producing more severe volumetric shrinkage, while wider
cracks enhance infiltration during rainfall and induce
temporary swelling in the surrounding soil. This dual
behaviour of shrinkage and swelling under alternating climate
conditions demonstrates the cyclic nature of soil response
(Fig. 7). Parametric analyses show that close crack spacing
results in superposition of suction fields and increased total
settlement, whereas larger spacing produces isolated
deformation zones. Additionally, the temperature field within
cracked soils exhibits larger diurnal fluctuations at depth,
accelerating vapour transport and enhancing energy exchange
(Fig. 8). In soil upper layers the temperature gradient is
higher. It is due to the direct exposure of the soil surface and
crack walls to the atmosphere. By moving downward, the
temperature gradient decreases and reaches the equilibrium
temperature (Fig. 9). Figure 10 shows the non-uniform
distribution of saturation degree adjacent to the cracks. The
cracked domain exhibits localised drying zones near crack
walls due to enhanced vapour diffusion, resulting in strong
vertical and lateral gradients in suction. These gradients
intensify deformation around the crack edges.

Conclusion

This study proposes a physically consistent and
computationally efficient framework that integrates THM
processes with statistical crack representation to model
heterogeneous subsidence in expansive soils. Key
conclusions include: (1) desiccation cracks markedly modify
moisture, temperature and stress fields, amplifying
subsidence and inducing differential deformation; (2) the
magnitude of deformation is sensitive to crack ratio, spacing
and climatic forcing intensity; (3) narrow cracks are critical
for long-term shrinkage, while wide cracks cause local
swelling after rainfall; and (4) climatic fluctuations interact
strongly with crack geometry to control temporal deformation
patterns. The methodology can be extended to field-scale
applications, probabilistic hazard mapping and integration
with remote sensing for real-time prediction of climate-
induced ground movements.
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Figure 2. Flowchart of the algorithm for solving the
soil-climate interaction problem, considering hydraulic
and thermal fluxes.
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Table 1. Summary of parameters for width, depth, and crack ratio from previous studies.

Crack type Procedure C, (mm)
Natural Field observation 50.8—-76.2
Artificial Experimental test 64 — 19.1
Natural Field observation 50-70
Natural Field observation 5
Natural Field observation -
Natural Field observation 17-21
Natural Experimental test 10
Natural Field observation 25
Natural Numerical modeling 12-18
Artificial Experimental test 5-20
Natural Experimental test 45
Natural Experimental test 04-1
Artificial Experimental test 4-10

C, (mm) C. (%) Reference
609.6 83-12.5 [34]
300 2.13-6.36 [35]
600 — 900 7.7-83 [36]
400 —500 1-1.25 [37]
500 — 6000 - [12]
50 34-42 [2]
160 6.25 [14]
300 8.33 [13]
300 4-6 [15]
50100 5-40 [38]
15 30 [39]
8 5-125 [40]
50 8—24 [41]
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Table 2. Modeling scenarios and geometric parameters
of cracks.

Model name | (m) Cy (%) Cq (m) C,,
SWC - - _
DIRS 1 5 0.05
DI1R13 1 13 0.13
DI1R35 1 35 0.35
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Figure 3. (a) Comparison of Gaussian and log-normal
distributions with the data, and (b) selection of crack
ratio modeling scenarios.
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Figure 6. (a) Comparison of vertical deformation in
uncracked soil with cracked soil at various crack
spacings, (b) the effect of crack width on vertical
deformation.

S LSy e SB 50 o UK pds (gdu bio (W) 5 S
P SH e U (0) g hlike S5 Jolgh 40 03,55y

Foaskes VP S 5 9 S 50 9 sie ks YAl 003 5 o SloS 5

W PR W ML?!A

ssalie S sl S8, 3 S5 2 Wl o —F JSS
S dy @ JS i ppolie S5 (20 Gl b o] Billae o 105 o
bases oo plis gl wlaidly ot yiion lap,s 5 a3 slaceuisy b
a2 yragshen OVIN I g b o i o oS 5 ye 5o iy ¥ Gl
Lol el gl VIV 2lS gonims Lt a8 e atily 2als jia Lo Y8
oS el aly Gl e e VIO 4 el 85l e e blie
lad (3,5 wal 2L om0 sl el g pln FIT Galjl goanmsgles
S 5wl slesl a1y 6yt ol (( Su,L ol jo O 3585 5l i
ol & &y S jes slaay (Faighy 4 prie oS WS o Solie
b panye Sy )0yl Candin)d ph oo S gay58 S s
Sl el ouds mi Lzl TLOAPE) e 5 ™ salsT gy s
A S 5l paad PSSl (S 5l s o wilas S ez

% |terative sparse + Conjugate Gradient Squared (CGS)
37 Adams

Yy

by $plE saigs olxil (goae giluJan jo Cawaly o)lse Koo
sl wloly g 2o bl Sboj slapls Clell .l aing 5 oloc]
285 wlgi oo Sloj slapls mals &5 o y0 09 plonil (g5lu oo ol
5 goae gl Blae 5 Slosls slaan i 4wl bl cms (2al38l 1,
wad GlaplolS (Jelos Sl o gl 5l a5 bl oS 4z g
Sloj a8 ol Ol el oo slowl gLl e S 1o (65,0 9 b,

D9l zulis Blysil by g (o) Ko pas 4 jouie Wlgi oo lal

o 428 5,135 15 4l +IASE L 55, VXV 0 Ly sl e ol el
2o Jelse 5l s (S el e 0 Sl p st ool
2By galS 4 o b Wl co o] canliol Gl .l gl ol ol
Sl sanje & i b g ax g BB s (2851050 pae b b

= . o . e . o s . . & “ .
WXVl oy Gloj o ol Ayl 50 cnlpli 09h Joline us
250 LS5 slaws sain (opl podle el ouls Jlosl a il AT L 54,
oy o8 52 50 5T 51 i 5155 a5 el oo ools Lolaisl Ve Slej o8
waldslyl gais Jae ¥ ;0 0gd g0 ol Ken pac Gl b o plosl 4y s
L Lo g ool jliad doySKo s ol cdls sla puiite ) atanly (sl prito
L alice Y spomo wolysys gl oo dumulxe (5,l8) slaaloles 5l oolazl
Gilwdinnd Wgd o0 denlne (S5 Sl a0 S0l piiw g0 >
L oloj silodinns § TS I8 sgame sl by, 5l eslinal b (oL
Sl a ley (g ilwdinn 0ed oo fl;dlmojm Jolas g, 5l eolaiul
ol 6185 >l evas o 3 09 oe oolitul (ied g, Gl
Cans ] glaca jo 51148 el oo ooliiul "55@}4 SLolS og, ol pen 4
Flae ln 45 Cosl (pl (g8 Bd> g aiile padiinns slahg)
R J.:}..:Lsa lji.o.m o~ ‘U)-\&_A>|)5 [ESUUWY- WL«& o0dus g s_?)).:uwu.c
WS 0 SaS gl s Llidl 4y g a0 JralS 1) wilewy sl o5

TS ol g (o) 22 0

00,55 35 S 10 luodl o095 9 Canliigyd N0

03,555 5 S plaesl Shpeds 4 mie (lr SSIES w3,
Bl Ll 5 5 oS 5 salols S 5 gamain 4y Glasal (nl 090 oo
Sl e 33 5 Glunadl Canciig 8¢ SNBSS (Sl jomn 332318 (S
—F S 0 85,8l Jalge w5l o e &) Gleesl 95 o Figd
Goialis ¢ saie polie el oals ailo Lol 5y alold 30 4 (I
S aamoee ol @l el p)8 (x4 Sute polie g ey
VY)Y S5 Gm alols (058 bopslez g pom OS5 G 50 Canniig B
S 5 o i oS 5 o alold iol58I L ol 1y jlade o i (o
Sy 4 sl 4Bl 1l Cenin b e calold e AV b oo g 043
askes VYl ez 5 py SOS 5 (o Sty B o il <5 o5
VIV i S5 e SB35 g e e TOIF 1l 0000 5 ot oS 5
Wlgee Soden plne Glas 5 jea> oo Ojleds ol 039 S e
Ghosin il b aSiT b 55 s B8 b Coniiig b 0ais &) pie
spa> i b & 09l ge flin Sadig B Sad Gl il (S g
PP O Sghien 55 S g0y JShymdS WAl 4 pmie S

34 Galerkin finite element method
35 Finite difference method



o2 gooli bz 9o —ny Lod 5 Cagloy Sl 5 el Sty b (go00y (SeilSagyaongeys 1) (gm) sl 95 008~ ol il sz e S )

35

Temperature (C)

5 — SWC-1mdepth e e DIR\IS-Imdcpth
e SWC -2m depth @ = = DIRI13 - 2m depth
0 s "
0 365 730 1096
Time (day)

Figure 8. Temporal variations in the temperature of
cracked and uncracked soil.
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Figure 7. Variation in crack width under the influence of
climatic conditions.
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soil with a crack depth of 1 m and in uncracked soil.
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