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Thermo-hydraulic analysis of desiccation cracked soil strata considering ground 1 

temperature and moisture dynamics under the influence of soil-atmosphere interactions 2 

Milad Jabbarzadeh, Hamed Sadeghi*, Saeed Tourchi, Ali Golaghaei Darzi 3 

Abstract 4 

Global warming and climate change significantly affect ground temperature and flow patterns. 5 

Moreover, areas prone to cracking experience intensified temperature and moisture variations. 6 

Therefore, the aim of this study is to investigate ground temperature and moisture dynamics 7 

considering soil-atmosphere interaction through a coupled thermo-hydraulic analysis. Heat 8 

transfer, advective, and non-advective fluxes were simulated using CODE_BRIGHT finite 9 

element program to study water flow and energy transfer within the soil. Statistical analyses 10 

were conducted using an existing dataset to match the crack geometry with previous studies 11 

and find the best distribution for the width-to-depth ratio of cracks (𝐶𝑅) as a dimensionless 12 

parameter. The results indicated that 𝐶𝑅 variations follow a lognormal distribution. Numerical 13 

modeling scenarios were developed using statistical analysis results. The findings indicate that 14 

temperature variations decrease exponentially with depth, while surface soil temperature shows 15 

higher uncertainty due to atmospheric temperature fluctuations. Collecting various temperature 16 

trends in cracked soil at different time intervals, defined a limited region as maximum range of 17 

temperature variations (∆𝑇). Results reveal that ∆𝑇 in different crack scenarios can vary up to 18 

4 times higher than intact soil. For the prediction of ∆𝑇, considering the impact of climate 19 

variations on cracked soil, a 3D boundary surface was developed based on two variables: soil 20 

depth (𝑧) and crack depth (𝐶𝐷).  Furthermore, an equation for estimating ∆𝑇 for uncracked soils 21 

was proposed. Additionally, cracked soil showed approximately 1.4 times higher desiccation 22 
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rates than uncracked soil. Deeper cracks exhibited even more severe desiccation rates, being 23 

about 1.2 times higher. 24 

Keywords: Thermo-hydraulic analysis; Soil desiccation cracking; Soil-atmosphere 25 

interaction; Ground temperature fluctuations; Soil moisture dynamics. 26 

1. Introduction 27 

Global warming has emerged as a significant concern in recent years, with its far-reaching 28 

impacts being felt across various fields, including soil science. One notable consequence of 29 

global warming is the rise in ground temperature, impacting geotechnical aspects like 30 

geothermal energy extraction.1,2 Geothermal systems, like ground source heat pumps (GSHP) 31 

utilise the natural heat stored within the ground for heating and cooling purposes, offering an 32 

energy-efficient and sustainable alternative to traditional fossil fuel-based systems.3-7 However, 33 

the changing climate and associated phenomena challenge the efficient operation of geothermal 34 

systems.8 The importance of comprehending ground temperature fluctuations becomes evident 35 

when considering specific applications. For instance, in the design and operation of 36 

underground infrastructure, such as underground cables or pipelines, temperature variations 37 

can impact their structural integrity and performance. In agricultural practices, precise 38 

knowledge of ground temperature variations also helps optimise crop growth, irrigation 39 

strategies, nutrient availability, and microbial activity.9-11 Moreover, soil temperature 40 

influences the rate of organic matter decomposition and mineralisation of organic materials.12 41 

Soil desiccation cracking is an indirect result of global warming and the subsequent changes in 42 

soil moisture content and temperature. The thermal radiation-induced changes in water-43 

saturated soil increase the kinetic energy of water molecules13, leading to evaporation and 44 

subsequent soil drying. Soil suction, also known as negative matric potential, represents the 45 

energy change per unit volume of water when transferred from the soil to the free water state.14 46 



The drying process induces increased matric suction, which generates tensile stress that can 47 

surpass the soil’s tensile strength and ultimately lead to the formation of desiccation cracks.15,16 48 

Furthermore, the tensile strength is influenced by the degree of saturation.17 From a fracture 49 

energy perspective, cracks tend to form in a manner that minimises fracture energy release by 50 

efficiently creating new solid surfaces with the same amount of accumulated strain energy 51 

during desiccation.18 As desiccation progresses, the network of cracks becomes stable, and no 52 

new cracks are formed. Instead, the existing cracks widen further.19 Cracks significantly impact 53 

soil thermo-hydraulic (TH) behaviour by facilitating water movement and heat transfer, thereby 54 

accelerating the drying process by creating preferential pathways.20 During dry periods, 55 

desiccation cracks facilitate evaporation by providing direct pathways for moisture to escape 56 

from the soil surface. This increases water loss and reduces soil moisture content, affecting the 57 

overall hydrological balance. Additionally, when heavy rainfall occurs following a dry spell, 58 

the existing desiccation cracks act as conduits for water infiltration, potentially altering the 59 

soil’s hydraulic properties and moisture distribution.  60 

Based on recent studies, the formation and propagation of cracks have been extensively 61 

investigated, including field observations21-24, laboratory experiments25-30, and numerical 62 

simulations31-36. Besides, numerous studies have focused on the soil-atmosphere interaction37-63 

40, particularly the influence of cracks on surface evaporation.41-46 It was found that turbulent 64 

air movement within shrinkage cracks significantly impacts evaporation, even with a constant 65 

vapour pressure deficit above the crack aperture.47 A significant increase in evaporation from 66 

moist cracked soil was observed, with a 60% to 65% higher evaporation rate than intact soil.45 67 

Similarly, a 12% to 16% increase in evaporation from bare soil due to the presence of cracks 68 

was reported.48 Various studies have also demonstrated that the evaporation rate from crack 69 

opening is a proportion of the evaporation rate from the soil surface. This proportion has been 70 

reported at different values, ranging from 30% to 60%.41-43 Therefore, existing studies 71 



generally agree on the increased evaporation rate due to soil cracking. However, these studies 72 

have limitations in properly acknowledging the variations caused by different crack 73 

geometries, spatial arrangements, and resulting water flow regimes. Moreover, these studies do 74 

not consider the moisture distribution and rate of soil dryness in both surface and deeper soil 75 

depths. Besides, desiccation cracks influence heat transfer within the soil. As the cracks 76 

develop, they create channels for enhanced air circulation, affecting thermal conductivity and 77 

heat exchange processes. This can result in intensified ground temperature fluctuations and 78 

irregular heat distribution within the soil profile, impacting the overall energy balance at the 79 

soil surface. The reduced moisture content in cracked soil also leads to decreased thermal 80 

conductivity, further contributing to temperature variations.  81 

Although the ground temperature and moisture dynamics have various applications in different 82 

fields, further investigations are needed to understand their variations in clay layers susceptible 83 

to desiccation cracking, considering climate changes and global warming. Cracks induce 84 

moisture redistribution with flow regime changes in cracked regions during seasonal climate 85 

variations, leading to alterations in the soil drying pattern. These long-term changes in soil 86 

moisture distribution can significantly impact ground temperature profiles to considerable 87 

depths, making them relevant for planning, designing, and evaluating the performance of 88 

underground infrastructures and biogeomechanics purposes. Hence, the objective of this 89 

research is to investigate desiccation cracked soil temperature and moisture dynamics, 90 

considering soil-atmosphere interaction. This will be accomplished by analysing different 91 

modeling scenarios that take into account various predefined crack geometries and spacing. 92 

The scenarios are achieved through rigorous statistical analysis of diverse data sets containing 93 

crack dimensions on desiccated soils. The study employed a coupled thermo-hydraulic 94 

numerical analysis of the soil-atmosphere interaction problem using the CODE_BRIGHT 95 

program. 96 



2. Material and methods 97 

To conduct the simulations, it is essential to calculate the influxes and outfluxes in the soil 98 

medium, such as infiltration and evaporation, by analysing the soil-atmosphere interactions. 99 

These fluxes can occur in three modes: energy, water, and gas exchange. They result in changes 100 

in the mass and energy balance at the soil surface, which need to be continuously accounted 101 

for by solving the balance equations. Additionally, determining the total fluxes is crucial for 102 

solving these equations, as they consist of both advective and non-advective components. 103 

Therefore, defining the governing constitutive equations for the problem is necessary. To 104 

indicate this relationship between the balance and the constitutive equations for an unsaturated 105 

porous medium, a flowchart, as shown in Fig. 1, is provided. By solving these equations, the 106 

unknowns of the balance equations are determined, leading to the solution of the coupled 107 

thermo-hydraulic problem. In the following, the governing equations for the problem are 108 

presented, including the balance equations, constitutive equations, and equations related to soil-109 

atmosphere interactions. 110 

2.1 Balance and constitutive equations 111 

Analysing porous media under atmospheric conditions requires considering the mutual 112 

interactions between different factors. One important aspect is the thermal expansion of water 113 

in the pores, which affects saturation degree and water pressure. Additionally, thermal-induced 114 

vapour diffusion has a significant impact on water transfer. These mutual influences between 115 

water and heat transfer are key factors that must be considered.49-51 The theoretical framework 116 

employed in this study utilises a multiphase and multispecies approach. Phases are 117 

distinguished using subscripts (𝑠: solid, 𝑙: liquid, 𝑔: gas), while species are identified using 118 

superscripts (𝑤: water, 𝑎: dry air). A compositional approach52 was used to formulate mass 119 

balance equations, which balance species rather than phases.53,54 The formulation’s central 120 



component comprises two balance conditions corresponding to equations for water mass 121 

balance and internal energy balance. These two conditions must be solved simultaneously to 122 

account for the interdependent interactions between various phenomena accurately. Then, the 123 

formulation is further complemented by a set of constitutive equations and an equilibrium 124 

restriction. 125 

2.1.1 Mass balance of water 126 

Water is considered a species in all three phases: solid, liquid, and gas, within a porous medium. 127 

This implies that water can be as adsorbed water on solid surfaces, as liquid water fills the pore 128 

spaces and water vapour occupies the void spaces within the medium.55 Hence, the total mass 129 

balance of water can be expressed as:53,54 130 

∂

∂𝑡
((𝜔𝑙

𝑤𝜌𝑙𝑆𝑙 + 𝜔𝑔
𝑤𝜌𝑔𝑆𝑔)𝜙) + ∇ ⋅ (𝐣𝑙

𝑤 + 𝐣𝑔
𝑤) = 𝑓𝑤                                                                       (1) 131 

where 𝜔 is mass fraction, 𝜌 is mass content per unit volume of phase, 𝑆 is degree of saturation, 132 

𝜙 is porosity, 𝐣 is total mass flux and 𝑓𝑤 is an external supply of water. The water mass balance 133 

equation excludes internal supply, focusing solely on the total mass balance within the medium. 134 

By solving this equation, assessing the dynamics and distribution of pore water within the soil 135 

voids becomes feasible. 136 

2.1.2 Energy balance 137 

While in most cases, the energy balance is simplified to an enthalpy balance, it can also be 138 

expressed in terms of internal energy. Assuming thermal equilibrium between phases and 139 

uniform temperature across all phases, a single equation of total energy is sufficient.56 140 

Therefore, the internal energy balance for the porous medium by considering the internal 141 

energy within each phase can be written as:53,54 142 



∂

∂𝑡
(𝐸𝑙𝜌𝑙𝑆𝑙𝜙 + 𝐸𝑔𝜌𝑔𝑆𝑔𝜙) + ∇ ⋅ (𝐢𝑐 + 𝐣𝐸𝑙 + 𝐣𝐸𝑔) = 𝑓

𝐸                                                                   (2) 143 

where 𝐸𝑙 and 𝐸𝑔 are specific internal energy corresponding to each phase, 𝐢𝑐 is energy flux due 144 

to conduction through the porous medium, 𝐣𝐸𝑙, and 𝐣𝐸𝑔 are advective fluxes of energy caused 145 

by mass motions and 𝑓𝐸 is an internal or external energy supply. 146 

2.1.3 Constitutive equations and equilibrium restriction 147 

The constitutive equations establish the relationship between the independent variables 148 

(unknowns) and dependent variables.46 When these constitutive equations are substituted into 149 

the balance equations, the governing equations are expressed in terms of the unknowns. 150 

Darcy’s law is defined for the advective flow of liquid and gas phases, due to total head 151 

difference, within a porous medium: 152 

𝐪𝛼 = −
𝐤𝑘𝑟𝛼
𝜇𝛼

(∇𝑃𝛼 − 𝜌𝛼𝐠)                                                                                                                   (3) 153 

where 𝐤 (m2) is the intrinsic permeability tensor, 𝑘𝑟𝛼 is the relative permeability, 𝜇𝛼 (Pa.s) is 154 

the dynamic viscosity, 𝑃𝛼 (Pa) is the pressure, and 𝐠 is the gravity vector. The letter 𝛼 can 155 

represent either 𝑙 or 𝑔, depending on the phase it is describing. The intrinsic permeability 156 

tensor, as the primary parameter determining the advective flow of liquid and air, is defined by 157 

the Kozeny equation in terms of the porosity for a continuum medium as: 158 

𝐤 = 𝐤𝑜 (
𝜙

𝜙0
)
3

(
1 − 𝜙𝑜
1 − 𝜙

)
2

                                                                                                                     (4) 159 

where 𝜙𝑜 is the reference porosity, 𝐤𝑜 (m2) is the intrinsic permeability which is assumed 160 

isotropic at the reference porosity. Several studies have reported Boom clay intrinsic 161 

permeability between 1×10-19 m2 and 5×10-19 m2.57-61 In this study, the isotropic intrinsic 162 

permeability of Boom clay is considered as 2.5×10-19 m2. In addition, to compute the liquid 163 



phase relative permeability, the van Genuchten-Mualem model is employed which expresses 164 

the variation of permeability with the degree of saturation:62,63 165 

𝑘𝑟𝑙 = √𝑆𝑒 [1 − (1 − 𝑆𝑒
1/𝜆
)
𝜆
]
2

                                                                                                           (5) 166 

where 𝜆 is the shape parameter, and 𝑆𝑒 is the effective liquid saturation defined in terms of the 167 

residual liquid saturation 𝑆𝑟𝑙 and the maximum liquid saturation 𝑆𝑙𝑠. Notably, as the degree of 168 

saturation decreases, the water meniscus radius decreases, resulting in increased water potentail 169 

or soil suction (𝑃g − 𝑃𝑙). It is important to emphasise that this effect becomes particularly 170 

prominent when dealing with suctions in the capillary range. The soil-water retention and 171 

hydraulic conductivity, crucial parameters in unsaturated porous media, can be significantly 172 

influenced by various hydraulic properties, such as pore fluid chemistry and thermal 173 

conditions.64-66 For the establishment of the relationship between suction and saturation degree, 174 

the van Genuchten model62 is employed to characterise the soil-water retention curve (SWRC) 175 

which has an important impact on unsaturated flow: 176 

𝑆𝑒 =
𝑆𝑙 − 𝑆𝑟𝑙
𝑆𝑙𝑠 − 𝑆𝑟𝑙

= [1 + (
𝑃g − 𝑃𝑙

𝑃0 (𝜎/𝜎0)
)

1
1−𝜆

]

−𝜆

                                                                                      (6) 177 

where 𝑃0 (Pa) is the air entry value, 𝜎 (N/m) is the surface tension at a temperature 𝑇 (°C), and 178 

𝜎0 is the surface tension at a temperature at which 𝑃0 is measured. In this study, the surface 179 

tension is assumed to be 0.072 N/m, based on the measured air entry value of 3.44 MPa. 180 

Additionally, the shape parameter is set to 0.3, following the findings reported by Delahaye 181 

and Alonso.67 To calculate the relative permeability of the gas phase, the generalised power 182 

method is utilised: 183 

𝑘𝑟𝑔 = 𝐴𝑆𝑒𝑔
    𝜆                                                                                                                                             (7) 184 



𝑆𝑒𝑔 =
𝑆𝑔 − 𝑆𝑟𝑔
𝑆𝑔𝑠 − 𝑆𝑟𝑔

                                                                                                                                     (8) 185 

where 𝐴 is a constant, 𝜆 is the model parameter and 𝑆𝑒𝑔 is the effective gas saturation. Based 186 

on the definition of fluid phase saturation (𝑆𝑙 + 𝑆𝑔 = 1), 𝑆𝑟𝑔 and 𝑆𝑔𝑠 are defined as 1 − 𝑆𝑟𝑙 and 187 

1 − 𝑆𝑙𝑠, respectively. 188 

Fick’s law explains the diffusion process in the system, encompassing water vapour diffusion 189 

in the gas phase and air diffusion in water. It allows for the computation of non-advective fluxes 190 

of species within the fluid phases, including molecular diffusion and mechanical dispersion. In 191 

this study, Fick’s law is used to express the water vapour diffusion in the gas phase: 192 

𝐢𝑔
𝑤 = −(𝜏𝜙𝜌𝑔𝑆𝑔𝐷𝑔

𝑤𝐈)∇𝜔𝑔
𝑤                                                                                                                   (9) 193 

𝐷𝑔
𝑤 = 𝐷 (

(273.15 + 𝑇)𝑛

𝑃𝑔
)                                                                                                                (10) 194 

where 𝜏 is the tortuosity coefficient which is defined as a constant value (𝜏 = 𝜏0), 𝐷𝑔
𝑤 (m2/s) is 195 

the diffusion coefficient of vapour in the air, 𝐈 is the indentity matrix, 𝐷 and 𝑛 are model 196 

parameters. The primary mechanisms of energy transfer in a porous medium involve 197 

conduction, advection resulting from mass flux, and phase change.56,68 Therefore, to consider 198 

heat transfer, Fourier’s law is employed to calculate the conductive heat flux: 199 

𝐢𝑐 = −𝜅∇𝑇                                                                                                                                             (11) 200 

where 𝜅 (W/mK) is the thermal conductivity of the porous media. The overall thermal 201 

conductivity decreases with increasing porosity and decreasing degree of saturation. Moreover, 202 

thermal conductivity of a multiphase medium is influenced by the microstructural arrangement 203 

of the material, leading to an average value that combines the conductivities of the individual 204 

phases.38 For intermediate phase arrangements, the weighted geometric mean of thermal 205 

conductivities provides a reliable estimate: 206 



𝜅 = 𝜅𝑠
(1−𝜙)

𝜅𝑙
𝜙𝑆𝑙𝜅𝑔

𝜙(1−𝑆𝑙) = 𝜅𝑠𝑎𝑡
𝑆𝑙 𝜅𝑑𝑟𝑦

1−𝑆𝑙                                                                                               (12) 207 

where 𝜅𝑠𝑎𝑡 and 𝜅𝑑𝑟𝑦 (W/mK) are the thermal conductivity of the saturated and dry porous 208 

medium, respectively. A linear relationship between thermal conductivity and the degree of 209 

soil saturation is approximated as follows:69 210 

𝜅 = 0.7936 𝑆𝑙 + 0.646                                                                                                                      (13) 211 

From the above equation, the thermal conductivity corresponding to the saturated condition (𝑆𝑙 212 

= 1) is 𝜅𝑠𝑎𝑡 = 1.4396 and dry condition (𝑆𝑙 = 0) is 𝜅𝑑𝑟𝑦 = 0.646. 213 

It is assumed that phase changes, such as water evaporation, occur quickly compared to the 214 

characteristic timescales of the problem. As a result, these phase changes can be considered to 215 

reach local equilibrium rapidly. This assumption leads to an equilibrium restriction that must 216 

always be satisfied.56 Hence, the  psychrometric law is used to obtain vapour concentration in 217 

the gaseous phase (𝜃𝑔
𝑤) as an equilibrium restriction: 218 

𝜃𝑔
𝑤 = (𝜃𝑔

𝑤)
0
exp [

−(𝑃g − 𝑃𝑙)𝑀𝑤

𝑅(273.15 + 𝑇)𝜌𝑙
]                                                                                             (14) 219 

where 𝑀𝑤 is the water molecular weight (0.018 kg/mol), 𝑅 is the universal gas constant (8.314 220 

J/(mol.K)), and (𝜃𝑔
𝑤)

0
 is the saturated vapour concentration in the gas phase in equilibrium 221 

with a liquid with a flat surface at the same temperature, defined as: 222 

(𝜃𝑔
𝑤)

0
=

𝑀𝑤𝑃𝑣(𝑇)

𝑅(273.15 + 𝑇)
                                                                                                                  (15) 223 

𝑃𝑣(𝑇) = 136075 exp [
−5239.7

273.15 + 𝑇
]                                                                                                 (16) 224 

where 𝑃𝑣(𝑇) (Pa) is the saturated vapour pressure. In Table 1, defined constitutive equations and 225 

model input values are summarised. 226 



2.2 Soil-atmosphere interaction 227 

Soil-atmosphere interaction refers to the dynamic exchange of energy, water, and gases 228 

between the soil surface and the surrounding atmosphere.37 The soil-atmosphere interface is a 229 

critical boundary where heat, moisture, and gases are transferred through complex mechanisms 230 

such as evaporation, transpiration, and gas diffusion.39,40 231 

The adopted model incorporates atmospheric variables, including temperature, precipitation, 232 

wind speed, relative humidity, and radiation. Subsequently, it calculates the water fluxes (via 233 

gas and liquid phases) driven by evaporation and rainfall, the air and energy fluxes 234 

encompassing radiation, advective effects, and convective energy fluxes. The following section 235 

explains the governing equations of soil-atmosphere interaction. 236 

2.2.1 Mass fluxes of gas and water 237 

The advective air flux (𝑗𝑎) is utilised in the gas phase and defined as: 238 

𝑗𝑎 = 𝜔𝑔
𝑎𝑞𝑔 = (1 − 𝜔𝑔

𝑤)𝛾𝑔(𝑃𝑔 − 𝑃𝑔𝑎)                                                                                             (17) 239 

where 𝑞𝑔 is the flux of the gas phase, 𝑃𝑔𝑎 (Pa) is the atmospheric pressure and 𝛾𝑔 is the leakage 240 

coefficient. The calculation of evaporation (𝐸) involves an aerodynamic diffusion relation, as 241 

follows:70-72 242 

𝐸 =
1

𝑟𝑎
(𝜌𝑣𝑎 − 𝜌𝑣) =

𝑘2𝑣𝑎𝜑

(ln
za
z0
)
2
(𝜌𝑣𝑎 − 𝜌𝑣)                                                                                      (18) 243 

where 𝑟𝑎 (s/m) is the aerodynamic resistance of air, 𝑘 is the von Karman’s constant, 𝜑 is the 244 

stability factor, 𝑣𝑎 (m/s) is the wind speed, z0 (m) is the ground surface roughness length, za 245 

(m) is the screen height at which 𝑣𝑎 and 𝜌𝑣𝑎 are measured, 𝜌𝑣𝑎 and 𝜌𝑣 (kg/m3) are the vapour 246 

mass per volume of the gas of the atmosphere and ground, respectively.  Therefore, to define 247 

the movement of vapour induced by water evaporation through the soil pores or air-filled 248 



spaces driven by pressure difference, the advective flux of vapour by the gas phase is defined 249 

as:72 250 

{
 

 
𝑗𝑔
𝑤 = 𝜔𝑔

𝑤𝑞𝑔     if   𝑃𝑔 > 𝑃𝑔𝑎

𝑗𝑔
𝑤 =

𝜌𝑣𝑎
𝜌𝑔𝑎

𝑞𝑔     if   𝑃𝑔 ≤ 𝑃𝑔𝑎

                                                                                                               (19) 251 

where 𝜌𝑔𝑎 is the atmospheric air density. When considering rainfall effects, it is important to 252 

mention that water flows over the land surface due to precipitation may exceed the soil’s 253 

infiltration capacity. In this case, the shallow soil becomes saturated (𝑃𝑙 > 𝑃𝑔𝑎), and any rainfall 254 

that cannot infiltrate will result in runoff. The surface runoff (𝑗𝑠𝑟) represents the rate at which 255 

water flows through the liquid phase is written as:72 256 

{

𝑗𝑠𝑟 = 𝛾𝑤(𝑃𝑙 − 𝑃𝑔𝑎)     if   𝑃𝑙 > 𝑃𝑔𝑎

𝑗𝑠𝑟 = 0     if   𝑃𝑙 ≤ 𝑃𝑔𝑎

                                                                                                  (20) 257 

where 𝛾𝑤 is the water leakage coefficient. It is important to note that the simulation does not 258 

explicitly account for ponding. When assuming no ponding, a sufficiently high value for 𝛾𝑤 259 

can be utilised (while avoiding numerical instabilities). Finally, the total water flux (𝑗𝑤) is 260 

expressed as the sum of previously defined parameters, as follows: 261 

𝑗𝑤 = 𝑘𝑟𝑎𝑖𝑛𝑃 + 𝑘𝑒𝑣𝑎𝑝𝐸 + 𝑗𝑔
𝑤 + 𝑗𝑠𝑟                                                                                                   (21) 262 

where 𝑃 is the rainfall, 𝑘𝑟𝑎𝑖𝑛 and 𝑘𝑒𝑣𝑎𝑝 are the coefficients that can change the effect of related 263 

parameters. In this study, the values of these coefficients were set to one to account for the 264 

complete impact of evaporation and precipitation. 265 

2.2.2 Flux of energy 266 



According to the aerodynamic diffusion equation, the sensible heat flux (𝐻𝑠), involves the 267 

transfer of thermal energy due to the temperature difference between the particles, is calculated 268 

as:39,71,72 269 

𝐻𝑠 =
𝜌𝑔𝑎𝐶𝑎
𝑟𝑎

(𝑇𝑎 − 𝑇) =
𝑘2𝑣𝑎𝜑

(ln
z0
za
)
2 𝜌𝑔𝑎𝐶𝑎(𝑇𝑎 − 𝑇)                                                                        (22) 270 

where 𝐶𝑎 (J/(kg.K)) is the specific heat of the air, 𝑇𝑎 and 𝑇 are the atmospheric and ground 271 

temperature, respectively. The convective heat flux (𝐻𝑐) is computed by considering the 272 

internal energy of liquid water, vapour, and air, as:72 273 

𝐻𝑐 = ℎ𝑣(𝐸 + 𝑗𝑤
𝑔
) + ℎ𝑙𝑎(𝑃 + 𝑗𝑤

𝑙 ) + ℎ𝑎0𝑗𝑎                                                                                      (23) 274 

where ℎ𝑣, ℎ𝑙𝑎, and ℎ𝑎0 (J/kg) are the free energy of vapour, liquid water and air, respectively. 275 

Therefore, the total energy flux (𝑗𝑒) can be written as: 276 

𝑗𝑒 = 𝑘𝑟𝑎𝑑𝑅𝑛 + 𝐻𝑠 + 𝐻𝑐                                                                                                                      (24) 277 

where 𝑘𝑟𝑎𝑑 (assumed equal to one) is the coefficient that can change the effect of net radiation 278 

(𝑅𝑛). Through the solution of the governing equations for gas flux (𝑗𝑎) (Eq. (17)), water flux 279 

(𝑗𝑤) (Eq. (21)), and energy flux (𝑗𝑒) (Eq. (24)), which form the fundamental theoretical 280 

framework of soil-atmosphere interaction analysis, valuable insights can be obtained regarding 281 

the heterogeneous distribution of heat, water, and gases in the desiccation cracked soils due to 282 

permanent climate change. 283 

2.3 Thermo-hydraulic model 284 

The thermo-hydraulic interaction between desiccation cracked soil and the surrounding 285 

environment is a complex process involving simultaneous heat and moisture transfer. Heat 286 

transfer depends on factors like temperature gradients, thermal conductivity, and radiative heat 287 

flux, while moisture transfer is influenced by hydraulic properties like soil-water retention and 288 



hydraulic conductivity, along with the presence of cracks as preferential flow pathways. For 289 

considering these requirements of a coupled thermo-hydraulic model, the simulations were 290 

performed using the CODE_BRIGHT program53, employing the finite element method. Based 291 

on this framework, triangular elements were utilised for spatial discretisation, while the finite 292 

difference method was adopted for temporal discretisation. The final geometry of the model 293 

and the procedure for determining the model’s geometry is explained in Section 3.1. 294 

The material of interest chosen for this investigation is Boom clay, a type of clayey soil that is 295 

particularly susceptible to soil desiccation cracking. Boom clay has been extensively the 296 

subject of previous studies; hence its thermo-hydraulic parameters have been widely 297 

reported.57-61 As a first initial condition of porous medium, the initial soil temperature is set at 298 

15 °C, based on the research by De Bruyn and Labat73, where the Boom clay temperature at a 299 

depth of 223 m was reported as 16.6 °C. Therefore, a constant soil temperature of 15 °C is 300 

assumed as the equilibrium temperature (𝑇𝑒𝑞) of the soil, as the near-surface depths are 301 

influenced by temperature fluctuations due to climatic variations. The second initial condition 302 

considers an assumed soil porosity of 0.487, falling within the reported range for Boom clay in 303 

literature.57,59,61 Thermo-hydraulic characteristics of Boom clay used in this study are given in 304 

Table 1. 305 

One of the critical input parameters for this TH model is climatic data, including temperature, 306 

precipitation, relative humidity, wind speed, and radiation. Due to higher rates of drying and 307 

susceptibility to cracking in tropical regions, the study area selected for this research is the 308 

Qom city. This region is well-known for its high temperatures, prevailing winds, and its 309 

vulnerability to subsidence hazards and crack propagation networks.74 Climatic data 310 

corresponding to the study area were collected for a three-year period from 2015 to 2017 as 311 

depicted in Fig. 2. 312 



3. Results and discussion 313 

3.1 Statistical analysis of crack geometry and spacing 314 

Understanding the behaviour of cracked soils requires reliable determination of the geometry 315 

and spacing of cracks. However, measuring these characteristics in large-scale field studies can 316 

be difficult. To overcome this challenge, a statistical approach is employed to make the best 317 

use of available dataset in the literature for crack geometries in desiccated soils. This approach 318 

enables us to draw valuable insights from limited data and make dependable predictions about 319 

crack behaviour under varying conditions. Furthermore, in order to utilise data from small-320 

scale laboratory and numerical studies, a dimensionless parameter called the crack ratio (𝐶𝑅) 321 

has been introduced. This parameter is defined as the ratio of crack width (𝐶𝑊) to depth (𝐶𝐷) 322 

and is summarised in Table 2 for various studies. 323 

In field-scale studies, crack depth of up to 6 m have been reported21, and in the study area of 324 

this research, deep cracks with considerable lengths have been observed. To cover the full range 325 

of crack depths, three values of 1 m, 2.5 m, and 5 m were considered, based on previous 326 

researches21,42 and field observations. According to Table 2, the 𝐶𝑅 can vary between 1% and 327 

42%, encompassing a relatively large range. However, selecting only the average value of this 328 

range may not be representative of the entire range of 𝐶𝑅. In order to accurately estimate the 329 

representative value of the 𝐶𝑅, the variable inference was conducted using RTx software.75 In 330 

Fig. 3(a) the Gaussian and lognormal distributions are plotted alongside the 𝐶𝑅 data from Table 331 

2. As observed, the crack width-to-depth ratio follows a lognormal distribution. By utilising 332 

the mean and coefficient of variation of the 𝐶𝑅 as 13.2 and 85.7%, the probability density 333 

function (PDF) for the 𝐶𝑅 data was depicted, as shown in Fig. 3(b). The peak of this curve 334 

indicates the mode of the data, representing the 𝐶𝑅 with the highest density among the available 335 

data. Therefore, the first representative value for the 𝐶𝑅 was estimated as the mode of the data, 336 



which is 5%. The second representative value for the 𝐶𝑅 was chosen to be the mean point, being 337 

approximately 13% for the data reported in Table 2. To observe the larger 𝐶𝑅 effect in this 338 

study, the third representative value was estimated using the mean plus twice the standard 339 

deviation (i.e., mean + 2𝜎 = 35%). As a result, the three representative points for the 𝐶𝑅 have 340 

been shown in Fig. 3(b). The modeling scenarios for crack geometry are in accordance with 341 

Table 3, where each scenario is named using the format “DiRj”. For example, the model 342 

D2.5R13 refers to the crack depth of 2.5 m, crack ratio of 13%, and consequently, crack width 343 

of 0.325 m. 344 

The spacing between cracks is also of great importance when studying the thermo-hydraulic 345 

response of soil to climate change. This is because closely spaced cracks significantly impact 346 

the thermo-hydraulic behaviour of soil due to their strong interaction, while widely spaced 347 

cracks have a less pronounced effect. In this study, random values for crack spacing were used 348 

to cover various crack spacings, assess their effects on soil behaviour, and compare them with 349 

the case of intact soil. The crack spacing was defined by two parameters, 𝑥 and 𝑟𝑖. Parameter 350 

𝑥 was defined to establish the upper limit of the crack spacing. Based on field observations and 351 

the limited geometry of the simulated model, a maximum crack spacing of 10 m was assumed 352 

for parameter 𝑥. Parameter 𝑟𝑖 was introduced to allow for random variation in the crack spacing. 353 

This parameter encompasses random values ranging from 0.1 to 1. The product of these two 354 

parameters determines the crack spacing (𝐶𝑆 = 𝑥. 𝑟𝑖). For example, if 𝑟𝑖 is set to 0.5, the crack 355 

spacing would be 5 m in this case. Based on this definition, the determined range for crack 356 

spacing is from 1 m to 10 m. The randomly generated crack spacings are presented in Fig. 4. 357 

The crack geometry and spacing parameters are illustrated schematically in Fig. 5. The final 358 

geometry of the model consists of a length of 100 m, representing 14 cracks. According to Fig. 359 

4, the minimum and maximum distances between the cracks are 1.3 m (between 3rd and 4th 360 

cracks) and 9.1 m (between 12th and 13th cracks), respectively. The first and last cracks are also 361 



positioned approximately 10 m away from the lateral boundaries of the model, ensuring that 362 

the lateral boundaries have minimal influence on the behaviour of the cracks. The depth of the 363 

soil is considered to be 50 m, covering the range of thermal variations in the soil depth. The 364 

geometry of the model and the finite element mesh for model D2.5R13 are illustrated in Fig. 365 

6. 366 

3.2 Soil temperature distribution 367 

The ground temperature determines the availability and accessibility of heat energy. Moreover, 368 

cracks, fractures, or fissures in geological formations can act as pathways for heat transfer, 369 

altering heat flow patterns. Therefore, in this section, the impact of climatic conditions on the 370 

thermal variations of the ground is examined, and results for the cracked and uncracked soil is 371 

compared. 372 

3.2.1 Effect of climate change on intact soil 373 

Specific time points were selected based on their distinct temperature characteristics to 374 

investigate the impact of climatic conditions on temperature distribution in intact soil. These 375 

time points correspond to specific days during the three years of study from 2015 to 2017, 376 

including the last day of 2017 (experienced a temperature of 8.75°C), the coldest day in 2016 377 

(-2.8°C), and the warmest day in 2015 (39.1°C). Additionally, three days with an average 378 

temperature (20.6 °C) over the three years were chosen.  379 

The temperature distributions for each selected day are presented in Fig. 7. The results indicate 380 

that the soil surface temperature is almost equal to the air temperature (𝑇𝑎) and each soil depth 381 

has a different value. The temperature distribution does not show a consistent trend until 382 

reaching the equilibrium value of 15 °C (𝑇𝑒𝑞). Fig. 7(a) shows that at the end of 2017, soil 383 

temperature increased from 8.6 °C to a maximum of 19 °C at a depth of 4.2 m. Then, the 384 

temperature distribution changed until it reached 𝑇𝑒𝑞 at a depth of 20 m. The distribution of 385 



temperature on the coldest day followed the same trend. When the 𝑇𝑎 was -2.8 °C, the 386 

maximum temperature occurred at a depth of 2.7 m and was equal to 21.2 °C. The opposite 387 

trend was observed on the warmest day, where the soil temperature decreased from 38.5 °C to 388 

14.8 °C at a depth of 6.1 m. In other words, when 𝑇𝑎 < 𝑇𝑒𝑞, a soil depth should be expected to 389 

have a higher temperature than 𝑇𝑒𝑞. On the other hand, when 𝑇𝑎 > 𝑇𝑒𝑞, a soil depth will have 390 

a lower temperature than 𝑇𝑒𝑞.  391 

Ground temperature is affected by various factors, including soil properties, moisture content, 392 

and thermal conductivity. Soil with lower moisture content is more sensitive to temperature 393 

changes than moist soil. In general, deeper soil experiences less extreme temperature variations 394 

than shallow soil. By delving deeper into the soil, the amplitude of temperature variation 395 

diminishes exponentially, primarily influenced by the soil’s thermal inertia. Thermal inertia 396 

refers to the soil’s ability to resist rapid temperature changes. The soil acts as a thermal buffer, 397 

absorbing and storing heat during warmer periods and releasing it during cooler periods. This 398 

property causes temperature variations to smooth out with increasing depth, as the soil’s 399 

thermal inertia dampens the impact of external temperature fluctuations. Consequently, the 400 

deeper layers of the soil exhibit a more stable temperature profile with reduced thermal 401 

fluctuations amplitude. Finally, it should be noted that heat changes in soil can be diverse and 402 

non-uniform, particularly when considering average air temperatures.  403 

According to Fig. 7(b), the soil temperature at a depth ranging from 0.9 m to 1.9 m falls between 404 

13.1 °C to 14.2 °C, which is notably lower than the 𝑇𝑒𝑞. Of particular interest is the observation 405 

of another peak in the thermal distribution during both 2016 and 2017, found at a depth of 406 

approximately 7.5 m. Analysing the thermal distribution of 2017, distinct temperature readings 407 

were recorded at various depths: 20.6 °C at the soil surface, 14.2 °C at 1.9 m depth, 17 °C at 408 

7.5 m depth, and 15 °C at 25 m depth. These observations indicate a considerable temperature 409 



variation within different soil depths during the same time. Furthermore, Fig. 7(b) provides a 410 

comprehensive illustration of the relationship between climatic conditions and the equilibrium 411 

depth (𝑧𝑒𝑞). Notably, the graph clearly depicts the 𝑧𝑒𝑞 values for the years 2015, 2016, and 412 

2017, which stand at 7 m, 14 m, and 20 m, respectively. This graphical representation 413 

effectively underscores the influence of varying climatic factors on the depth at which thermal 414 

equilibrium is attained within the soil profile. These findings are consistent with the research 415 

outcomes reported by An et al.40, Nwankwo and Ogagarue76, Wang et al.77, Badache et al.78.  416 

3.2.2 Effect of cracking and spacing 417 

To investigate the impact of cracks on the soil temperature distribution and make a comparison 418 

with intact soil, the D1R5 model was utilised for selected days across three successive years, 419 

as depicted in Fig. 8(a). This figure provides a representation of the thermal distribution 420 

between the 3rd and 4th cracks, which are spaced 1.3 m apart. The findings indicate that the 421 

presence of 1m-depth cracks led to an increase in ground temperature, particularly up to a depth 422 

of approximately 2.5 m. Notably, this change resulted in a downward and rightward shift of the 423 

curve, ultimately increasing in the minimum temperatures formed in the soil deeper layers. At 424 

a depth of 2.5 m, the temperature distribution exhibited an increase of 0.5°C to 1°C due to the 425 

presence of cracks. More precisely, the minimum temperature recorded at this depth was 71 426 

cm, 40 cm, and 68 cm deeper than the corresponding point in intact soil for the years 2015, 427 

2016, and 2017, respectively. Furthermore, the minimum temperature at this depth experienced 428 

an increase of 0.23°C, 0.36°C, and 0.34°C in those respective years, due to soil cracking. It is 429 

important to emphasise that this distribution may vary depending on the depth and spacing of 430 

the cracks, as explained in Section 3.2.3.  431 

As the distance between cracks increases, the interaction between them diminishes, and the 432 

temperature distribution between the cracks becomes similar to that of the intact soil, as shown 433 



in Fig. 8(b). Specifically, the temperature distribution between the 12th and 13th cracks closely 434 

matches the thermal distribution observed in the intact soil. However, the behaviour observed 435 

near the cracks deviates from the overall trend. When the distance between the cracks 436 

decreases, and the air temperature surpasses the soil’s equilibrium temperature (e.g., on the 437 

warmest day, see Fig. 8(b)), the soil up to a depth of approximately 3.5 m exhibits higher 438 

temperatures than the distant cracks. Conversely, when 𝑇𝑎 is lower than 𝑇𝑒𝑞 (e.g., on the coldest 439 

day, see Fig. 8(b)), the soil up to a depth of about 3 m demonstrates lower temperatures than 440 

the distant cracks. This finding implies that the thermal response of closely-spaced cracked soil 441 

is contingent upon the relative difference between the air and the soil equilibrium temperature. 442 

For instance, on the warmest day, at a depth of 3 m, the temperature distribution between the 443 

12th and 13th cracks yielded a temperature of 17.5 °C, while between the 3rd and 4th cracks, it 444 

reached 19.5 °C, resulting in a temperature difference of 2 °C due to the variation in crack 445 

distance. The observations above highlight the complex interplay between crack proximity, air 446 

temperature, and thermal behaviour of the soil. 447 

3.2.3 Effect of crack width and depth 448 

The influence of crack width was specifically investigated in models with 𝐶𝐷 of 1 m and 𝐶𝑅 of 449 

5%, 13%, and 35%, comparing the coldest and warmest days as shown in Fig. 9(a). Since 450 

cracks provide preferential pathways for heat and moisture transfer, the crack depth allows for 451 

a deeper connection between soil layers and the enclosed crack atmosphere. However, the crack 452 

width only has a marginal effect and does not significantly impact the temperature distribution 453 

inside the soil, as depicted in Fig. 9(a). 454 

Furthermore, the impact of crack depth was examined by comparing models with 𝐶𝐷 of 1 m, 455 

2.5 m, and 5 m, all with the same 𝐶𝑅 of 13%, as illustrated in Fig. 9(b). This figure clearly 456 

demonstrates that with increasing crack depth under various climatic conditions, 𝑧𝑒𝑞 also 457 



increases. Furthermore, the temperature pattern on the coldest day highlights that maximum 458 

temperature are observed at depths of 3 m, 4.4 m, and 7.2 m when the crack depths are 1 m, 459 

2.5 m, and 5 m, respectively. In other words, increasing the crack depth from 1 m to 5 m, results 460 

in the maximum temperature occurring 4.2 m deeper. Similarly, on the warmest day, 461 

𝑧𝑒𝑞 corresponds to depths of 6.4 m, 7.5 m, and 10 m for the crack depths mentioned above. As 462 

depicted in the figure, increasing the crack depth reveals greater thermal fluctuations at 463 

different depths. For the warmest day, in D1R13, the temperature decreases with a specific 464 

gradient until reaching the equilibrium depth. However, in D2.5R13, the temperature decreases 465 

from the ground surface to a depth of 0.6 m, followed by a steeper gradient from 0.6 m to 2.5 466 

m, and then continues to decrease with the same gradient as D1R13 from 2.5 m to the 467 

equilibrium depth. A similar trend is observed in D5R13, but with the difference that 468 

temperature variations persist with a steeper gradient beyond a depth of approximately 0.8 m 469 

to 5 m. Thus, in closely spaced cracks, temperature fluctuations intensify with increasing crack 470 

depth. These fluctuations can be divided into two parts: the first part corresponds to temperature 471 

fluctuations up to the soil depth equal to the crack depth with two different gradients, and the 472 

second part extends from the crack depth to the equilibrium depth. These findings also hold 473 

true for the coldest days trends. 474 

As depicted in Fig. 8, the temperature distribution between the 12th and 13th cracks for the 475 

D1R5 model closely resembles the temperature distribution of intact soil due to reduced 476 

interaction. However, as depicted in Fig. 9(c), when the crack depth increases from 1 m to 5 477 

m, it leads to a stronger interaction between the 12th and 13th cracks. Consequently, the 478 

temperature distribution between these cracks deviates from the pattern observed in intact soil. 479 

Therefore, it can be concluded that as the distance between cracks decreases or the crack depth 480 

increases, there is an amplified interaction among the cracks. This results in a distinct 481 

temperature pattern within the soil depth, where temperatures lower than 𝑇𝑒𝑞 experience a 482 



greater decrease, while temperatures higher than 𝑇𝑒𝑞 undergo a greater increase. Indeed, as 483 

shown in Fig. 9(c), the temperature trend corresponding to a crack depth of 5 m displays 484 

noticeable peaks at depths around 2.5 m and 8 m. These peaks lead to lower temperatures (about 485 

0.7 °C compared to intact soil) at a depth of 2.5 m and higher temperatures (about 0.4 °C 486 

compared to intact soil) at a depth of 8 m compared to the trends observed at other crack depths. 487 

3.2.4 Maximum range of temperature variation 488 

The thermal distribution in a specific soil depends on various factors such as climatic 489 

conditions, surface cracks geometry, and distance between them, as discussed in Sections 3.2.1, 490 

3.2.2, and 3.2.3. This means that different thermal patterns can be observed for different crack 491 

scenarios over the three-year period. It is important to note that every soil depth should 492 

experience a limited range of temperature variations under different climate and crack 493 

conditions. Therefore, 30 scenarios of the ground thermal distributions are considered, as 494 

shown in Fig. 10(a). The results indicate that the temperature distributions among different 495 

𝐶𝐷 of 1 m, 2.5 m, and 5 m. It provides a representation of the temperature patterns between the 496 

closest cracks and the furthest cracks under varying atmospheric temperatures. The results 497 

reveal that all the temperature distributions fall within a certain range, regardless of the crack 498 

geometry or climate conditions. This range represents the maximum temperature variations 499 

(∆𝑇) at a specific soil depth. 500 

Considering the Gaussian distribution for the temperature variation in the different soil depths, 501 

one can achieve the probability density functions (PDF) as shown in Fig. 10(b) and (c). The 502 

results show that, by increasing the soil depth, the average soil temperature decreased from 503 

20°C, at the soil surface to 15°C at a depth of 15 m. Also, the coefficient of variation in the soil 504 

temperature decreases from 65% to 1.85% by reaching a depth of 15 m from the ground surface. 505 

This leads to a narrower PDF of the soil temperature that shifts towards a lower temperature 506 



regime as the soil depth increases. This indicates that the peak of PDF progressively moves 507 

from the average air temperature (20.6 °C) towards the equilibrium temperature of the soil (15 508 

°C). Accordingly, it is evident that the uncertainty in the variation of soil temperature decreases 509 

by increasing the soil depth, and the average soil temperature tends to a lower temperature. 510 

This finding suggests a more stabilised thermal environment with lower temperature 511 

fluctuations at greater depths. 512 

Fig. 11 illustrates the lower and upper bounds shown in Fig. 10(a) based on crack depth 513 

separately. As the crack depth decreases, the range of maximum temperature fluctuations 514 

becomes narrower. Eventually, the minimum range of temperature fluctuations is noticed in the 515 

intact soil trends. For example, at a soil depth of 5 m, the maximum temperature variations 516 

(∆𝑇) can extend up to 5 °C, 5.5 °C, 7.6 °C, and 21.9 °C for the intact soil, cracked soil with 𝐶𝐷 517 

of 1 m, 2.5 m, and 5 m, respectively. In other words, at a soil depth of 5 m, the temperature 518 

fluctuations in the presence of a 5-meter-depth crack are considerably higher, exhibiting an 519 

enhanced temperature of 16.9 °C (338%), 16.4 °C (298%), and 14.3 °C (188%) compared to 520 

the intact soil, cracked soil with 𝐶𝐷 of 1 m, and 2.5 m, respectively. As the equilibrium depth 521 

is reached, the range of temperature variations becomes narrower in all cases, eventually 522 

converging at a depth close to 20 m. 523 

Fig. 12 provides an estimation of the maximum temperature variation range (∆𝑇) based on the 524 

findings from Fig. 11. It is noted that the influence of crack spacing was taken into account, as 525 

the most critical spacing scenarios were considered in Fig. 11. Additionally, the influence of 526 

climate change by including different climatic scenarios that align with those depicted in Fig. 527 

11, was incorporated into the results of Fig. 12. Therefore, a comprehensive visualisation of 528 

the maximum range of temperature variations (∆𝑇) at various cracked soil depths is presented 529 

in Fig. 12. As depicted in Fig. 12, at the soil surface (Boundary 1, see Fig. 12(b)), ∆𝑇 is 530 

approximately 42 °C, which indicates the difference between the maximum and minimum air 531 



temperatures (∆𝑇𝑧=0 = 𝑇𝑎,𝑚𝑎𝑥 − 𝑇𝑎,𝑚𝑖𝑛) experienced by the ground over time. Notably, this 532 

value is independent of the crack depth. Moving towards deeper soil layers, variations in ∆𝑇 533 

are strongly influenced by crack depth. According to Fig. 12(b), boundary 3, indicates ∆𝑇 534 

changes for a crack depth of 1 m, demonstrates a uniformly decreasing pattern. However, 535 

boundary 2, representing ∆𝑇 variations for a crack depth of 5 m, exhibits non-uniform changes 536 

influenced by different decreasing slopes. Moreover, ∆𝑇 variations at a soil depth of 10 m 537 

(Boundary 4) exhibit an ascending slope from a crack depth of 1 m to 5 m. This outcome 538 

suggests that, a wider temperature fluctuation range is encompassed with an increasing crack 539 

depth at a soil depth of 10 m. 540 

Fig. 13(a) clearly shows the decreasing rate of ∆𝑇 in deeper cracked soil layers. According to 541 

the results, the soil with a 1-meter crack depth exhibits the highest ∆𝑇 decreasing rate with 542 

increasing soil depth, while the soil with a 5-meter crack depth shows the lowest decreasing 543 

rate. For example, at a depth of 1 m below the ground surface, the corresponding ∆𝑇 for crack 544 

depths of 1 m, 2.5 m, and 5 m are 25 °C, 27.2 °C, and 33 °C, respectively. In other words, ∆𝑇 545 

for a soil with 5 m crack depth is 33% and 21.3% higher than that of 1 and 2.5 m crack depths, 546 

respectively (as Fig. 13(b)). However, at 4 m soil depth, ∆𝑇 for a soil with 5 m crack depth is 547 

264% and 150% higher than for 1 m and 2.5 m crack depths, respectively. As shown in Fig. 548 

13(b), this difference reaches its maximum value at 5 m below the ground surface (298.2% and 549 

187.5%). Beyond this depth, the difference gradually decreases, suggesting that it tends to 550 

approach zero at the equilibrium depth. In other terms, it is demonstrated in Fig. 13(b) that for 551 

each soil depth, ∆𝑇 corresponds to D5R13, how much percentage is higher than ∆𝑇 corresponds 552 

to D1R13 and D2.5R13. 553 

Predicting the maximum temperature variations (∆𝑇) at a specific intact soil depth is relatively 554 

simpler. As shown in Fig. 14, the trend of ∆𝑇 for intact soil depends solely on the soil depth 555 



and follows an exponential trend. By fitting the available data, the relationship can be expressed 556 

as: 557 

∆𝑇 = 23.2708 exp[−0.30381𝑧]                                                                                                     (25) 558 

where 𝑧 is the soil depth. Additionally, this equation can approximate the equilibrium depth at 559 

which ∆𝑇 = 0. This equilibrium depth in recent studies has been reported to be approximately 560 

15 m.76,78 The proposed equation for temperature variations at a soil depth of 15 m yielded a 561 

negligible result of 0.24 °C, which is consistent with recent studies. 562 

3.3 Soil saturation distribution 563 

The ground surface experiences substantial hydraulic fluctuations in response to seasonal 564 

climatic changes, leading to variations in soil moisture content, infiltration rates, and so on. On 565 

rainy days, infiltration occurs, leading to saturation of the shallow soil layer and runoff 566 

formation in heavy rainfall conditions. On the other hand, cracks facilitate water penetration to 567 

deeper soil layers. However, during those days with intense radiation and high temperatures, 568 

the ground surface suffers evaporation much more severe. Evaporation occurs at different rates 569 

from the soil surface and crack walls. Therefore, in the vicinity of cracks, there are more 570 

pronounced changes in the flow regime. In this section, the variation of soil saturation degree 571 

(𝑆𝑟) and the influence of different crack geometries and spacing will be examined. 572 

3.3.1 Effect of crack width 573 

The two-dimensional distribution of soil saturation degree (𝑆𝑟) in cracked soil at the end of 574 

2017 is compared based on the crack width, as shown in Fig. 15. This distribution is influenced 575 

by various factors such as the history of hydraulic loading (seasonal changes in climatic 576 

conditions) and soil hydraulic parameters. Therefore, the chosen timeframe specifically 577 

addresses the impact of crack width on the extent of soil desiccation. According to this figure, 578 



desiccation is more severe in the cracked regions. Moreover, this intensity becomes more 579 

pronounced with decreasing distance between cracks. The distribution of saturation degree in 580 

all three cases indicates that cracks intensify the soil drying along the vertical direction. This is 581 

evident from the downward deflection of contour lines towards the cracks and their upward 582 

inclination as they move away from the cracks. As a result, this leads to heterogeneous moisture 583 

variations at different soil depths, unlike the case of intact soil with a homogeneous moisture 584 

distribution along the horizon. On the other hand, in closely spaced cracks, narrower cracks 585 

demonstrate higher surface desiccation. As observed, the contour line between two cracks in 586 

Fig. 15(a) represents a value of 23.3%, while the same point in Fig. 15(c) represents a value of 587 

30%. Furthermore, comparing the contour lines between the two cracks in this figure reveals 588 

that the contour lines tilt upwards with an increase in crack width, indicating less drying in 589 

wider cracks. The observed results are consistent with field observations and laboratory 590 

experiments findings reported by Adam and Hanks41, Ritchie and Adam42, Poulsen45. 591 

3.3.2 Effect of crack depth and spacing 592 

For a more detailed examination of the impact of crack parameters, with a focus on crack depth 593 

and distance, the degree of soil saturation was considered as a measure of soil dryness for 594 

different distances from the 3rd crack, as depicted in the schematic diagram of Fig. 16(d). The 595 

degree of saturation was determined up to a distance of 60 cm from the 3rd crack aperture, with 596 

intervals of 10 cm. The comparison between Fig. 16(a) and (b) reveals the influence of different 597 

periods on the degree of soil dryness due to seasonal climate changes. Since homogeneous and 598 

isotropic soil has a uniform moisture distribution, the degree of saturation remains constant at 599 

a specific depth within the soil. However, in cracked soil, the degree of saturation at a constant 600 

depth depends on the distance from the crack. 601 



Fig. 16(a) demonstrates that at the end of 2015 (after one year), the overall intact soil surface 602 

dryness is higher compared to the cracked soil (less 𝑆𝑟). The cracked soil within a distance of 603 

60 cm from the crack, reaches its minimum level of dryness (maximum saturation degree), 604 

indicating approximately 4.5% higher 𝑆𝑟 compared to the intact soil. Additionally, in the 605 

regions closer to the crack especially at a distance of 20 cm, the soil dryness is higher in crack 606 

ratios of 5% and 13% (D1R5 and D1R13) compared to other cases. Among all the cases of 607 

cracked soil, the surface soil dryness was highest in D1R5, and with increasing crack depth and 608 

width, less surface dryness was observed. 609 

After three years, at the end of 2017, the cracked soil generally exhibited higher ground surface 610 

dryness compared to the intact soil, as shown in Fig. 16(b). By comparing the two different 611 

periods, it is evident that during this time, 𝑆𝑟 in the intact soil decreased from 31% to 22.5%, 612 

indicating an 8.5% reduction. On the other hand, 𝑆𝑟 in the cracked soil at a distance of 60 cm 613 

from the crack decreased from approximately 35.5% to 23.3%, indicating a 12.2% reduction. 614 

Therefore, it can be concluded that over time, despite climate fluctuations involving rainfalls, 615 

various wind velocity, relative humidity, radiation, and temperatures, the cracked soil exhibits 616 

a higher rate of ground surface drying compared to intact soil. 617 

Among the cases of cracked soil, at a distance of 30 cm, 𝑆𝑟 in D1R5 decreased from 31.8% to 618 

21.9% after two years, indicating a 9.9% reduction. Similarly, 𝑆𝑟 in D2.5R13 decreased from 619 

34% to 22%, indicating a 12% reduction. Hence, it can be inferred from the results that among 620 

the different crack scenarios, deeper cracks experience a higher rate of drying. Furthermore, 621 

the results demonstrate that the maximum dryness at the ground surface occurs at a specific 622 

distance from the crack aperture, which was obtained to be 20 cm in this study. 623 

It is important to mention that the moisture distribution difference between intact and cracked 624 

soil is not limited to surface dryness. Cracks also lead to significant drying of the considerable 625 



soil depth, which is consistent with the results shown in Fig. 15. Therefore, to investigate the 626 

impact of cracks on deeper soil drying, the same diagrams were plotted for a depth of 1 m 627 

below the ground surface, as shown in Fig. 16(c). According to the results, the drying at a depth 628 

of 1 m in cracked soil is obviously greater than intact soil, which is more significant near the 629 

crack walls. Among the crack scenarios, D2.5R13 consistently showed a 5% lower degree of 630 

saturation than D1R5, D1R13, and D1R35 at all distances from the crack wall. However, the 631 

crack ratio did not impact the soil depth drying, and all crack scenarios with a crack depth of 1 632 

m matched each other. In 60 cm and zero distance, corresponding to the crack wall, the soil 633 

saturation in D2.5R13 was 10% and 37.5% lower than intact soil, respectively. Therefore, it 634 

can be concluded that the increased drying in cracked soils is mainly due to the intensity of 635 

crack effects on moisture redistribution at deeper soil levels. 636 

Conclusions 637 

The focus of this study was on the thermo-hydraulic analysis of cracked soil to investigate the 638 

temperature and moisture dynamics, under the soil-atmosphere interaction. The governing 639 

equations for unsaturated porous media, including balance and constitutive equations, and 640 

those governing soil-atmosphere interaction, were incorporated into a coupled TH formulation. 641 

Advective and non-advective fluxes were calculated using Darcy and Fick’s law, respectively, 642 

to account for water and gas flow, as well as water vapour diffusion. Additionally, heat transfer 643 

through the porous medium was considered using Fourier’s law and implemented in the 644 

CODE_BRIGHT finite element program. In order to utilise the full range of crack geometry 645 

data reported from large-scale field studies, small-scale laboratory experiments, and numerical 646 

simulations, a dimensionless parameter, crack ratio (𝐶𝑅), was defined. Based on statistical 647 

analysis using the RTx software, the best distribution for the reported crack geometries from 648 

several studies was found to be lognormal. Different geometries were selected to cover the 649 

entire range of data. Afterwards, crack scenarios were implemented in the numerical model. 650 



Meteorological data for Qom city, considered as one of the most prone areas to subsidence in 651 

Iran, were obtained for the years 2015 to 2017 and used as input for the numerical model. Boom 652 

clay was chosen as the geomaterial for numerical model which is well-justified due to its 653 

geotechnical relevance, extensive data availability, and practical applications. Boom clay’s 654 

unique properties, especially its high sensitivity to desiccation, make it a suitable choice for 655 

investigating the complex thermo-hydraulic behaviour of cracked soils. Finally, numerical 656 

computations were performed to investigate the interaction between cracked soil and 657 

atmosphere, and its impact on temperature and moisture dynamics in the soil. Based on the 658 

results, some key conclusions can be drawn as follows: 659 

(1) Ground temperature fluctuations induced by climate changes are particularly 660 

significant in shallow soil depths (up to about 20 m), and their magnitude depends on 661 

soil properties as well as the depth and spacing of cracks. The findings demonstrate that 662 

when the air temperature is lower than the equilibrium temperature (𝑇𝑎 < 𝑇𝑒𝑞), the 663 

temperature at a certain soil depth is expected to be higher than 𝑇𝑒𝑞. Conversely, when 664 

𝑇𝑎 > 𝑇𝑒𝑞, the temperature at that soil depth will be lower than 𝑇𝑒𝑞. This suggests that 665 

while the soil is subjected to climatic conditions, the deeper ground temperature is 666 

predominantly influenced by history of the thermo-hydraulic loading rather than 667 

instantaneous climate variations.  668 

(2) The results showed that a specific region can be identified for temperature variations in 669 

the ground, where the temperature profile pattern under any climatic conditions and 670 

crack scenarios is necessarily bounded to that region. Thus, significant temperature 671 

variations can be expected and estimated at evey soil depth. In this study, the range of 672 

temperature variations was determined for each soil depth and classified based on the 673 

crack depth. It should be noted that these are maximum values simulated for the most 674 

critical scenarios. Finally, for cracked soil, a surface was defined to estimate the ∆𝑇 in 675 



the ground up to a depth of 10 m. Additionally, for intact soil, a relationship was 676 

proposed to estimate ∆𝑇 for each soil depth. 677 

(3) Statistical analyses highlighted considerable uncertainty in surface soil temperature due 678 

to its sensitivity to climatic changes and surface cracks. However, as the soil depth 679 

increases, the uncertainty in temperature variation decreases, and the average soil 680 

temperature approaches an equilibrium value. 681 

(4) Lastly, the impact of different crack scenarios on soil desiccation due to climatic 682 

variations was investigated. A two-dimensional distribution of the degree of saturation 683 

was presented to examine the influence of crack width on surface and deeper soil 684 

desiccation. The results showed that over time, cracked soil exhibited about 1.4 times 685 

higher rates of desiccation than uncracked soil. Among the crack scenarios, deeper 686 

cracks demonstrated more severe desiccation rates, about 1.2 times higher, because they 687 

lead to the desiccation of a greater depth of soil. 688 
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Fig. 1. Flowchart of the relation between balance and constitutive equations. 

 

 

 

 

 

 



 

 

Fig. 2. Climate data for Qom city, (a) temperature, (b) precipitation, (c) relative humidity, (d) wind speed, (e) radiation. 
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Fig. 3. (a) Gaussian and lognormal distributions and (b)   F of the crack ratio data. 
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Fig. 4.  andomly generated crack spacing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. 

 .4

1.3

 

3.2

2. 

 .2

 .2

 . 

 .  . 

 .1

 .3

 

 

 

 

 

 

 

 

 

 

  

                   

 
is
ta
n
c
e
 b
e
tw
e
e
n
 c
ra
c
k
s, 
 

  
(m
)

Cracks number

Crack spacing

 ean   

 ean

 ean    



 

Fig.  . Schematic diagram of the crack geometry and spacing. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig.  .  odel geometry and finite element mesh for model   .     ( able  ). 
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Fig.  . Effects of climate change on the temperature distribution in the intact soil. 
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Fig.  . (a) Comparison of the cracked and intact soil and (b) effect of the crack spacing on temperature distribution. 
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Fig.  . (a) Crack width and (b), (c) crack depth effects on temperature distribution between  rd and  th cracks. 
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Fig. 10. (a) Variations in temperature for all crack depth and spacing at each climate conditions, and probability density 

function (  F) of temperature for different soil depths of (b)  ,  ,   m, and (c)  ,   ,    m. 
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Fig. 11. Variations in temperature for various crack depths. 
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Fig. 12.    boundary surface for prediction of the maximum temperature variation against the crack depth and soil depth. 
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Fig. 13. (a)  ifference between ∆𝑇 at various soil depths, (b) ∆𝑇 decreasing rate difference compared to 𝐶𝐷     m. 
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Fig. 14. Variations in temperature in the intact soil, fitted curve and proposed equation. 
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Fig. 1 .  wo dimensional distribution of degree of saturation in cracked soil after   years, (a)     , (b)      , (c)       

for  rd and  th cracks. 
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Fig. 1 .  rying progress in intact and cracked soil, (a) soil surface drying after   year, (b) soil surface drying after   years, (c) 

drying at   m depth after   years, and (d) schematic diagram defining the distance convention from the  rd crack. 
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Table 1 

Summary of the constitutive equations and model input values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameter Description Value Equation 

Retention curve 

𝑃0 Measured P at certain temperature (MPa) 3.44 

Eq. (6) 

𝜎0 Surface tension (N/m) 0.072 

𝜆 Shape function for retention curve 0.3 

𝑆𝑟𝑙 Residual saturation 0 

𝑆𝑙𝑠 Maximum saturation 1 

Liquid phase permeability 

𝑘0 Intrinsic permeability (m2) 2.5×10-19 
Eq. (5) 

𝜆 Model parameter 0.3 

Gas phase permeability 

A Constant 1 
Eq. (7) 

𝜆 Model parameter 3 

Vapour diffusion 

𝐷 Model parameter (m2. Pa. s-1. K-n) 5.9×10-6 

Eq. (9) 𝑛 Model parameter 2.3 

𝜏𝑎𝑢 Coefficient of tortuosity  1 

Heat conduction 

𝜅𝑑𝑟𝑦 Thermal conductivity of the dry porous medium (W/m°K) 0.646 
Eq. (11) 

𝜅𝑠𝑎𝑡 Thermal conductivity of the water saturated porous medium (W/m°K) 1.4396 



Table 2 

Parameters of the crack geometry reported in the previous studies adopted various methodologies. 

 

 

 

 

 

 

 

 

 

 

N.A.: Not Applicable 

 

 

 

 

 

 

 

 

 

 

 

 

 

Crack type Procedure 𝐶𝑊 (mm) 𝐶𝐷 (mm) 𝐶𝑅 (%) Reference 

Natural Field observation 50.8 – 76.2 609.6 8.30 – 12.50 [41] 

Artificial Experimental test 6.4 – 19.1 300.0 2.13 – 6.36 [48] 

Natural Field observation 50.0 – 70.0 600.0 – 900.0 7.70 – 8.30 [42] 

Natural Field observation 5.0 400.0 – 500.0 1.00 – 1.25 [43] 

Natural Field observation N.A. 500.0 – 6000.0 N.A. [21] 

Natural Field observation 17.0 – 21.0 50.0 34.00 – 42.00 [22] 

Natural Experimental test 10.0 160.0 6.25 [25] 

Natural Field observation 25.0 300.0 8.33 [23] 

Natural Numerical modeling 12.0 – 18.0 300.0 4.00 – 6.00 [31] 

Artificial Experimental test 5.0 – 20.0 50.0 – 100.0 5.00 – 40.00 [44] 

Natural Experimental test 4.5 15.0 30.00 [27] 

Natural Experimental test 0.4 – 1.0 8.0 5.00 – 12.50  [29] 

Artificial Experimental test 4.0 – 10.0 50.0 8.00 – 24.00 [45] 



Table 3 

Scenarios defined to study the influence of crack geometry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name 𝐶𝐷 (m) 𝐶𝑅 (%) 𝐶𝑊 (m) 

D1R5 1 5 0.05 

D1R13 1 13 0.13 

D1R35 1 35 0.35 

D2.5R13 2.5 13 0.325 

D5R13 5 13 0.65 


