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Thermo-hydraulic analysis of desiccation cracked soil strata considering ground

temperature and moisture dynamics under the influence of soil-atmosphere interactions
Milad Jabbarzadeh, Hamed Sadeghi”, Saeed Tourchi, Ali Golaghaei Darzi
Abstract

Global warming and climate change significantly affect ground temperature and flow patterns.
Moreover, areas prone to cracking experience intensified temperature and moisture variations.
Therefore, the aim of this study is to investigate ground temperature and moisture dynamics
considering soil-atmosphere interaction through a coupled thermo-hydraulic analysis. Heat
transfer, advective, and non-advective fluxes were simulated using CODE BRIGHT finite
element program to study water flow and energy transfer within the soil. Statistical analyses
were conducted using an existing dataset to match the crack geometry with previous studies
and find the best distribution for the width-to-depth ratio of cracks (Cg) as a dimensionless
parameter. The results indicated that Cy variations follow a lognormal distribution. Numerical
modeling scenarios were developed using statistical analysis results. The findings indicate that
temperature variations decrease exponentially with depth, while surface soil temperature shows
higher uncertainty due to atmospheric temperature fluctuations. Collecting various temperature
trends in cracked soil at different time intervals, defined a limited region as maximum range of
temperature variations (AT). Results reveal that AT in different crack scenarios can vary up to
4 times higher than intact soil. For the prediction of AT, considering the impact of climate
variations on cracked soil, a 3D boundary surface was developed based on two variables: soil
depth (z) and crack depth (Cp). Furthermore, an equation for estimating AT for uncracked soils

was proposed. Additionally, cracked soil showed approximately 1.4 times higher desiccation

* Corresponding Author: hsadeghi@sharif.edu
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rates than uncracked soil. Deeper cracks exhibited even more severe desiccation rates, being

about 1.2 times higher.

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

interaction; Ground temperature fluctuations; Soil moisture dynamics.
1. Introduction

Global warming has emerged as a significant concern in recent years, with its far-reaching
impacts being felt across various fields, including soil science. One notable consequence of
global warming is the rise in ground temperature, impacting geotechnical aspects like
geothermal energy extraction.'” Geothermal systems, like ground source heat pumps (GSHP)
utilise the natural heat stored within the ground for heating and cooling purposes, offering an
energy-efficient and sustainable alternative to traditional fossil fuel-based systems.’”” However,
the changing climate and associated phenomena challenge the efficient operation of geothermal
systems.® The importance of comprehending ground temperature fluctuations becomes evident
when considering specific applications. For instance, in the design and operation of
underground infrastructure, such as underground cables or pipelines, temperature variations
can impact their structural integrity and performance. In agricultural practices, precise
knowledge of ground temperature variations also helps optimise crop growth, irrigation

11

strategies, nutrient availability, and microbial activity.”!! Moreover, soil temperature

influences the rate of organic matter decomposition and mineralisation of organic materials.'?

Soil desiccation cracking is an indirect result of global warming and the subsequent changes in
soil moisture content and temperature. The thermal radiation-induced changes in water-
saturated soil increase the kinetic energy of water molecules'®, leading to evaporation and
subsequent soil drying. Soil suction, also known as negative matric potential, represents the

energy change per unit volume of water when transferred from the soil to the free water state.'*
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The drying process induces increased matric suction, which generates tensile stress that can
surpass the soil’s tensile strength and ultimately lead to the formation of desiccation cracks. '™
Furthermore, the tensile strength is influenced by the degree of saturation.'” From a fracture
energy perspective, cracks tend to form in a manner that minimises fracture energy release by
efficiently creating new solid surfaces with the same amount of accumulated strain energy
during desiccation.'® As desiccation progresses, the network of cracks becomes stable, and no
new cracks are formed. Instead, the existing cracks widen further.'” Cracks significantly impact
soil thermo-hydraulic (TH) behaviour by facilitating water movement and heat transfer, thereby
accelerating the drying process by creating preferential pathways.”’ During dry periods,
desiccation cracks facilitate evaporation by providing direct pathways for moisture to escape
from the soil surface. This increases water loss and reduces soil moisture content, affecting the
overall hydrological balance. Additionally, when heavy rainfall occurs following a dry spell,

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

soil’s hydraulic properties and moisture distribution.

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

2530 and numerical

investigated, including field observations’'”* laboratory experiments
simulations®'~*°, Besides, numerous studies have focused on the soil-atmosphere interaction®”"
40, particularly the influence of cracks on surface evaporation.*'**® It was found that turbulent
air movement within shrinkage cracks significantly impacts evaporation, even with a constant
vapour pressure deficit above the crack aperture.*” A significant increase in evaporation from
moist cracked soil was observed, with a 60% to 65% higher evaporation rate than intact soil.*
Similarly, a 12% to 16% increase in evaporation from bare soil due to the presence of cracks
was reported.*® Various studies have also demonstrated that the evaporation rate from crack

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

reported at different values, ranging from 30% to 60%.*'"** Therefore, existing studies
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generally agree on the increased evaporation rate due to soil cracking. However, these studies
have limitations in properly acknowledging the variations caused by different crack
geometries, spatial arrangements, and resulting water flow regimes. Moreover, these studies do
not consider the moisture distribution and rate of soil dryness in both surface and deeper soil
depths. Besides, desiccation cracks influence heat transfer within the soil. As the cracks
develop, they create channels for enhanced air circulation, affecting thermal conductivity and
heat exchange processes. This can result in intensified ground temperature fluctuations and
irregular heat distribution within the soil profile, impacting the overall energy balance at the
soil surface. The reduced moisture content in cracked soil also leads to decreased thermal

conductivity, further contributing to temperature variations.

Although the ground temperature and moisture dynamics have various applications in different
fields, further investigations are needed to understand their variations in clay layers susceptible
to desiccation cracking, considering climate changes and global warming. Cracks induce
moisture redistribution with flow regime changes in cracked regions during seasonal climate
variations, leading to alterations in the soil drying pattern. These long-term changes in soil
moisture distribution can significantly impact ground temperature profiles to considerable
depths, making them relevant for planning, designing, and evaluating the performance of
underground infrastructures and biogeomechanics purposes. Hence, the objective of this
research is to investigate desiccation cracked soil temperature and moisture dynamics,
considering soil-atmosphere interaction. This will be accomplished by analysing different
modeling scenarios that take into account various predefined crack geometries and spacing.
The scenarios are achieved through rigorous statistical analysis of diverse data sets containing
crack dimensions on desiccated soils. The study employed a coupled thermo-hydraulic
numerical analysis of the soil-atmosphere interaction problem using the CODE BRIGHT

program.
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2. Material and methods

To conduct the simulations, it is essential to calculate the influxes and outfluxes in the soil
medium, such as infiltration and evaporation, by analysing the soil-atmosphere interactions.
These fluxes can occur in three modes: energy, water, and gas exchange. They result in changes
in the mass and energy balance at the soil surface, which need to be continuously accounted
for by solving the balance equations. Additionally, determining the total fluxes is crucial for
solving these equations, as they consist of both advective and non-advective components.
Therefore, defining the governing constitutive equations for the problem is necessary. To
indicate this relationship between the balance and the constitutive equations for an unsaturated
porous medium, a flowchart, as shown in Fig. 1, is provided. By solving these equations, the
unknowns of the balance equations are determined, leading to the solution of the coupled
thermo-hydraulic problem. In the following, the governing equations for the problem are
presented, including the balance equations, constitutive equations, and equations related to soil-

atmosphere interactions.
2.1 Balance and constitutive equations

Analysing porous media under atmospheric conditions requires considering the mutual
interactions between different factors. One important aspect is the thermal expansion of water
in the pores, which affects saturation degree and water pressure. Additionally, thermal-induced
vapour diffusion has a significant impact on water transfer. These mutual influences between
water and heat transfer are key factors that must be considered.*’>! The theoretical framework
employed in this study utilises a multiphase and multispecies approach. Phases are
distinguished using subscripts (s: solid, I: liquid, g: gas), while species are identified using
superscripts (w: water, a: dry air). A compositional approach™ was used to formulate mass

balance equations, which balance species rather than phases.”*>* The formulation’s central
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component comprises two balance conditions corresponding to equations for water mass
balance and internal energy balance. These two conditions must be solved simultaneously to
account for the interdependent interactions between various phenomena accurately. Then, the
formulation is further complemented by a set of constitutive equations and an equilibrium

restriction.
2.1.1 Mass balance of water

Water is considered a species in all three phases: solid, liquid, and gas, within a porous medium.
This implies that water can be as adsorbed water on solid surfaces, as liquid water fills the pore
spaces and water vapour occupies the void spaces within the medium.” Hence, the total mass

balance of water can be expressed as:>*>*

0
a((wyplsl + wg”pgSg)d)) +V-(Y +ig) =¥ )

where w is mass fraction, p is mass content per unit volume of phase, S is degree of saturation,
¢ is porosity, j is total mass flux and f" is an external supply of water. The water mass balance
equation excludes internal supply, focusing solely on the total mass balance within the medium.
By solving this equation, assessing the dynamics and distribution of pore water within the soil

voids becomes feasible.
2.1.2 Energy balance

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

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

uniform temperature across all phases, a single equation of total energy is sufficient.’®

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

energy within each phase can be written as:™>*
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a (E1P151¢ + EgpgSgd)) +V- (ic +jp + ng) = fE (2)

where E; and E; are specific internal energy corresponding to each phase, i. is energy flux due
to conduction through the porous medium, jg;, and jg, are advective fluxes of energy caused

by mass motions and f is an internal or external energy supply.
2.1.3 Constitutive equations and equilibrium restriction

The constitutive equations establish the relationship between the independent variables
(unknowns) and dependent variables.* When these constitutive equations are substituted into
the balance equations, the governing equations are expressed in terms of the unknowns.
Darcy’s law is defined for the advective flow of liquid and gas phases, due to total head

difference, within a porous medium:

Kk, q

Qe = — (VP — pag) (3)

a

where K (m?) is the intrinsic permeability tensor, k, is the relative permeability, u, (Pa.s) is
the dynamic viscosity, P, (Pa) is the pressure, and g is the gravity vector. The letter a can
represent either [ or g, depending on the phase it is describing. The intrinsic permeability
tensor, as the primary parameter determining the advective flow of liquid and air, is defined by

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

3 4 2
= (2) (12

where ¢, is the reference porosity, K, (m?) is the intrinsic permeability which is assumed
isotropic at the reference porosity. Several studies have reported Boom clay intrinsic
permeability between 1x10' m? and 5x10"° m?°"%! In this study, the isotropic intrinsic

permeability of Boom clay is considered as 2.5x10' m?. In addition, to compute the liquid
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phase relative permeability, the van Genuchten-Mualem model is employed which expresses

the variation of permeability with the degree of saturation:®*%

b =S [1- (1= (%)
where A is the shape parameter, and S, is the effective liquid saturation defined in terms of the
residual liquid saturation S,; and the maximum liquid saturation S;5. Notably, as the degree of
saturation decreases, the water meniscus radius decreases, resulting in increased water potentail
or soil suction (F; — P;). It is important to emphasise that this effect becomes particularly
prominent when dealing with suctions in the capillary range. The soil-water retention and
hydraulic conductivity, crucial parameters in unsaturated porous media, can be significantly
influenced by various hydraulic properties, such as pore fluid chemistry and thermal
conditions.®*% For the establishment of the relationship between suction and saturation degree,
the van Genuchten model®” is employed to characterise the soil-water retention curve (SWRC)

which has an important impact on unsaturated flow:

1 14
Sl_STl _ 1+( Pg_Pl >l—l

Se Py (/)

(6)

Sls — Orl

where P, (Pa) is the air entry value, o (N/m) is the surface tension at a temperature T (°C), and
0y 1s the surface tension at a temperature at which P, is measured. In this study, the surface
tension is assumed to be 0.072 N/m, based on the measured air entry value of 3.44 MPa.
Additionally, the shape parameter is set to 0.3, following the findings reported by Delahaye
and Alonso.?” To calculate the relative permeability of the gas phase, the generalised power

method is utilised:

krg = ASed! 7
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where A is a constant, A is the model parameter and S, is the effective gas saturation. Based
on the definition of fluid phase saturation (S; + S5 = 1), S;.4 and S are defined as 1 — S,; and

1 — S5, respectively.

Fick’s law explains the diffusion process in the system, encompassing water vapour diffusion
in the gas phase and air diffusion in water. It allows for the computation of non-advective fluxes
of species within the fluid phases, including molecular diffusion and mechanical dispersion. In

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

it = —(1¢pyS,DY 1)V 9
27315+ T)"
Dg‘”:D<( - )> (10)
g

where 7 is the tortuosity coefficient which is defined as a constant value (T = 1), Dy’ (m?/s) is
the diffusion coefficient of vapour in the air, I is the indentity matrix, D and n are model
parameters. The primary mechanisms of energy transfer in a porous medium involve

56,

conduction, advection resulting from mass flux, and phase change.’*® Therefore, to consider

heat transfer, Fourier’s law is employed to calculate the conductive heat flux:
i, = —kVT 11D

where k (W/mK) is the thermal conductivity of the porous media. The overall thermal
conductivity decreases with increasing porosity and decreasing degree of saturation. Moreover,
thermal conductivity of a multiphase medium is influenced by the microstructural arrangement
of the material, leading to an average value that combines the conductivities of the individual
phases.’® For intermediate phase arrangements, the weighted geometric mean of thermal

conductivities provides a reliable estimate:
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=K§1—¢)K?51K;P(1—51) — St 15 (12)

K - Ksathry

where Kgq; and kg4, (W/mK) are the thermal conductivity of the saturated and dry porous
medium, respectively. A linear relationship between thermal conductivity and the degree of

soil saturation is approximated as follows:®’

Kk =0.7936 S, + 0.646 (13)

From the above equation, the thermal conductivity corresponding to the saturated condition (S;

= 1) 18 Kgq; = 1.4396 and dry condition (S; = 0) is kg4, = 0.646.

It is assumed that phase changes, such as water evaporation, occur quickly compared to the
characteristic timescales of the problem. As a result, these phase changes can be considered to
reach local equilibrium rapidly. This assumption leads to an equilibrium restriction that must
always be satisfied.’® Hence, the psychrometric law is used to obtain vapour concentration in

the gaseous phase (6;") as an equilibrium restriction:

—(B, = P)M, l (14)

w _ (gw)°
65 = (65') exp IR(273.15 T Do,

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

J/(mol.K)), and (95" )0 is the saturated vapour concentration in the gas phase in equilibrium

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

0 My, Py 1y
w)® — 1
(65 R(27315+7T) (15)
P, = 136075 [ —5239.7 16
v(m) = *Pl27315+T (16)

where Py, 7y (Pa) is the saturated vapour pressure. In Table 1, defined constitutive equations and

model input values are summarised.



227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

2.2 Soil-atmosphere interaction

Soil-atmosphere interaction refers to the dynamic exchange of energy, water, and gases
between the soil surface and the surrounding atmosphere.®’ The soil-atmosphere interface is a
critical boundary where heat, moisture, and gases are transferred through complex mechanisms

such as evaporation, transpiration, and gas diffusion.***’

The adopted model incorporates atmospheric variables, including temperature, precipitation,
wind speed, relative humidity, and radiation. Subsequently, it calculates the water fluxes (via
gas and liquid phases) driven by evaporation and rainfall, the air and energy fluxes
encompassing radiation, advective effects, and convective energy fluxes. The following section

explains the governing equations of soil-atmosphere interaction.
2.2.1 Mass fluxes of gas and water

The advective air flux (j,) is utilised in the gas phase and defined as:
Ja = w§ag = (1 — w0y )vy(Py — Fya) (17)

where g is the flux of the gas phase, F;, (Pa) is the atmospheric pressure and y,; is the leakage

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

follows: 7>

1 k?v,@
E :r_(pva_pv) =—=

a (ln Z—Z)Z

where 7, (s/m) is the aerodynamic resistance of air, k is the von Karman’s constant, ¢ is the

(pva - pv) (18)

stability factor, v, (m/s) is the wind speed, z, (m) is the ground surface roughness length, z,
(m) is the screen height at which v, and p,,, are measured, p,, and p,, (kg/m?) are the vapour
mass per volume of the gas of the atmosphere and ground, respectively. Therefore, to define

the movement of vapour induced by water evaporation through the soil pores or air-filled
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spaces driven by pressure difference, the advective flux of vapour by the gas phase is defined

as:’”?

j;;’ = wg"qg if Py > Py

(19)
w _ Pva q if Pg < Pga

where pg, is the atmospheric air density. When considering rainfall effects, it is important to
mention that water flows over the land surface due to precipitation may exceed the soil’s

infiltration capacity. In this case, the shallow soil becomes saturated (P, > F,,), and any rainfall

that cannot infiltrate will result in runoff. The surface runoff (j,-) represents the rate at which

water flows through the liquid phase is written as:’*

j5r=VW(Pl_Pga) if Pl>Pga
(20)
or = 0 if P< Pga

where y,, is the water leakage coefficient. It is important to note that the simulation does not
explicitly account for ponding. When assuming no ponding, a sufficiently high value for ¥,
can be utilised (while avoiding numerical instabilities). Finally, the total water flux (j,,) is

expressed as the sum of previously defined parameters, as follows:
Jw = krainP + kevapE +]5V + Jjor (21)

where P is the rainfall, k;.q;, and k., 4, are the coefficients that can change the effect of related

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

complete impact of evaporation and precipitation.

2.2.2 Flux of energy
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According to the aerodynamic diffusion equation, the sensible heat flux (Hy), involves the

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

35239’71’72

kv
= ?pgaca(’ra -T) (22)

where C, (J/(kg.K)) is the specific heat of the air, T, and T are the atmospheric and ground
temperature, respectively. The convective heat flux (H,.) is computed by considering the

internal energy of liquid water, vapour, and air, as:’*
H, = hv(E +]\;(1]1) + hla(P +]\€v) + hgoja (23)

where h,,, h;,, and hyo (J/kg) are the free energy of vapour, liquid water and air, respectively.

Therefore, the total energy flux (j,) can be written as:
Je = kyaaRn + Hs + H, (24)

where k,,4 (assumed equal to one) is the coefficient that can change the effect of net radiation
(R;,). Through the solution of the governing equations for gas flux (j,) (Eq. (17)), water flux
(jw) (Eq. (21)), and energy flux (j,) (Eq. (24)), which form the fundamental theoretical
framework of soil-atmosphere interaction analysis, valuable insights can be obtained regarding
the heterogeneous distribution of heat, water, and gases in the desiccation cracked soils due to

permanent climate change.
2.3 Thermo-hydraulic model

The thermo-hydraulic interaction between desiccation cracked soil and the surrounding
environment is a complex process involving simultaneous heat and moisture transfer. Heat
transfer depends on factors like temperature gradients, thermal conductivity, and radiative heat

flux, while moisture transfer is influenced by hydraulic properties like soil-water retention and
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hydraulic conductivity, along with the presence of cracks as preferential flow pathways. For
considering these requirements of a coupled thermo-hydraulic model, the simulations were
performed using the CODE_BRIGHT program™, employing the finite element method. Based
on this framework, triangular elements were utilised for spatial discretisation, while the finite
difference method was adopted for temporal discretisation. The final geometry of the model

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

The material of interest chosen for this investigation is Boom clay, a type of clayey soil that is
particularly susceptible to soil desiccation cracking. Boom clay has been extensively the
subject of previous studies; hence its thermo-hydraulic parameters have been widely
reported.””®* As a first initial condition of porous medium, the initial soil temperature is set at
15 °C, based on the research by De Bruyn and Labat’®, where the Boom clay temperature at a
depth of 223 m was reported as 16.6 °C. Therefore, a constant soil temperature of 15 °C is

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

influenced by temperature fluctuations due to climatic variations. The second initial condition
considers an assumed soil porosity of 0.487, falling within the reported range for Boom clay in
literature.”’>%! Thermo-hydraulic characteristics of Boom clay used in this study are given in

Table 1.

One of the critical input parameters for this TH model is climatic data, including temperature,
precipitation, relative humidity, wind speed, and radiation. Due to higher rates of drying and
susceptibility to cracking in tropical regions, the study area selected for this research is the
Qom city. This region is well-known for its high temperatures, prevailing winds, and its
vulnerability to subsidence hazards and crack propagation networks.”* Climatic data
corresponding to the study area were collected for a three-year period from 2015 to 2017 as

depicted in Fig. 2.
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3. Results and discussion
3.1 Statistical analysis of crack geometry and spacing

Understanding the behaviour of cracked soils requires reliable determination of the geometry
and spacing of cracks. However, measuring these characteristics in large-scale field studies can
be difficult. To overcome this challenge, a statistical approach is employed to make the best
use of available dataset in the literature for crack geometries in desiccated soils. This approach
enables us to draw valuable insights from limited data and make dependable predictions about
crack behaviour under varying conditions. Furthermore, in order to utilise data from small-
scale laboratory and numerical studies, a dimensionless parameter called the crack ratio (Cy)
has been introduced. This parameter is defined as the ratio of crack width (Cy,) to depth (Cp)

and is summarised in Table 2 for various studies.

In field-scale studies, crack depth of up to 6 m have been reported”!, and in the study area of
this research, deep cracks with considerable lengths have been observed. To cover the full range
of crack depths, three values of 1 m, 2.5 m, and 5 m were considered, based on previous

researches’'*>

and field observations. According to Table 2, the Cg can vary between 1% and
42%, encompassing a relatively large range. However, selecting only the average value of this
range may not be representative of the entire range of Cy. In order to accurately estimate the
representative value of the Cy, the variable inference was conducted using RTx software.” In
Fig. 3(a) the Gaussian and lognormal distributions are plotted alongside the Cy data from Table
2. As observed, the crack width-to-depth ratio follows a lognormal distribution. By utilising
the mean and coefficient of variation of the Cr as 13.2 and 85.7%, the probability density
function (PDF) for the C; data was depicted, as shown in Fig. 3(b). The peak of this curve

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

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



337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

which is 5%. The second representative value for the Cr was chosen to be the mean point, being
approximately 13% for the data reported in Table 2. To observe the larger Cy effect in this
study, the third representative value was estimated using the mean plus twice the standard
deviation (i.e., mean + 20 = 35%). As a result, the three representative points for the Cy have
been shown in Fig. 3(b). The modeling scenarios for crack geometry are in accordance with
Table 3, where each scenario is named using the format “DiRj”. For example, the model
D2.5R13 refers to the crack depth of 2.5 m, crack ratio of 13%, and consequently, crack width

0f 0.325 m.

The spacing between cracks is also of great importance when studying the thermo-hydraulic
response of soil to climate change. This is because closely spaced cracks significantly impact
the thermo-hydraulic behaviour of soil due to their strong interaction, while widely spaced
cracks have a less pronounced effect. In this study, random values for crack spacing were used
to cover various crack spacings, assess their effects on soil behaviour, and compare them with
the case of intact soil. The crack spacing was defined by two parameters, x and r;. Parameter
x was defined to establish the upper limit of the crack spacing. Based on field observations and
the limited geometry of the simulated model, a maximum crack spacing of 10 m was assumed
for parameter x. Parameter 7; was introduced to allow for random variation in the crack spacing.
This parameter encompasses random values ranging from 0.1 to 1. The product of these two
parameters determines the crack spacing (Cs = x.1;). For example, if 7; is set to 0.5, the crack
spacing would be 5 m in this case. Based on this definition, the determined range for crack

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

The crack geometry and spacing parameters are illustrated schematically in Fig. 5. The final
geometry of the model consists of a length of 100 m, representing 14 cracks. According to Fig.
4, the minimum and maximum distances between the cracks are 1.3 m (between 3™ and 4™

cracks) and 9.1 m (between 12" and 13" cracks), respectively. The first and last cracks are also
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positioned approximately 10 m away from the lateral boundaries of the model, ensuring that
the lateral boundaries have minimal influence on the behaviour of the cracks. The depth of the
soil is considered to be 50 m, covering the range of thermal variations in the soil depth. The
geometry of the model and the finite element mesh for model D2.5R13 are illustrated in Fig.

6.
3.2 Soil temperature distribution

The ground temperature determines the availability and accessibility of heat energy. Moreover,
cracks, fractures, or fissures in geological formations can act as pathways for heat transfer,
altering heat flow patterns. Therefore, in this section, the impact of climatic conditions on the
thermal variations of the ground is examined, and results for the cracked and uncracked soil is

compared.
3.2.1 Effect of climate change on intact soil

Specific time points were selected based on their distinct temperature characteristics to
investigate the impact of climatic conditions on temperature distribution in intact soil. These
time points correspond to specific days during the three years of study from 2015 to 2017,
including the last day of 2017 (experienced a temperature of 8.75°C), the coldest day in 2016
(-2.8°C), and the warmest day in 2015 (39.1°C). Additionally, three days with an average

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

The temperature distributions for each selected day are presented in Fig. 7. The results indicate
that the soil surface temperature is almost equal to the air temperature (T, ) and each soil depth
has a different value. The temperature distribution does not show a consistent trend until
reaching the equilibrium value of 15 °C (Tq). Fig. 7(a) shows that at the end of 2017, soil
temperature increased from 8.6 °C to a maximum of 19 °C at a depth of 4.2 m. Then, the

temperature distribution changed until it reached T, at a depth of 20 m. The distribution of
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temperature on the coldest day followed the same trend. When the T, was -2.8 °C, the
maximum temperature occurred at a depth of 2.7 m and was equal to 21.2 °C. The opposite
trend was observed on the warmest day, where the soil temperature decreased from 38.5 °C to

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

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

q»

a lower temperature than T,,.

Ground temperature is affected by various factors, including soil properties, moisture content,
and thermal conductivity. Soil with lower moisture content is more sensitive to temperature
changes than moist soil. In general, deeper soil experiences less extreme temperature variations
than shallow soil. By delving deeper into the soil, the amplitude of temperature variation
diminishes exponentially, primarily influenced by the soil’s thermal inertia. Thermal inertia
refers to the soil’s ability to resist rapid temperature changes. The soil acts as a thermal buffer,
absorbing and storing heat during warmer periods and releasing it during cooler periods. This
property causes temperature variations to smooth out with increasing depth, as the soil’s
thermal inertia dampens the impact of external temperature fluctuations. Consequently, the
deeper layers of the soil exhibit a more stable temperature profile with reduced thermal
fluctuations amplitude. Finally, it should be noted that heat changes in soil can be diverse and

non-uniform, particularly when considering average air temperatures.

According to Fig. 7(b), the soil temperature at a depth ranging from 0.9 m to 1.9 m falls between
13.1 °C to 14.2 °C, which is notably lower than the T,,. Of particular interest is the observation
of another peak in the thermal distribution during both 2016 and 2017, found at a depth of
approximately 7.5 m. Analysing the thermal distribution of 2017, distinct temperature readings
were recorded at various depths: 20.6 °C at the soil surface, 14.2 °C at 1.9 m depth, 17 °C at

7.5 m depth, and 15 °C at 25 m depth. These observations indicate a considerable temperature
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variation within different soil depths during the same time. Furthermore, Fig. 7(b) provides a
comprehensive illustration of the relationship between climatic conditions and the equilibrium
depth (z,4). Notably, the graph clearly depicts the z,, values for the years 2015, 2016, and
2017, which stand at 7 m, 14 m, and 20 m, respectively. This graphical representation
effectively underscores the influence of varying climatic factors on the depth at which thermal
equilibrium is attained within the soil profile. These findings are consistent with the research

outcomes reported by An et al.*’, Nwankwo and Ogagarue’®, Wang et al.”’, Badache et al.’®.
3.2.2 Effect of cracking and spacing

To investigate the impact of cracks on the soil temperature distribution and make a comparison
with intact soil, the D1R5 model was utilised for selected days across three successive years,
as depicted in Fig. 8(a). This figure provides a representation of the thermal distribution
between the 3" and 4™ cracks, which are spaced 1.3 m apart. The findings indicate that the
presence of Im-depth cracks led to an increase in ground temperature, particularly up to a depth
of approximately 2.5 m. Notably, this change resulted in a downward and rightward shift of the
curve, ultimately increasing in the minimum temperatures formed in the soil deeper layers. At
a depth of 2.5 m, the temperature distribution exhibited an increase of 0.5°C to 1°C due to the
presence of cracks. More precisely, the minimum temperature recorded at this depth was 71
cm, 40 cm, and 68 cm deeper than the corresponding point in intact soil for the years 2015,
2016, and 2017, respectively. Furthermore, the minimum temperature at this depth experienced
an increase of 0.23°C, 0.36°C, and 0.34°C in those respective years, due to soil cracking. It is
important to emphasise that this distribution may vary depending on the depth and spacing of

the cracks, as explained in Section 3.2.3.

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

temperature distribution between the cracks becomes similar to that of the intact soil, as shown
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in Fig. 8(b). Specifically, the temperature distribution between the 12 and 13 cracks closely
matches the thermal distribution observed in the intact soil. However, the behaviour observed
near the cracks deviates from the overall trend. When the distance between the cracks
decreases, and the air temperature surpasses the soil’s equilibrium temperature (e.g., on the
warmest day, see Fig. 8(b)), the soil up to a depth of approximately 3.5 m exhibits higher
temperatures than the distant cracks. Conversely, when Ty, is lower than T, (e.g., on the coldest
day, see Fig. 8(b)), the soil up to a depth of about 3 m demonstrates lower temperatures than
the distant cracks. This finding implies that the thermal response of closely-spaced cracked soil
is contingent upon the relative difference between the air and the soil equilibrium temperature.
For instance, on the warmest day, at a depth of 3 m, the temperature distribution between the
12" and 13™ cracks yielded a temperature of 17.5 °C, while between the 3™ and 4™ cracks, it
reached 19.5 °C, resulting in a temperature difference of 2 °C due to the variation in crack
distance. The observations above highlight the complex interplay between crack proximity, air

temperature, and thermal behaviour of the soil.
3.2.3 Effect of crack width and depth

The influence of crack width was specifically investigated in models with Cp of 1 m and Cy of
5%, 13%, and 35%, comparing the coldest and warmest days as shown in Fig. 9(a). Since
cracks provide preferential pathways for heat and moisture transfer, the crack depth allows for
a deeper connection between soil layers and the enclosed crack atmosphere. However, the crack
width only has a marginal effect and does not significantly impact the temperature distribution

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

Furthermore, the impact of crack depth was examined by comparing models with Cp of 1 m,
2.5 m, and 5 m, all with the same Cp of 13%, as illustrated in Fig. 9(b). This figure clearly

demonstrates that with increasing crack depth under various climatic conditions, z, also
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increases. Furthermore, the temperature pattern on the coldest day highlights that maximum
temperature are observed at depths of 3 m, 4.4 m, and 7.2 m when the crack depths are 1 m,
2.5 m, and 5 m, respectively. In other words, increasing the crack depth from 1 m to 5 m, results
in the maximum temperature occurring 4.2 m deeper. Similarly, on the warmest day,
Zgq corresponds to depths of 6.4 m, 7.5 m, and 10 m for the crack depths mentioned above. As
depicted in the figure, increasing the crack depth reveals greater thermal fluctuations at
different depths. For the warmest day, in DIR13, the temperature decreases with a specific
gradient until reaching the equilibrium depth. However, in D2.5R 13, the temperature decreases
from the ground surface to a depth of 0.6 m, followed by a steeper gradient from 0.6 m to 2.5
m, and then continues to decrease with the same gradient as D1R13 from 2.5 m to the
equilibrium depth. A similar trend is observed in D5R13, but with the difference that
temperature variations persist with a steeper gradient beyond a depth of approximately 0.8 m
to 5 m. Thus, in closely spaced cracks, temperature fluctuations intensify with increasing crack
depth. These fluctuations can be divided into two parts: the first part corresponds to temperature
fluctuations up to the soil depth equal to the crack depth with two different gradients, and the
second part extends from the crack depth to the equilibrium depth. These findings also hold

true for the coldest days trends.

As depicted in Fig. 8, the temperature distribution between the 12" and 13™ cracks for the
DIRS5 model closely resembles the temperature distribution of intact soil due to reduced
interaction. However, as depicted in Fig. 9(c), when the crack depth increases from 1 m to 5
m, it leads to a stronger interaction between the 12" and 13" cracks. Consequently, the
temperature distribution between these cracks deviates from the pattern observed in intact soil.
Therefore, it can be concluded that as the distance between cracks decreases or the crack depth
increases, there is an amplified interaction among the cracks. This results in a distinct

temperature pattern within the soil depth, where temperatures lower than T, experience a
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greater decrease, while temperatures higher than T, undergo a greater increase. Indeed, as
shown in Fig. 9(c), the temperature trend corresponding to a crack depth of 5 m displays
noticeable peaks at depths around 2.5 m and 8 m. These peaks lead to lower temperatures (about
0.7 °C compared to intact soil) at a depth of 2.5 m and higher temperatures (about 0.4 °C

compared to intact soil) at a depth of 8 m compared to the trends observed at other crack depths.
3.2.4 Maximum range of temperature variation

The thermal distribution in a specific soil depends on various factors such as climatic
conditions, surface cracks geometry, and distance between them, as discussed in Sections 3.2.1,
3.2.2, and 3.2.3. This means that different thermal patterns can be observed for different crack
scenarios over the three-year period. It is important to note that every soil depth should
experience a limited range of temperature variations under different climate and crack
conditions. Therefore, 30 scenarios of the ground thermal distributions are considered, as
shown in Fig. 10(a). The results indicate that the temperature distributions among different
Cp of 1 m, 2.5 m, and 5 m. It provides a representation of the temperature patterns between the
closest cracks and the furthest cracks under varying atmospheric temperatures. The results
reveal that all the temperature distributions fall within a certain range, regardless of the crack
geometry or climate conditions. This range represents the maximum temperature variations

(AT) at a specific soil depth.

Considering the Gaussian distribution for the temperature variation in the different soil depths,
one can achieve the probability density functions (PDF) as shown in Fig. 10(b) and (c). The
results show that, by increasing the soil depth, the average soil temperature decreased from
20°C, at the soil surface to 15°C at a depth of 15 m. Also, the coefficient of variation in the soil
temperature decreases from 65% to 1.85% by reaching a depth of 15 m from the ground surface.

This leads to a narrower PDF of the soil temperature that shifts towards a lower temperature
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regime as the soil depth increases. This indicates that the peak of PDF progressively moves
from the average air temperature (20.6 °C) towards the equilibrium temperature of the soil (15
°C). Accordingly, it is evident that the uncertainty in the variation of soil temperature decreases
by increasing the soil depth, and the average soil temperature tends to a lower temperature.
This finding suggests a more stabilised thermal environment with lower temperature

fluctuations at greater depths.

Fig. 11 illustrates the lower and upper bounds shown in Fig. 10(a) based on crack depth
separately. As the crack depth decreases, the range of maximum temperature fluctuations
becomes narrower. Eventually, the minimum range of temperature fluctuations is noticed in the
intact soil trends. For example, at a soil depth of 5 m, the maximum temperature variations
(AT) can extend up to 5 °C, 5.5 °C, 7.6 °C, and 21.9 °C for the intact soil, cracked soil with Cj,
of 1 m, 2.5 m, and 5 m, respectively. In other words, at a soil depth of 5 m, the temperature
fluctuations in the presence of a 5-meter-depth crack are considerably higher, exhibiting an
enhanced temperature of 16.9 °C (338%), 16.4 °C (298%), and 14.3 °C (188%) compared to
the intact soil, cracked soil with Cp of 1 m, and 2.5 m, respectively. As the equilibrium depth
is reached, the range of temperature variations becomes narrower in all cases, eventually

converging at a depth close to 20 m.

Fig. 12 provides an estimation of the maximum temperature variation range (AT) based on the
findings from Fig. 11. It is noted that the influence of crack spacing was taken into account, as
the most critical spacing scenarios were considered in Fig. 11. Additionally, the influence of
climate change by including different climatic scenarios that align with those depicted in Fig.
11, was incorporated into the results of Fig. 12. Therefore, a comprehensive visualisation of
the maximum range of temperature variations (AT) at various cracked soil depths is presented
in Fig. 12. As depicted in Fig. 12, at the soil surface (Boundary 1, see Fig. 12(b)), AT is

approximately 42 °C, which indicates the difference between the maximum and minimum air
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temperatures (AT,—9 = Tq max — Tamin) €xperienced by the ground over time. Notably, this
value is independent of the crack depth. Moving towards deeper soil layers, variations in AT
are strongly influenced by crack depth. According to Fig. 12(b), boundary 3, indicates AT
changes for a crack depth of 1 m, demonstrates a uniformly decreasing pattern. However,
boundary 2, representing AT variations for a crack depth of 5 m, exhibits non-uniform changes
influenced by different decreasing slopes. Moreover, AT variations at a soil depth of 10 m
(Boundary 4) exhibit an ascending slope from a crack depth of 1 m to 5 m. This outcome
suggests that, a wider temperature fluctuation range is encompassed with an increasing crack

depth at a soil depth of 10 m.

Fig. 13(a) clearly shows the decreasing rate of AT in deeper cracked soil layers. According to
the results, the soil with a 1-meter crack depth exhibits the highest AT decreasing rate with
increasing soil depth, while the soil with a 5-meter crack depth shows the lowest decreasing
rate. For example, at a depth of 1 m below the ground surface, the corresponding AT for crack
depths of I m, 2.5 m, and 5 m are 25 °C, 27.2 °C, and 33 °C, respectively. In other words, AT
for a soil with 5 m crack depth is 33% and 21.3% higher than that of 1 and 2.5 m crack depths,
respectively (as Fig. 13(b)). However, at 4 m soil depth, AT for a soil with 5 m crack depth is
264% and 150% higher than for 1 m and 2.5 m crack depths, respectively. As shown in Fig.
13(b), this difference reaches its maximum value at 5 m below the ground surface (298.2% and
187.5%). Beyond this depth, the difference gradually decreases, suggesting that it tends to
approach zero at the equilibrium depth. In other terms, it is demonstrated in Fig. 13(b) that for
each soil depth, AT corresponds to D5R13, how much percentage is higher than AT corresponds

to D1R13 and D2.5R13.

Predicting the maximum temperature variations (AT) at a specific intact soil depth is relatively

simpler. As shown in Fig. 14, the trend of AT for intact soil depends solely on the soil depth
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and follows an exponential trend. By fitting the available data, the relationship can be expressed

as:
AT = 23.2708 exp[—0.303817] (25)

where z is the soil depth. Additionally, this equation can approximate the equilibrium depth at
which AT = 0. This equilibrium depth in recent studies has been reported to be approximately
15 m.”®"® The proposed equation for temperature variations at a soil depth of 15 m yielded a

negligible result of 0.24 °C, which is consistent with recent studies.
3.3 Soil saturation distribution

The ground surface experiences substantial hydraulic fluctuations in response to seasonal
climatic changes, leading to variations in soil moisture content, infiltration rates, and so on. On
rainy days, infiltration occurs, leading to saturation of the shallow soil layer and runoff
formation in heavy rainfall conditions. On the other hand, cracks facilitate water penetration to
deeper soil layers. However, during those days with intense radiation and high temperatures,
the ground surface suffers evaporation much more severe. Evaporation occurs at different rates
from the soil surface and crack walls. Therefore, in the vicinity of cracks, there are more
pronounced changes in the flow regime. In this section, the variation of soil saturation degree

(S;) and the influence of different crack geometries and spacing will be examined.
3.3.1 Effect of crack width

The two-dimensional distribution of soil saturation degree (S,) in cracked soil at the end of
2017 is compared based on the crack width, as shown in Fig. 15. This distribution is influenced
by various factors such as the history of hydraulic loading (seasonal changes in climatic
conditions) and soil hydraulic parameters. Therefore, the chosen timeframe specifically

addresses the impact of crack width on the extent of soil desiccation. According to this figure,
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desiccation is more severe in the cracked regions. Moreover, this intensity becomes more
pronounced with decreasing distance between cracks. The distribution of saturation degree in
all three cases indicates that cracks intensify the soil drying along the vertical direction. This is
evident from the downward deflection of contour lines towards the cracks and their upward
inclination as they move away from the cracks. As a result, this leads to heterogeneous moisture
variations at different soil depths, unlike the case of intact soil with a homogeneous moisture
distribution along the horizon. On the other hand, in closely spaced cracks, narrower cracks
demonstrate higher surface desiccation. As observed, the contour line between two cracks in
Fig. 15(a) represents a value of 23.3%, while the same point in Fig. 15(c) represents a value of
30%. Furthermore, comparing the contour lines between the two cracks in this figure reveals
that the contour lines tilt upwards with an increase in crack width, indicating less drying in
wider cracks. The observed results are consistent with field observations and laboratory

experiments findings reported by Adam and Hanks"', Ritchie and Adam**, Poulsen™®.
3.3.2 Effect of crack depth and spacing

For a more detailed examination of the impact of crack parameters, with a focus on crack depth
and distance, the degree of soil saturation was considered as a measure of soil dryness for
different distances from the 3™ crack, as depicted in the schematic diagram of Fig. 16(d). The
degree of saturation was determined up to a distance of 60 cm from the 3™ crack aperture, with
intervals of 10 cm. The comparison between Fig. 16(a) and (b) reveals the influence of different
periods on the degree of soil dryness due to seasonal climate changes. Since homogeneous and
isotropic soil has a uniform moisture distribution, the degree of saturation remains constant at
a specific depth within the soil. However, in cracked soil, the degree of saturation at a constant

depth depends on the distance from the crack.
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Fig. 16(a) demonstrates that at the end of 2015 (after one year), the overall intact soil surface
dryness is higher compared to the cracked soil (less S,-). The cracked soil within a distance of
60 cm from the crack, reaches its minimum level of dryness (maximum saturation degree),
indicating approximately 4.5% higher S, compared to the intact soil. Additionally, in the
regions closer to the crack especially at a distance of 20 cm, the soil dryness is higher in crack
ratios of 5% and 13% (D1RS and D1R13) compared to other cases. Among all the cases of
cracked soil, the surface soil dryness was highest in DIRS, and with increasing crack depth and

width, less surface dryness was observed.

After three years, at the end of 2017, the cracked soil generally exhibited higher ground surface
dryness compared to the intact soil, as shown in Fig. 16(b). By comparing the two different
periods, it is evident that during this time, S, in the intact soil decreased from 31% to 22.5%,
indicating an 8.5% reduction. On the other hand, S, in the cracked soil at a distance of 60 cm
from the crack decreased from approximately 35.5% to 23.3%, indicating a 12.2% reduction.
Therefore, it can be concluded that over time, despite climate fluctuations involving rainfalls,
various wind velocity, relative humidity, radiation, and temperatures, the cracked soil exhibits

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

Among the cases of cracked soil, at a distance of 30 cm, S, in DIRS decreased from 31.8% to
21.9% after two years, indicating a 9.9% reduction. Similarly, S, in D2.5R13 decreased from
34% to 22%, indicating a 12% reduction. Hence, it can be inferred from the results that among
the different crack scenarios, deeper cracks experience a higher rate of drying. Furthermore,
the results demonstrate that the maximum dryness at the ground surface occurs at a specific

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

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

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



626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

soil depth, which is consistent with the results shown in Fig. 15. Therefore, to investigate the
impact of cracks on deeper soil drying, the same diagrams were plotted for a depth of 1 m
below the ground surface, as shown in Fig. 16(c). According to the results, the drying at a depth
of 1 m in cracked soil is obviously greater than intact soil, which is more significant near the
crack walls. Among the crack scenarios, D2.5R13 consistently showed a 5% lower degree of
saturation than D1RS5, D1R13, and D1R35 at all distances from the crack wall. However, the
crack ratio did not impact the soil depth drying, and all crack scenarios with a crack depth of 1
m matched each other. In 60 cm and zero distance, corresponding to the crack wall, the soil
saturation in D2.5R13 was 10% and 37.5% lower than intact soil, respectively. Therefore, it
can be concluded that the increased drying in cracked soils is mainly due to the intensity of

crack effects on moisture redistribution at deeper soil levels.

Conclusions

The focus of this study was on the thermo-hydraulic analysis of cracked soil to investigate the
temperature and moisture dynamics, under the soil-atmosphere interaction. The governing
equations for unsaturated porous media, including balance and constitutive equations, and
those governing soil-atmosphere interaction, were incorporated into a coupled TH formulation.
Advective and non-advective fluxes were calculated using Darcy and Fick’s law, respectively,
to account for water and gas flow, as well as water vapour diffusion. Additionally, heat transfer
through the porous medium was considered using Fourier’s law and implemented in the
CODE_BRIGHT finite element program. In order to utilise the full range of crack geometry
data reported from large-scale field studies, small-scale laboratory experiments, and numerical
simulations, a dimensionless parameter, crack ratio (Cr), was defined. Based on statistical
analysis using the RTx software, the best distribution for the reported crack geometries from
several studies was found to be lognormal. Different geometries were selected to cover the

entire range of data. Afterwards, crack scenarios were implemented in the numerical model.
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Meteorological data for Qom city, considered as one of the most prone areas to subsidence in
Iran, were obtained for the years 2015 to 2017 and used as input for the numerical model. Boom
clay was chosen as the geomaterial for numerical model which is well-justified due to its
geotechnical relevance, extensive data availability, and practical applications. Boom clay’s
unique properties, especially its high sensitivity to desiccation, make it a suitable choice for
investigating the complex thermo-hydraulic behaviour of cracked soils. Finally, numerical
computations were performed to investigate the interaction between cracked soil and
atmosphere, and its impact on temperature and moisture dynamics in the soil. Based on the

results, some key conclusions can be drawn as follows:

(1) Ground temperature fluctuations induced by climate changes are particularly
significant in shallow soil depths (up to about 20 m), and their magnitude depends on
soil properties as well as the depth and spacing of cracks. The findings demonstrate that

when the air temperature is lower than the equilibrium temperature (T, < T,q), the
temperature at a certain soil depth is expected to be higher than T,,. Conversely, when

T, > Teq, the temperature at that soil depth will be lower than T,,. This suggests that
while the soil is subjected to climatic conditions, the deeper ground temperature is
predominantly influenced by history of the thermo-hydraulic loading rather than
instantaneous climate variations.

(2) The results showed that a specific region can be identified for temperature variations in
the ground, where the temperature profile pattern under any climatic conditions and
crack scenarios is necessarily bounded to that region. Thus, significant temperature
variations can be expected and estimated at evey soil depth. In this study, the range of
temperature variations was determined for each soil depth and classified based on the

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

critical scenarios. Finally, for cracked soil, a surface was defined to estimate the AT in
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the ground up to a depth of 10 m. Additionally, for intact soil, a relationship was
proposed to estimate AT for each soil depth.

(3) Statistical analyses highlighted considerable uncertainty in surface soil temperature due
to its sensitivity to climatic changes and surface cracks. However, as the soil depth
increases, the uncertainty in temperature variation decreases, and the average soil
temperature approaches an equilibrium value.

(4) Lastly, the impact of different crack scenarios on soil desiccation due to climatic
variations was investigated. A two-dimensional distribution of the degree of saturation
was presented to examine the influence of crack width on surface and deeper soil
desiccation. The results showed that over time, cracked soil exhibited about 1.4 times
higher rates of desiccation than uncracked soil. Among the crack scenarios, deeper
cracks demonstrated more severe desiccation rates, about 1.2 times higher, because they

lead to the desiccation of a greater depth of soil.
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Table 1

Summary of the constitutive equations and model input values.

Parameter  Description Value Equation
Retention curve
P, Measured P at certain temperature (MPa) 3.44
0y Surface tension (N/m) 0.072
A Shape function for retention curve 0.3 Eq. (6)
Sr Residual saturation 0
Sis Maximum saturation 1
Liquid phase permeability
ko Intrinsic permeability (m?) 2.5x101°
Eq. (5)
A Model parameter 0.3
Gas phase permeability
A Constant 1
Eq. (7)
A Model parameter 3
Vapour diffusion
D Model parameter (m2. Pa. s'1. K™) 5.9%x10®
n Model parameter 2.3 Edg. (9)
Tau Coefficient of tortuosity 1
Heat conduction
Kary Thermal conductivity of the dry porous medium (W/m°K) 0.646 Eq. (11)
q.
Ksar 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.

Crack type  Procedure Cy (mm) Cp (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 250 300.0 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 04-1.0 8.0 5.00 - 12.50 [29]
Artificial Experimental test 4.0-10.0 50.0 8.00 — 24.00 [45]

N.A.: Not Applicable



Table 3

Scenarios defined to study the influence of crack geometry.

Name Cp (m) Cr (%) Cy (m)
D1R5 1 5 0.05
D1R13 1 13 0.13
D1R35 1 35 0.35
D25R13 25 13 0.325

D5R13 5 13 0.65




