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A B S T R A C T   

Deep geological nuclear waste repositories use the multi-layer Engineered Barrier System (EBS) to isolate nuclear 
waste from the environment. The key component of the barrier is densely compacted bentonite, closely 
resembling claystone. Therefore, to ensure safety, we need a numerical model for the bentonite and the barrier 
that predicts EBS behaviour during transient thermal, hydraulic, mechanical and chemical conditions. The paper 
identifies key mechanisms and processes affecting the bentonite in the barrier due to temperature changes 
(thermal couplings) based on advanced fully-coupled Finite Element Method simulations. The paper investigates 
1) non-isothermal infiltration experiment on FEBEX bentonite (Villar and Gomez-Espina, 2009) and, 2) Centro de 
Investigaciones Energeticas Medioambientales y Tecnologicas (Ciemat) test (Martin et al., 2006), presenting 10 
simulation configurations that are set up by inactivating one thermal coupling/variable at a time. The difference 
between these simulations and the baseline model results, examined in terms of the net mean stress (swelling 
pressure), suction and fluid flow, give insights into the significance of investigated coupling. Results suggest that 
thermal couplings related to vapour density, viscosity, water retention curve, and molecular diffusivity are 
among the most influential. The study additionally highlights the importance of water transport as liquid and 
gas, and water evaporation and condensation.   

Symbols 

Datm molecular diffusivity of water vapour in air, L2T− 1 

DvT molecular diffusivity due to temperature, ML− 1T− 1Θ− 1 

Dvw molecular diffusivity due to moisture, ML− 2 T− 1 

De Elastic stifness matrix 
E Young’s modulus, ML− 1 T− 2 

F yield function 
fTv thermal enhancement factor 
g earth gravity acceleration, LT− 2 

b Body force vector, ML− 2 T− 2 

gα, gn, gm van Genuchten curve fitting parameters 
H Henry’s volumetric coefficient of solubility 
hg gas pressure head, L 
hw water pressure head, L 
ji
k non-advective flux of component k, ML− 2 T− 1 

k parameter that controls the termpsin Barcelona basic model 
(BBM) 

Ki hydraulic conductivity (where i = liquid or gas), LT− 1 

Kl
sat liquid phase saturated hydraulic conductivity, LT− 1 

L latent heat of water vaporization L2T− 2 

M slope of critical state line 
Ma molar mass of dry air, Mmol− 1 

Mw molar mass of water vapour, Mmol− 1 

m auxiliary vector, {1,1,1,0,0,0} 
n soil porosity 
p0 isotropic pre-consolidation pressure, ML− 1 T− 2 

p*
0 pre-consolidation pressure at suction (s) = 0, ML− 1 T− 2 

p net mean pressure, ML− 1 T− 2 

ps BBM term that relates to suction induced strength increase, 
ML− 1 T− 2 

pc
ref reference pressure in BBM, ML− 1 T− 2 

Qi
k sink/source term of component k, ML− 3 T− 1 

q Darcy velocity, LT− 1 

q deviatoric stress, ML− 1 T− 2 

qT conductive heat flux, MT− 3 
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qh total heat flux, MT− 3 

R universal gas constant, ML2 T− 1 Θ− 1 mol− 1 

RH relative humidity 
r BBM parameter related to maximum stiffness of soil 
Sg degree of gas saturation 
Sl degree of liquid saturation 
Sl

res degree of liquid saturation at residual state 
Sl

sat degree of liquid saturation at full saturation 
s suction, ML− 1 T− 2 

T absolute temperature, Θ 
T0 Reference absolute temperature, Θ 
Tref 273.16 K temperature, Θ 
t time, T 
νi Velocity vector of phase i, LT− 1 

υυ mass flow factor 
αo, α2 elastic thermal strain parameters 
α1, α3 parameters control the thermal effects on pre-consolidation 

pressure 
ακ parameter control κ value of BBM 
ακs1, ακs2 parameters control κs value 
β BBM parameter that controls the suction related change in soil 

stiffness, M− 1LT2 

βsT coefficients of thermal expansion in solids, Θ− 1 

βwT coefficients of thermal expansion in water, Θ− 1 

βwp coefficient of water compressibility, M− 1LT2 

ε̇e total elastic strain rate vector 
ε̇s

e elastic strain rates due to suction 
ε̇σ

e elastic strain rates due to net stress vector 
ε̇T

e elastic strain rates due to temperature 
εv infinitesimal volumetric strain 
γT material constant that relates to change in saturated pre- 

consolidation pressure 
Φh soil heat capacity, ML− 1 T− 2 

ϕi volume fraction of phase i 
κ, κo BBM elastic parameter and is its reference value, respectively 
κs, κso suction related BBM elastic parameter and its reference value, 

respectively 
λ BBM parameter related to soil stiffness 
λT thermal conductivity, MLT− 3Θ− 1 

ν Poisson’s ratio 
μl liquid phase dynamic viscosity, ML− 1 T− 1 

ρa dry air density, ML− 3 

ρb bulk density, ML− 3 

ρi density of phase i, ML− 3 

ρl
w water density in liquid phase, ML− 3 

ρg
w vapour density, ML− 3 

ρg
w0 saturated vapour density, ML− 3 

ρT thermal BBM parameter 
σ net stress, ML− 1 T− 2 

σtot total stress, ML− 1 T− 2 

σt, σt
0 surface tension of water and its reference value, MT− 2 

σy vertical net stress, ML− 1 T− 2 

σr radial net stress, ML− 1 T− 2 

τ tortuosity 
ωi

k mass fraction of component k in phase i 
ξT

n curve fitting parameter, Θ− 1 

ξT
w curve fitting parameter, Θ− 1 

ψ matric suction head, L 
derivation with respect to time 

∂ partial differentiation operator 
∇ gradient operator 
div divergence operator 

Subscripts 

a dry air component 
g gas phase 
k component (k = a, air; w, water; s, solid) 
s solid component 
T temperature 
v water vapour 
w water component 

Superscripts 

e elastic 
g gas phase 
i phase (i = s, solid; l, liquid; g, gas) 
l liquid phase 
s solid phase 
tot total 
v volumetric 

Abbrevation 

EBS engineered Barrier System 
THMC thermo-hydro-mechanical and chemical 
BBM Barcelona basic model 
FEM finite element method 

1. Introduction 

Deep geological deposition of nuclear energy waste is one of the 
safest options to ensure negligible exposure of the waste to the envi
ronment (OECD-NEA, 2003; Ye et al., 2009). The deep geological de
pository consists of several barriers that prevent the transport of 
radionuclides: a canister holding radionuclides, a barrier expansive soil 
layer, a concrete/steel liner, and a host rock. In such Engineered Barrier 
Systems (EBS), unsaturated bentonite is typically employed in the bar
rier to prevent the transport of radioactive material (Hoffmann et al., 
2007; Sellin and Leupin, 2014). Upon saturation, highly compacted 
bentonite develops swelling pressure and becomes claystone-like rock 
with a very low permeability. This leads to crack-sealing capability, 
enabling the barrier to tolerate multi-physical actions, such as heat from 
radioactive waste and gas (such as H2) penetration from possible 
anaerobic corrosion (Wilson et al., 2011). To ensure safety, barrier 
design requires the barrier to isolate the waste from environment for at 
least thousands of years. As experiments are limited to a much shorter 
time periods, safe long-term bentonite barrier design requires efficient 
predictive computational modelling of the complex coupled behaviour. 
The sections below provide a general introduction to modelling ap
proaches (1.1), the purpose of examining critical couplings in THM 
models and present studies (1.2) and the novelty, aim and methodology 
of the paper (1.3). 

1.1. Advancements in modelling and relevance of traditional approaches 

Several Finite Element (FEM) or Finite Volume Method computer 
codes can model coupled behaviours in bentonite ranging from simple 
thermal-hydraulic considerations to codes that can simultaneously 
consider more advanced thermal-hydraulic-mechanical or chemical 
couplings (for example: Collin et al., 2002; Gens et al., 2010; Abed and 
Sołowski, 2017; Zheng et al., 2017; Zhou et al., 2021). Recent research 
has enhanced understanding of the mechanical behaviour of expansive 
clay as well as the gas transport processes by including damage or 
fracture modelling and micro-macro pore structuration (Alonso et al., 
1999; Arson and Gatmiri, 2008; Guo and Fall, 2018; Villar et al., 2020; 
Navarro et al., 2022). The dual porosity models also address the 
coupling between micro-macro pores when evaluating water retention 
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and suction behaviour, either through a leakage term (Sánchez et al., 
2016) or by fully incorporating two void levels into the framework 
(Mašín, 2013; De la Morena et al., 2021). Furthermore, recent studies by 
Navarro et al. (2020) and Abed and Sołowski (2021) explore the use of a 
third pore level. The use of a constitutive model that takes the evolution 
of porosity of bentonite into account could increase the accuracy of the 
mechanical response of the model, but also increase the number of 
material parameters needed, and the uncertainty related to their values. 
As the paper focuses on processes related to temperature, we think that 
the use of extensively validated Barcelona Basic Model (Alonso et al., 
1990), the most established constitutive model for bentonite with very 
well-known responses, shortcomings and well-established extensions 
related to temperature (Gens, 1995; Laloui and Cekerevac, 2003; 
Sánchez et al., 2012) is justified. 

Furthermore, reactive modelling is an additional area of focus that 
concerns radionuclide transport, salt reactive mechanically coupled 
behaviour or higher temperature ranges (above 100 ◦C) (Liu et al., 2013; 
Zheng et al., 2017; Tran et al., 2018; Medved and Černý, 2019; Scelsi 
et al., 2021). However, addressing changes in soil composition or the 
dynamic thermal state of the soil matrix may lead to more numerical 
uncertainties. 

To summarise, although modelling practices are evolving, a classical 
approach that accounts for two-phase flow and adopts a (single) porosity 
elastoplastic model within the range of 100 ◦C is still widely employed 
for deep geological repository simulations (Rutqvist et al., 2001; 
Schäfers et al., 2020; Gens et al., 2021). The used framework stands 
relevant primarily because of their relative simplicity, lower number of 
input parameters and widely available data for model calibration. 
Additionally, in practice, most repository design concepts so far include 
a design criterion of 100o C as the maximum temperature allowed 
(Johnson et al., 1994; SKB, 1999). 

1.2. Previous studies on critical couplings in THM modelling of bentonite 

Though extensively in use, the reliability of the THM models depends 
on their capability in replicating multiple physical processes in 
bentonite or claystone in a deep geological repository. For example, due 
to the heat generated by the waste, water evaporates near the heating 
side (nuclear waste source) and progresses towards the outer regions of 
an unsaturated bentonite layer where it condensates. Simultaneously, 
the hydraulic pressure difference causes liquid water to flow from the 
host rock towards the heating source. Hence, bentonite hydrates at the 
outer surface, with water gradually moving inwards to the nuclear waste 
source (Gens et al., 2021), until a balance between competing water 
transport mechanisms is found. 

Modelling such intricate physical processes, therefore, requires 
several constitutive relationships. Among others, Nguyen-tuan et al. 
(2017) and Kim et al. (2019) performed LSA (local sensitivity analysis) 
and GSA (global sensitivity analysis) to explore parameter sensitivity in 
THM modelling. Nguyen-tuan et al. (2017) investigated a total of 20 
parameters associated with different constitutive relationships such as 
Darcy’s law, Fick’s law, Fourier’s law, retention curve, and extended 
Barcelona Basic Model (BBM) soil model (Alonso et al., 1990; Hoffmann 
et al., 2007; Sánchez et al., 2012). The findings highlight the significance 
of some commonly noted factors in other similar works (Ballarini et al., 
2017; Kim et al., 2019), such as thermal conductivity, water retention 
curve, and permeability. Additionally, the study suggests that the model 
is sensitive to factors related to vapour diffusion and BBM parameters 
such as ακs1, ακ, ακs2 and α0 (see, section 2.2.1 for BBM model details). 
The advantage of such an approach is the ease of evaluating several 
parameters. However, since these studies mainly focus on quantifying 
parameter sensitivity, they lack insight into the couplings influence on 
the physical processes occurring in a geological repository. 

In comparison, a more fundamental approach is investigating the 
interplays of different phenomena influenced by the examining param
eters. Experimentally, it is possible to analyse specific coupled physics in 

a controlled environment (Börgesson et al., 2001; Villar and Lloret, 
2004). These methods are relevant in understanding the material 
behaviour under varying conditions and further for the back-analysis of 
numerical models. However, experimentally investigating the in
teractions is challenging when involving all the coupled repository 
phenomena in a single test setup. For instance, Villar and Lloret (2004) 
performed tests of saturation of bentonite under a vertical load. Since 
the experiment is under a thermostatic setup, the different temperature 
profiles at every test repetition allow for only examining the influence of 
the temperature and loading on swelling strains. 

Meanwhile, numerical models enable analysing the effect of a spe
cific constitutive relation simultaneously on several different coupled 
material behaviours of bentonite under THM conditions. Moreover, 
testing the influence of various factors is easier to implement while of
fering quick and crucial insight into the sensitivity of coupled relations 
that enables a physical aspect in a model. Gens et al. (1998) investigated 
the influence of the absence of vapour diffusion, retention curve with 
different air entry values and no thermal loading on an experimentally 
validated simulation. A comprehensive exploration details the devel
opment of dominating physical mechanisms in each scenario that leads 
to a change in saturation, volume, pressures and stresses. 

In a similar approach, an early study by Wang et al. (2011) critically 
analysed the influence of different vapour/gas transport mechanisms. 
The mechanisms are as follows: a) Richards approach with diffusive 
vapour flow and no bulk gas flow, and b) two-phase flow. The finding 
suggests that ignoring two-phase flow at lower intrinsic permeabilities 
shows higher sensitivity. 

There are only a few more comparable studies, most of which 
consider analysing critical phenomena and studying the interaction as a 
secondary aim. Additionally, similar to the works mentioned earlier, 
such research usually investigates general or more fundamental re
lations and ignores the influence of several physically coupled sub- 
process. For example, vapour diffusion depends on sub-process like 
varying vapour density or diffusivity with temperature. Many studies 
(ex. Zheng et al., 2010; Ballarini et al., 2017) indulging in this approach 
aims at achieving a good match between their model and experiment by 
controlling the response of these relations through sensitivity and back 
analyses of associated parameters. Ballarini et al. (2017) reported 
thermal conductivity, water retention curve, permeability, and relative 
permeability as sensitive parameters in their THM modelling. Similarly, 
Lee et al. (2014) found thermal conductivity and viscosity sensitive to 
their thermal-hydraulic model. In general, such studies broadly cover 
sensitivity analysis for relatively fewer parameters and often fell short in 
detailed insights. 

Apart from these, code comparison studies (Schäfers et al., 2020; 
Gens et al., 2021) with an aim to assess the capabilities of different 
numerical formulations in simulating the observed THM behaviour also 
occasionally hint at the influence of certain physical couplings by 
reporting discrepancies in the results, but with little insights. For 
instance, the consequence of constant hydraulic conductivity, porosity 
variation with suction or constant viscosity. 

In recent years, the only relevant study we found is by Dupray et al. 
(2013). The study identifies the importance of some physical and 
coupled processes, such as vapour creation and diffusion in the re- 
saturation of soil through condensation, the influence of hydraulic and 
thermal-related couplings on mechanical response etc. Yet, the study 
examines only six scenarios out of many possible numerically feasible 
physical relations. For example, several thermal couplings representing 
small physical features like variation in vapour diffusion, saturated 
vapour density or relative humidity and suction equilibrium condition 
govern the process of vapour production and flow are missed. However, 
Dupray et al. (2013), similar to Gens et al. (1998), examined only a case 
of no vapour diffusion, limiting its usefulness. Furthermore, the study 
lacks few commonly applied features like a thermally extended Barce
lona Basic model (BBM) and thermally coupled retention curve (Olivella 
and Gens, 2000; Rutqvist et al., 2011; Abed and Sołowski, 2017). 
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Beyond the mentioned works, that examine the influence of couplings, 
specifically, relations that enable various thermally coupled physical 
sub-features in a bentonite material behaviour are close to none. 

1.3. Novelty and study approach 

The current work offers an in-depth assessment of different thermal 
couplings enabling various physical thermal responses of bentonite. The 
novelty of this work lies in its focus on the developments and in
teractions of different phenomena in bentonite under THM conditions, 
influenced by several thermal couplings by using simulations of exper
iments. This aligns with an approach taken by Gens et al. (1998) but 
examines factors relating to less explored thermal processes instead of 
well-researched fundamental couplings that represent a broader phe
nomenon in previous literature such as vapour consideration, perme
ability variation or thermal conductivity. The study analyses relations 
that are overlooked in previous works with the same methodology, 
among others, this includes temperature-dependent relations like 
retention curve, saturated vapour density, relative humidity and suction 
equilibrium condition and BBM. Further, the objective is to identify key 
coupling relations important for bentonite behaviour in a nuclear re
pository like THM conditions. Such an approach avoids the sensitivity 
measuring methods requiring multiple simulations like LSA/GSA, Monte 
Carlo simulations or Taguchi’s experimental design method (Narku
niene et al., 2015; Nguyen-tuan et al., 2017; Lafifi et al., 2019). This 
leverages data readability, detection, and comparison of behavioural 
changes. 

The obtained results help recognize important physical features that 
require closer attention while defining the associated numerical rela
tionship in modelling bentonite or claystone behaviour under THM re
pository conditions. Additionally, the results can aid in optimizing 
approaches leading to more efficient simulations. Since traditional THM 
models for nuclear repository simulation mostly involve a similar level 
of complexity and coupling producing comparable results (Schäfers 
et al., 2020; Gens et al., 2021), unlike parameter sensitivity, the research 
can also aid these studies that may use different numerical relations but 
for the same physical aspects of bentonite. Moreover, the outcomes of 
this research can be extended to soil and rock groups with high mont
morillonite content, such as boom clay, claystone, or mudstone, which 
share analogous characteristics to bentonite. Modelling their THM 
characteristics typically follows similar considerations (Alonso et al., 
1999; Rutqvist et al., 2014). Given that these materials serve as potential 
geological host formations for nuclear repositories (Ortiz et al., 2002; Xu 
et al., 2013; Armand et al., 2017), the findings of this study are highly 
relevant. Moreover, identifying critical physical features governing 
material swelling, water content, and transfer can facilitate research in 
analysing nuclear repository structural integrity and potential geolog
ical hazards related to gas or radionuclide transport. Lastly, an under
standing of dominating physical process can assist in the critical analysis 
of deep geological repository models. 

Note, the study primarily examines simulations of experiments 
within the temperature range below 100 ◦C, which aligns with the 
common design and numerical considerations for nuclear repository 
simulations as mentioned in section 1.1. Consequently, the insights 
provided in this paper are confined to this temperature range. It is worth 
noting that there is limited research addressing the THM behaviour of 
bentonite at higher temperatures. In such a scenario, it is crucial to 
analyse factors such as thermal conductivity, the long-term effects of 
vapour exposure on bentonite, and potential mineralogical changes 
(Önal and Sar, 2007; Wersin et al., 2007). However, these aspects exceed 
the scope of the current work. 

Two cases that enable THM-like repository conditions in bentonite 
are under consideration for the analysis, using a finite element (FE) 
program code Thebes (Abed and Sołowski, 2017). The experimental 
tests are: 1) non-isothermal infiltration experiment on FEBEX bentonite 
(Villar and Gomez-Espina, 2009) and, 2) Centro de Investigaciones 

Energeticas Medioambientales y Tecnologicas (Ciemat) Mock-up test 
(Martin et al., 2006). These experiments differ in test scale, boundary 
conditions, and soil properties, and several studies used them as 
benchmark cases (Chen et al., 2009; Sánchez et al., 2016; Potts et al., 
2021). Additionally, Abed and Sołowski (2017, 2020) provide extensive 
validation of the code Thebes against the experiments. Therefore, they 
provide sufficient reliability and variability to perform a critical analysis 
of the influence of thermal couplings. Ten trial simulation configura
tions are set up for examination by deactivating thermal couplings one 
at a time. Finally, the paper presents an assessment of coupling effects on 
hydration and swelling characteristics of bentonite by comparing the net 
mean stress (swelling pressure in repository conditions), suction, and 
fluid flow results of the trial simulations against the baseline simulations 
by Abed and Sołowski (2017, 2020). 

2. Influence of temperature in FEM code Thebes 

Thebes is a finite element code designed to model the coupled THMC 
behaviour in unsaturated clays like bentonite (Abed and Sołowski, 2017, 
2020). The thermal coupling equations investigated in this paper are 
part of the Thebes Finite Element framework. Although the coupling 
equations are specific to the Thebes code, the research outcomes are still 
helpful to other THM models replicating the same physical aspects of 
bentonite behaviour. 

The present section helps to understand the thermal couplings under 
consideration and the trial test configurations. For this, the section first 
briefs on Thebes general framework (section 2.1) and later explains the 
physical aspect of individual thermal coupling equations (section 2.2) 
and the final test configurations (section 2.3). 

2.1. Thebes overview 

In Thebes, the soil model encompasses three components (soil solid 
particles, water, and dry air), in three phases (see, Fig. 1): a) soil par
ticles in a solid phase, b) liquid water + dissolved dry air in a liquid 
phase, c) dry air + water vapour in a gas phase. The latest version of the 
code also includes an extra component as salts in the solid phase (Abed 
and Sołowski, 2020). However, it is out of the scope of this work. 

The THM framework in Thebes utilises conservation equations, 
namely: a) mass balance of the components, b) heat conservation and, c) 
balance of mechanical forces. Each has been detailed, separately in this 
section. 

As the presented framework can be easily applied for other THM 
coupled problems, this section of the paper adopts the universally 
accepted sign convention of continuum mechanics, where negative 
values are assigned to compressive stress and strain. 

2.1.1. Mass conservation of components 
Mass conservation follows the compositional method in Thebes 

(Panday and Corapcioglu, 1989). A general form for the mass balance of 
any component is given by eq. (1). It includes a mass storage term and 
mass flow terms: advection and non-advection (e.g., diffusion). 

where t is time and for the ith phase: ϕi is the volume fraction, ρi is the 
density, ωi

k is the mass fraction of component k, vi is the velocity vector, 
ji
k is the non-advective flux vector of component k and Qi

k is the source 
term of component k. Here, in the absence of any external sink/source, 
the summation of the component k source term in all the phases becomes 
zero i.e., 

∑
Qi

k = 0. Further, to ensure mass balance, the sum of the non- 
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advective terms follows a constraint as, 
∑m

k ji
k = 0 (k components and m 

phases). 
Based on eq. (1), the mass balance of solids leads to an expression 

(eq. 2), that shows the rate of change in porosity depends on the rate of 
volumetric strain due to mechanical load as well as the volume change 
of solid particles due to change in temperature. The expression however 
does not account for soil particles compressibility. Its derivation can be 
found in Abed and Sołowski (2017). 

∂n
∂t

= (1 − n)
(

∂εv

∂t
− βst

∂T
∂t

)

(2)  

where n is the current soil porosity, εv is the volumetric strain and βst is 
the coefficient for volumetric thermal expansion of solids. 

Further, the mass balance of water component [kg/m3.s] is expressed 
as follows: 

where g is gravity acceleration, ρl
w is the water density in a liquid phase, 

ρg
w is the vapour density in a gas phase. Sl and Sg are the degree of 

saturation for liquid and gas, respectively. βsT and βwT are the co
efficients of volumetric thermal expansion in solids and water respec
tively. βwp is the coefficient of water compressibility, T is the 
temperature, Mw is the molar mass of vapour and R is the universal gas 
constant. ql and qg are the water and vapour fluxes respectively. hw is the 
water pressure head and hg is gas pressure head that is represented by its 
equivalent to water pressure. ψ is the matric suction head 

(
hg − hw

)
and 

jg
w represents vapour diffusion, while the numeric value (4974) in the 

above expression is the result of considering empirical relation between 
temperature and saturated vapour density, see also eq. (27). Please refer 
to eq. (A.1) for the mass conservation of air component. 

In the above eq. (3), for fluid fluxes (q), Thebes follows Darcy’s law 
(Darcy, 1856). A general form of the expression for ith phase (gas or 
liquid phase) in the direction of gravity, is given in eq. (4). 

qi = − Ki

(

∇hi +
ρi

ρl
w

)

(4)  

where Ki is the hydraulic conductivity. Note in case of liquid phase the 
term ρi represent water density (ρl

w), whereas in gas phase it becomes gas 
density (ρg). 

Moreover, Thebes uses Philip and De (1957) expression for the 
vapour diffusion (jg

w), eq. (5). 

jg
w = − Dvw∇hw +Dvw∇hg − Dvt∇T (5)  

where the terms with diffusion coefficient (Dvw) relate to flow due to 
suction variation, whereas the term with (Dvt) relates to flow due to 
temperature variation. 

To evaluate the rate of degree of saturation ∂Sl/∂t, Thebes imple
ments a thermal version of van Genuchten’s expression relating satu
ration (Sl) to suction (ψ), (van Genuchten, 1980; Jacinto et al., 2009): 

Sl =
(
Sl

sat − Sl
res

)
[1 + (gα|ψ|)gn ]

gm + Sl
res (6)  

where Sl
sat , Sl

res represent the degree of saturation at full and residual 
state, respectively. gα, gn andgm are temperature dependent curve fitting 
parameters (see, section 2.2.2. for more details). 

2.1.2. Conservation of heat 
The general expression considered for the conservation of heat is: 

where Φh is the soil heat capacity, L is the latent heat of vaporization, Qg
w 

is the rate of vapour production and qh is the heat flux from conduction 
and convection. Here, the rate of vapour production eq. (8) representing 
water mass in the gas phase is derived by using eq. (1) (Abed and 
Sołowski, 2017). 

Qg
w = − (1 − n)Sgρg

wβst
∂T
∂t

+ Sgρg
w
∂εv

∂t
− nρg

w
∂Sl

∂t
+ nSg∂ρg

w

∂t
+∇.

(
ρg

wqg)+∇.jg
w

(8) 

Addressing the formulation of storage term, eq. (9) shows the general 
form of heat capacity, where the symbol Ei

Tkrepresents the thermody
namic state function (Diersch and Kolditz, 2002) for the internal energy 
of component k in phase i. 

Φh = ϕiρiωi
kEi

Tk

(
where, Ei

Tk = ci
k

(
Ti

k − Ti
k0

) )
(9) 

Fig. 1. Soil model in Thebes with different components and phases labelled (Abed and Sołowski, 2017).  

[

n
(
ρl

w − ρg
w

) ∂Sl

∂T
− (1 − n)

(
Slρl

w + Sgρg
w

)
βsT − nSlβwT ρl

w + nSgρg
w

T2

(

4974 + g
Mwψ

R

)]
∂T
∂t

+

[

nSlβwpgρl2
w + nSgρg

wgMw

RT
− n
(
ρl

w − ρg
w

) ∂Sl

∂ψ

]
∂hw

∂t
+

[

n
(
ρl

w − ρg
w

) ∂Sl

∂ψ − nSgρg
wgMw

RT

]
∂hg

∂t

+
(
Slρl

w + Sgρg
w

) ∂εv

∂t
+ div

(
ρl

wql)+ div
(
ρg

wqg)+ div
(
jg
w

)
= 0

(3)   
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where ci
k is the specific heat capacity of component k in phase i. Note 

that the above expression assumes that the different components in the 
soil are in thermal equilibrium (Abed and Sołowski, 2017). 

Next, eq. (10) shows the general expression for total heat flux in 
Thebes (Abed and Sołowski, 2017). It includes: i) the contribution by 
conductivity heat flux (qT), ii) convection of heat by liquid flow (qi) and 
iii) convection of heat by gas diffusion (jg

k). 

qh = qT + ρiωi
kEi

Tkqi +Ei
Tkjg

k (10)  

where qTis conductive heat flow expressed by Fourier Law eq.(11) 

qT = − λT∇T (11)  

where the thermal conductivity λT is a function of the degree of satu
ration. 

2.1.3. Mechanical balance equation 
The mechanical force balance equation is given as: 

div(σtot)+b = 0 (12)  

where σtot is the total stresses and b denotes the body forces which 
typically is the self-weight of the material that relates to its bulk density 
(ρb). For evaluating soil stresses due to thermo-hydro-mechanical 
loading, an extended version of BBM soil model is used which is 
further described below in section 2.2.1. 

2.2. Influence of temperature change 

This section lists and overviews the constitutive relationships that 
enable thermal coupling on mechanical (section 2.2.1) and hydraulic 
(section 2.2.2) processes that are under consideration. Since the idea is 
to study the less explored thermal processes, the study does not inves
tigate some of the thermal relations as those we believe to be funda
mental in a THM model and well understood (for example, thermal 
conductivity factor, latent heat of vaporization or specific heat capac
ity). Further, the test simulations assume zero gas pressure head (hg), 
thereby neglecting the contribution of dissolved air and limiting the 
scope in the gas phase. However, the study accounts for vapour pro
duction and movements enabled by liquid mass conservation (eq. 3), 
diffusion law (eq. 5) and heat conservation law (eq. 7). 

2.2.1. Influence of temperature change on the mechanical behaviour of 
bentonite 

To evaluate stresses and deformation in unsaturated materials, 
Thebes incorporates a modified version of BBM model that accounts for 
thermal effects. In the model the total elastic strain rate (ε̇e) is expressed 
as follows: 

ε̇e = ε̇σ
e +mT ε̇s

e +mT ε̇T
e (13)  

where, ε̇σ
e , ε̇s

e, ε̇
T
e are elastic strains rates due to net stresses, suction and 

temperature, respectively, while m is a vector {1, 1, 1, 0, 0, 0}. Note, the 
model assumes that suction and temperature contribute to volumetric 
strains only. The net stress rate (σ̇) is represented as: 

σ̇ = Deε̇σ
e = De

(
ε̇e − mT ε̇s

e − mT ε̇T
e

)
(14)  

where De is the elastic stiffness matrix. 
To better replicate the material behaviour, the elastic parameters 

vary with suction and pressure (Hoffmann et al., 2007) as shown in eq. 
(15) and (16): 

κ = κo(1+ ακs) (15)  

where κ is the swelling index with respect to net stress and κo is its 

reference value. ακ is a material constant that relates κ to matric suction 
(s). A minimum value κ = 0.001κo applies to the above in case of large 
suctions leading to unrealistic negative κ values. 

κs = κso

[

1+ακs1ln

(
p

pc
ref

)]

eακs2 s (16)  

where κs, κso is the swelling index with respect to suction and its refer
ence value, respectively, while ακs1, ακs2, pc

ref are material constants and p 
is the mean net stress. 

The modified BBM model used here incorporates temperature de
pendency. This study examines the influence of thermal-mechanical 
couplings (i – iii):  

i. The coupling between temperature (T) and (volumetric) elastic 
strain rate (ε̇T

e ) is assumed as (Gens, 1995; Sánchez et al., 2012): 

ε̇T
e =

(α0 + α2(T − T0) )Ṫ
3

(17)  

where α0, α2 are material constants and T0 is a reference tem
perature. As the simulations in the study (section 3) do not ac
count for thermal strain variations due to the difference between 
actual and reference temperature (T – T0 = 0), hence only α0 is 
switched off (set to zero value) for the analysis.  

ii. The coupling between the temperature and the size of the yield 
surface (Fig. 2). The yield criterion is: 

F = q2 − M2(p+ ps)(p0 − p) = 0 (18)  

where q and p are deviatoric and mean net stress, respectively and 
M is the slope of the critical state line. At a matric suction (s =

ρl
wgψ), p0 is the pre-consolidation stress and ps is a term that re

lates to suction induced increase in strength. In the considered 
modified version of BBM, p0 and ps are temperature dependent as 
shown in eq. (19) and (20). 

The suction induced increase in strength ps varies with tem
perature (Gens, 1995): 

ps = kse− ρT ΔT (19)  

where k and ρT are material constants. Based on the above 
equation and yield surface in Fig. 2, ρT governs the amount of 
change in the yield curve. Therefore, to examine the coupling it is 

Fig. 2. Yield surface in (p, q, T) space (Abed and Sołowski, 2017).  
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set to zero.  
iii. The temperature also influences the saturated pre-consolidation 

pressure (Laloui and Cekerevac, 2003): 

p*
0T = p*

0

[

1 − γT log
(

T − Tref

T0 − Tref

)]

(20)  

where p*
0 is the pre-consolidation pressure at suction (s) = 0. T0, 

Tref is the initial and the reference temperature, respectively. γT is 
a thermal coupling material constant that influences the change 
in the yield curve (Fig. 2) and thus is analysed by setting it to zero. 

2.2.2. Hydraulic behaviour related thermal couplings 
With the bases of the mass balance equation for the water compo

nent, the paper examines the following thermo-hydraulic coupling re
lations:  

i. The van Genuchten water retention curve expression (eq. 6) is 
affected by temperature through parameters (gα, gn and gm), see 
Jacinto et al. (2009): 

gα =
(
σt

0

/
σt)gαo; gn =

gn0

1 − ξT
n gn0(T − T0)

; gm =
1
gn

− 1 (21)  

where gαo, gn0 are the respective reference values. σt
0, σt are the 

surface tensions at reference temperature (T0) and absolute 
temperature T, respectively. ξT

n is a material constant. Addition
ally, the degree of saturation at zero suction (Sl

s0) depends on 
temperature as follows (Jacinto et al., 2009): 

Sl
s0 = Sl

sat + ξT
w(T − T0) (22)  

where ξT
w is another material constant. 

To remove temperature dependency of the water retention 
curve, the analysis sets the expressions gα and gn (eq. 21) constant 
to their reference values and ξT

w equal to zero (eq. 22). Reviewing 

eq. (3), it influences the following terms:
[
nρl

w
∂Sl

∂T
∂T
∂t

]
and 

[
− nρg

w
∂Sl

∂T
∂T
∂t

]
. 

As shown in Fig. 3, with the increase in temperature, these 
terms represent a loss in liquid water mass and the subsequent 
vapour mass gain, respectively. Conversely, as temperature de
creases, the terms will represent condensation and a water mass 
gain. It is to be noted that since Sg = 1–Sl, the part − n∂Sl/∂T 
represents the equal and opposite change in volume of the gas 
phase. Hence, removing the temperature effect on the water 
retention curve affects the condensation and evaporation of water 
in the solution.  

ii. The variation in liquid water mass due to the water density 
change, expressed in eq. (3) with the term: 

[
− nSlβwTρl

w
∂T
∂t
]
. 

Physically, for a constant volume of soil, it represents the outflow 
of the water from the soil matrix. The expression is dependent on 
the coefficient of thermal expansion of water (βwT), which is set to 
zero to remove the coupling.  

iii. Thermal expansion of solids due to temperature, approximated 
as: 
[
− (1 − n)

(
Slρl

w + Sgρg
w
)
βsT

∂T
∂t
]
, with βsT being the governing 

constant. Setting it to zero removes the coupling. As shown in 
Fig. 4, the above term represents the change in fluid mass due to 
the volumetric expansion of solids. The expression represents an 
outflow of both water and vapour masses in a unit element.  

iv. The effect of temperature on relative humidity and suction 
equilibrium condition. Relative humidity (RH) is the ratio be
tween the actual vapour density (ρg

w) in the air by the maximum 
saturated vapour density (ρg

w0). In unsaturated porous medium, 
through Kelvin’s law, relative humidity is also in thermal equi
librium with suction, the function is expressed as (Rutqvist et al., 
2001): 

RH = ρg
w

/
ρg

w0,RH = e
− gMwψ

RT (23)  

where ψ is a suction head and T is for temperature. Making 
relative humidity and suction equilibrium condition constant 
with temperature (T = T0, using initial simulation temperature in 
eq. 23), affects the vapour density differential eq. (24) and vapour 
diffusion coefficient eq. (25) and (26). In this case terms: 
[gMwψ

R →0], [gMw
RT , where (T = T0)] are affected in eq. (3). 

∂ρg
w

∂t
=

∂ρg
w

∂T
∂T
∂t

+
∂ρg

w

∂ψ
∂ψl

∂hg

∂hg

∂t
+

∂ρg
w

∂ψ
∂ψl

∂hw

∂hw

∂t

=
ρg

w

T2

(

4974.0 +
gMwψ

R

)
∂T
∂t

+
ρg

wgMw

RT

(
∂hw

∂t
−

∂hg

∂t

) (24)  

Dvw = Datmυυτϕgρg
w
gMwψ

RT
(25)  

DvT = fTvDatmυυϕgτρg
w

[
4974
T2 +

gMwψ
RT2

]

(26)  

where fTv is the thermal enhancement factor, Datm is a molecular 
diffusivity of vapour, υυis a mass flow factor and τ is the tortu
osity. The numeric value (4974) in eq. (24), and (26) is the result 
of partial differential of empirical relation of saturated vapour 
density with respect to temperature eq. (27).  

v. The effect of temperature on the saturated water vapour density. 
In eq. (23) the relative humidity (RH) is further dependent on 
reference saturated density (ρg

w0), which is expressed as (Wang 
et al., 2009): 

ρg
w0 = 10− 3e19.891− 4974.0

T (27)  

To remove the coupling, a constant initial simulation temper
ature (T = T0)is used in the above equation. In the Thebes 
framework the coupling affects terms: [4974.0→0], [4974

T2 →0] in 
eq. (6), (24) and (26). Fig. 3. Change in water and vapour masses due to coupling between the degree 

of saturation and temperature. 

Fig. 4. Change in water and vapour masses due to change in solids via its 
thermal expansion. 
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vi. Effects of temperature on molecular diffusivity. The framework 
employs De Vries (1987) expression for molecular diffusivity: 

Datm = 2.16× 10− 5
(

T
Tref

)1.8

(28)  

where Tref is a reference temperature (273.16 K). A constant 
molecular diffusivity (T = T0, in eq. 28) can reduce the vapour 
flux (jg

w) at high temperatures. Thus, this paper examines the 
influence of the temperature by keeping Datm constant, with the 
value computed for the temperature T set to the initial simulation 
temperature (To).  

vii. The liquid viscosity (μl) is affected by temperature (van Esch, 
2010): 

μl =
(
243.18× 10− 7)10 247.8

T− 140 (29)  

Lack of temperature dependency should reduce the liquid flux 
at higher temperatures. This is evaluated in the current study by 
making viscosity constant to the initial simulation temperature 
(To). 

2.3. Test configuration 

Table 1 shows the list of ten simulation setups (T1-T10), each with 
one thermal coupling inactive. The setups are used to simulate again 2 
experiments, the non-isothermal infiltration test and the CIEMAT mock- 
up test. In each of those cases, the differences between the results of 
simulations with inactivated thermal coupling and the baseline model 
simulation allow for assessing how important the coupling (T1-T10) is in 
the experiment. 

3. Analysis of the influence of thermal coupling components on 
the simulation outcome 

The following section presents results and a thorough discussion of 
the infiltration and mock-up test simulations. For each test scenario, we 
discuss baseline simulations in Thebes first (section 3.1.1 and 3.2.1), 
followed by respective thermal coupling analysis (section 3.1.2 and 
3.2.1). To increase clarity and readability, we present the results using 
the sign conventions adopted in soil and rock mechanics, i.e., utilizing 
positive signs for compressive stress and strain. 

3.1. Non-isothermal infiltration test 

The study bases on Abed and Sołowski (2017) FEM simulation of a 
non-isothermal hydration experiment on bentonite (Villar and Gomez- 
Espina, 2009). In the experiment, Febex bentonite (dry density of 
1.65 g/cm3) was set up in a cylindrical cell measuring 40 cm in length 
and 7 cm in diameter (see, Fig. 5). To replicate nuclear repositories THM 
conditions, the cell has simultaneous heating at the bottom and a water 
inlet at the top. 

Thebes FE simulation uses an axisymmetric model with 0.4 m length 
and 0.035 m width. The model is meshed with 250 quadrilateral 4 noded 
elements (4 - gauss integration points), as shown in Fig. 6 c. 

To replicate the experiment more accurately, the simulation takes 
into account the layers that bound bentonite: thin layer of Teflon, 
triaxial cell steel and foam. These materials are modelled as a non- 

Table 1 
Test configuration.  

Test Thermal 
couplings 

Remarks 

Baseline 
model 

– All thermal couplings are active 

T1 α0 BBM parameter enabling temperature related elastic strain (eq. 17) is set to zero (see, section 2.2.1- i). 
T2 ρT BBM parameter enabling thermal induced yielding (eq. 19) is set to zero (see, section 2.2.1- ii). 
T3 γT Parameter controlling yield curve (eq. 18) is set to zero (see, section 2.2.1- iii). 

T4 Van G.(T) 
van Genuchten water retention curve expression (eq. 6) is turned isothermal by making expressions gα and gn (eq. 21) constant to their reference 
values and setting ξT

w (eq. 20) to zero (see, section 2.2.2 - i). 
T5 βwT Parameter enabling thermal expansion of water is set to zero (see, section 2.2.2 - ii). 
T6 βsT Parameter enabling thermal expansion of soil solids is set to zero (see, section 2.2.2 - iii). 

T7 ρg
w(RH ψ,T)

Vapour density as a function of relative humidity and suction thermal equilibrium condition (eq. 23) is made isothermal, by making relative 
humidity constant to the initial simulation temperature (To). See, section 2.2.2 - iv. 

T8 ρg
w
(

ρg
w0,T

) Vapour density as a function of saturated vapour density and temperature (eq. 27) is made isothermal, by making the expression constant to the 
initial simulation temperature (To). See, section 2.2.2 - iv. 

T9 Datm(T) Molecular vapour diffusive coefficient is made isothermal by making the expression (eq. 28) constant with initial simulation temperature (To). 
See, section 2.2.2 - v. 

T10 μl(T) Viscosity expression (eq. 29) is made isothermal by making it constant with initial simulation temperature (To). See, section 2.2.2 - vii.  

Fig. 5. Experimental setup of infiltration test (modified from Villar and Gomez- 
Espina, 2009). 
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porous linear elastic, with Table 2 listing the mechanical and thermal 
properties of external layers. 

The simulation modifies the model by Abed and Sołowski (2017) 
with an inclusion of an interface layer (2e-6 m thick) to better account 
for the low friction between the bentonite and Teflon layers, see Fig. 6. 
The layer is assumed to be a non-porous linear elastic material with high 
thermal conductivity, refer to Table 2, for properties. The interface layer 
is thin enough that it has a negligible effect on radial deformability or 
stresses. For example, we estimate that the maximum error is around 
0.006% in radial compressive strain. 

The simulation replicates the initial temperature in the experiment 
(22 ◦C). The bentonite initial mean net stress is 1.0 kPa and suction is 
120 MPa. Other boundary conditions in the simulation are set as shown 
in Fig. 6.a and b. The top and side of the sample temperatures are set to 
22 ◦C, whereas the bottom has its temperature set to 100 ◦C. The flow 
boundaries are closed. However, after 66 h of simulation, the top 
boundary condition changes with a constant pressure head of 122.32 m 

Fig. 6. Finite element model for non-isothermal infiltration test: a) Thermal boundary conditions, b) Hydraulic boundary conditions, c) Dimension of the geometry, 
controlled points and section. (modified from Abed and Sołowski, 2017). 

Table 2 
Material properties (Abed and Sołowski, 2017).  

Material Young’s modulus (E) 
[kPa] 

Poisson ration (υ) Thermal Conductivity 
(λT) 
[W/m.K] 

Teflon 5.0e+5 0.46 0.25 
Steel 2.0e+8 0.3 12 
Foam 1.0e+4 0.3 0.17 
Interface 100 0.499 200  

Table 3 
Mechanical properties of soil, infiltration test.  

v κo κso n α0 [1/K] α2 αk αks1 αks2 M k 

0.4 0.05 0.3 0.4 1.5e-4 0.0 -3.0e-6 − 0.147 0.0 1.5 0.1 
pc

ref [kPa] λ β [1/kPa] r γT ρT p*
o [kPa]     

13.0 0.15 5.0E-5 0.75 0.25 0.2 1.4e+4     

ν is the Poisson’s ratio, M is the slope of the critical state line. λ, β, and r, are BBM parameters.  

Table 4 
Hydraulic properties of soil, infiltration test.  

gα0 [1/m] gn0 Sl
res Sl

sat ξT
n [1/K] ξT

w [1/K] Kl
sat [m/s] 

12.0e-4 1.22 0.01 1.0 − 1e-4 -1.5e− 3 1.9e− 14 

Kl
sat is hydraulic conductivity at full saturation.  

Table 5 
Thermal properties of soil, infiltration test.  

λsat [W/m. 
K] 

λdry [W/m. 
K] 

τ fTv cs [J/kg. 
K] 

cl
w [J/kg. 

K] 
cg

w [J/kg. 
K] 

1.15 0.47 0.8 1.0 1000.0 4180 1900 

λsat , λdry are thermal conductivity at the fully saturated and dry state, respec
tively. cs, cl

w and cg
w are specific heat of soil, water, and vapour, respectively.  

Table 6 
Phase properties, infiltration test.  

ρl
wo [kg/m3] βwp [1/pa] ρso [kg/m3] βsT [1/K] βwT [1/K] 

998.2 4.58e-10 2700.0 7.80E-6 2.10E-4 

ρso is a reference solid particle density.  
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prescribed. The simulation assumes zero gas pressure during the whole 
simulation and vapour flow is taken as diffusive only, the test does not 
require the specification of gas boundary conditions. 

Simulation constrains radial direction movements on the right side of 
the interface (next to Teflon) as well as any boundary movements on top 
and bottom. There are three data collecting points along the axisym
metry line DD’ at heights Y = 0.3 m (A), 0.2 m (B) and 0.1 m (C), see 
Fig. 6 c. 

The soil properties shown in Table 3-6 are taken from Abed and 
Sołowski (2017). These are calibrated based on studies by Villar et al., 
2008 and Sánchez et al., 2012. Further, the van Genuchten parameters 
are fitted as per the retention curve data shown in Fig. 7. 

3.1.1. Infiltration test: Baseline model case analysis 
To facilitate the comparisons between the thermal coupling and 

baseline model along the axisymmetric line DD’, the section provides a 
critical analysis of the results under a fully active formulation. It is worth 
mentioning, reader may refer to Abed and Sołowski (2017) for the 
validation study of Thebes’s baseline model against the infiltration 

experiment. Fig. 8, shows the mean net stress p profile along the 
axisymmetric line (DD’) at the end of the simulation (t = 1176 days). 
Examining the figure reveals that swelling pressure in bentonite de
velops due to the hydration and related reduction in suction (see, Fig. 9), 
as the sample is constrained at constant volume. 

Closer to the hydrating boundary side the swelling pressure builds up 
to approximately 7.7 MPa (mean net stress value), whereas at the dry 
side mean net stress increases up to 1 MPa. The noticeable post-peak 
reduction of stresses at the wetting boundary is due to the positive 
sign of the pore water pressures as that part of bentonite reaches its full 
saturation state (see, supplementary data Fig. S1) and net stress becomes 
the classical Terzaghi’s effective stress in this region. 

The analysis of the vertical (σy) and radial (σr) (see, Fig. 8) stress 
components along the axisymmetry line shows that they contribute to
wards the mean stress almost equally, with the radial net stress being 
slightly higher near the wetting side perhaps due to the differences in the 
boundary proximity along the radial and vertical directions. Addition
ally, along any radial line (see, supplementary data Fig. S2), the value of 
radial stresses remains. In other words, during the simulation, the 
variation in radial stress occurs along the y-axis in response to the 
thermal and hydraulic boundaries but remains quite uniform along any 
radial cross-section. 

Apart from stress states at the end of the simulation, the suction 
profiles shown in Fig. 9 highlight the time-dependent response of 
bentonite at points A, B and C. Besides shown data points in Fig. 6, an 

Fig. 7. Retention curve at different temperatures fitted in Thebes for the simulation (modified from Abed and Sołowski, 2017).  

Fig. 8. Infiltration test stresses: isotropic net stress (p) (swelling pressure), 
vertical net stress (σy), radial net stress (σr). 

e

f

g

h

Fig. 9. Suction evolution during the infiltration test.  
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additional point A" (0, 0.13) is observed to further investigate and 
classify bentonite behaviour based on the upper, middle and lower re
gions of the column. There is a gradual decrease in suction values near 
the wetting boundary (Point C) and around the mid-section regions 
(Point B) throughout the time, thus indicating a continuous hydration 

process. However, in contrast to the former locations, near the heating 
side at points A and A" the suction evolution is more complex. Suction at 
points A and A" at the Initial stage reduces (Fig. 9, e-f), then increases in 
the Transition stage (Fig. 9, f-g) and finally gradually decreases in the 
Post-transition stage (Fig. 9, g-h). 

Fig. 10. Mean net stress (swelling pressure) p in Infiltration test at different times, along axisymmetric line (section DD’).  
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In the Initial stage suction near the heated boundary reduces during 
the first 5 days (section e-f in Fig. 9). During that time the wetting 
boundary is initially inactive (first 2.7 days). The drop in suction values 
during this stage throughout the bentonite is predominantly governed 
by vapour movement from the heating side and its subsequent 
condensation. As a result, suction at points A and A" show the steepest 
decline followed by mid-region (point B) and eventually point C. During 
the Transition stage suction rises around the heated boundary at points A 
and A", whereas elsewhere suction reduces (Fig. 9, f-g, days 5 to 160). In 
the Transition stage water (liquid) from the wet boundary still has not 
penetrated the lower regions of the bentonite domain. On the other 
hand, the temperature increase progresses from the heating side, leading 
to lower relative humidity, higher suction, as well as evaporation and 
vapour transport. Afterwards, during the Post-transition stage suction 
drops in all the locations (Fig. 9 g-h). At this time water (liquid) from the 
wetting side penetrates the lower drier regions of bentonite and hydrates 
them. 

3.1.2. Infiltration test: Thermal coupling analyses 
Figs. 12 - 16 show the results of the simulations with selected cou

plings disabled. We analyse the results below, starting with the thermal 
couplings most significantly affecting results. We removed the plot data 
lines of thermal couplings that almost coincided with the baseline model 

simulation from the main figure to maintain clarity and avoid clustering. 
However, they are kept in the magnified frames. For the complete set of 
net mean stress results versus time for all the thermal couplings, refer to 
the supplementary data (MeanStress_InfiltrationTest.avi).  

a) Vapour density thermal coupling concerning reference saturated density 
[T8 - ρg

w
(
ρg

w0,T
)
] –The absence of vapour density coupling signifi

cantly impacts bentonite swelling pressure, with the peak difference 
of about 155% (vs baseline model) at t = 1176 days (Fig. 10). It also 
leads to a lower suction value closer to the heating side indicating a 
higher degree of hydration at the lower parts of bentonite Fig. 11.a. 

Reviewing the associated terms of the coupling in a numerical 
framework provides insights into the physical mechanisms leading to 
such a significant effect. Eq. (27) describes how the saturated vapour 
density (ρg

w0) increases with the temperature rise. Consequently, that 
affects the evaporation process through eq. (24) and eq. (26), which 
implies an increase in vapour mass and an increase in the rate of 
vapour diffusivity, respectively. 

Conversely, the absence of thermal coupling in reference saturated 
density results in a lower evaporation rate, which leads to a greater 
extent of hydration (see near heating side Fig. 10). However, reduced 
evaporation also suggests a lower contribution of condensation on 
bentonite hydration. The effect is most notable in the upper regions 

Fig. 11. Suction vs time in the infiltration test, at selected points: a) at Point A, b) at Point B, and c) at Point C.  
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of bentonite, as evident from the lower rates of suction drop shown in 
Fig. 11.b and c. Hence, the difference in hydration behaviour in the 
bentonite column leads to a mean stress pattern of relatively higher 
values at the bottom regions and lower values at the upper parts (see, 
Fig. 10). Since the above results highlight the importance of vapour 
in the model, it led us to examine the full extent of the vapour effect 
on the simulation. It is done by performing an additional case of an 
uncoupled vapour flow model and comparing it with the baseline 
model. Refer to supplementary data (section S.3) for the results and 
discussion of the case.  

b) Liquid viscosity thermal coupling [T10 - μl(T)] – As discussed in section 
2.2.2 (vii), the absence of the viscosity coupling primarily impacts 
liquid mass flux in the water mass balance eq. (3). Similarly as 
observed by Schäfers et al. (2020), Fig. 12 shows that taking the 
viscosity of liquid as constant leads to a much slower water mass flux 
than in the baseline case, where the viscosity of water decreases with 
the temperature rise. This is expected, as the temperature in the 
analysed case increases in the domain, hence the viscosity reduction 
is equivalent to an increase in the permeability of bentonite. Even 
though the suction is not affected very much in % terms, see Fig. 11. 

a, the constant viscosity of liquid and associated smaller flows of 
liquid water through bentonite leads to a higher mean stress in the 
dry region of a soil column. Figure Fig. 10 shows a peak difference of 
about 1000 kPa at t = 838 days (vs baseline model). This anomaly 
might suggest influences of other physical processes and couplings 
(2nd order effects), which requires further assessment in future.  

c) van Genuchten Temperature coupling [T4 - Van G.(T)] – In the case of 
the isothermal van Genuchten water retention curve, the mean stress 
result deviates more from the baseline model closer to the beginning 
of the experiment, with a peak difference of approximately 15% at 
day 20 (see, Fig. 10). The difference reduces to about 8% at mid- 
stages (t = 838 days) and later to <2% at the end of the simula
tion. The behaviour is strongly dependent on the water retention 
curve, as can be observed in Fig. 13. The figure shows a higher dif
ference in retention curves between the trial case and the baseline 
simulation at the 20-day mark, which eventually diminishes at the 
end of the simulation.  

d) Thermal coupling due to molecular diffusivity factor [T9 - Datm (T)] – As 
temperature rises in the simulation, keeping the molecular diffu
sivity constant leads to changes in vapour flux patterns in the soil 
column. Fig. 14 indicates lower vapour flux in the upper and mid part 
of the soil column and higher at the bottom (near the heated side). 
The lower vapour flux is due to lower molecular diffusivity. How
ever, the higher vapour flux at the bottom is due to the large suction 
gradient (higher vapour mass concentration gradient), resulting 
from the uncoupling. Upon examination of suction values at points A 
and B (Fig. 11.a and b), point A experiences 15.6 MPa lower suction 
than the baseline model case, whereas at point B, the difference is 
only 2.4 MPa. Hence, the phenomenon dominates around the drier 
part of the soil column, where suction is high. 

The influence of vapour movement reflects in the mean net stress 
(see, Fig. 10), where the bottom region shows higher stress values 
peaking at t = 1176 days by 21%, and the upper soil region shows 
lower stress values peaking at t = 20 days by 9% (vs baseline model). 
The higher vapour flux movement at the bottom possibly leads to 
more hydration due to an increase in vapour condensation. Whereas, 
in the upper regions, the lower extent of vapour reach may result in 
less hydration. Later, the difference in the upper soil region reduces 
to <1% at the end of the simulation, as the contribution of vapour 
condensation decreases in time, with the increasing amount of water 
infiltration from the top.  

e) Thermal expansion of water [T5 -βwT] – Not considering the thermal 
expansion of water predominantly affects the simulation at later 
stages. Fig. 10 shows a peak difference of 6% at day 1176 (vs baseline 

Fig. 12. Water mass flux in y-direction in the infiltration test (negative sign represent a downward flow)  

Fig. 13. Retention curve along the axisymmetric line for infiltration test: 
baseline model vs isothermal van Genuchten test case. 
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model) in mean stress. A likely explanation is that an increase in 
saturation over time will lead to more water getting affected by 
thermal expansion. Moreover, the results suggest that the absence of 
such coupling may influence other temperature dependent hydraulic 
processes, leading to higher suction in the soil column (Fig. 11) and 
higher flux movements (Fig. 12 and Fig. 14).  

f) Thermal coupling in relative humidity and suction equilibrium condition 
[T7 - ρg

w(RH ψ,T)] – The uncoupling of temperature in relative hu
midity and suction equilibrium condition leads to lower vapour mass 
production and lower vapour movement (see, Fig. 14). It affects the 
hydration process in two ways:  
1) Higher discrepancies at the upper regions of a soil column in 

mean effective stress results compared to the baseline model 
(Fig. 10). It may suggest lower hydration due to reduced vapour 
condensation at early stages. A peak difference of about 9.5% at t 
= 20 days is seen, which reduces to 1.5% at the end.  

2) Relatively higher hydration at mid and bottom regions in later 
stages (vs baseline model), which may be due to lower resistance 
from the counter vapour mass production. Fig. 10 shows a peak 
difference of about 8% in mean effective stresses around lower- 
mid regions at the end of the simulation. Such discrepancies are 
also evident in suction in Fig. 11 that shows considerably lower 
values near the bottom (Fig. 11.a) and slightly lower values at the 
mid-point (Fig. 11.b), in later stages of the simulation.  

g) α0 [T1], ρT [T2], γT [T3] and thermal expansions of solids [T6 - βsT] – 
Thermal uncoupling associated with these parameters shows <1% 
variation in mean effective stress (Fig. 10) and suction (Fig. 11), vs 
the baseline model. This is expected, as in the simulations no plas
ticity is observed. In elastoplastic simulations, the influence of γT 
cannot be completely ruled out. 

Fig. 14. Vapour mass flux during the infiltration test, in the y-direction along the axisymmetric line at t = 1176 days (positive sign represents an upward flow).  

Fig. 15. Mock-up test FEM model; a) problem geometry, b) mechanical boundary conditions, c) hydraulic boundary conditions, d) thermal boundary conditions 
(modified from Abed and Sołowski, 2020). 
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3.2. Mock-up experimental test simulation 

Under Febex and Febex II projects, CIEMAT (Madrid, Spain) set up a 
mock-up test (see, Fig. 15) on Febex bentonite with controlled bound
aries, simulating deep geological nuclear repository test conditions 
(Martin et al., 2006). The test was designed to study the long-term 
behaviour of bentonite under the influence of thermal, hydraulic, and 
mechanical actions. The data acquired in this study is used as a reference 
to validate code Thebes (Abed and Sołowski, 2020). 

Fig. 15.a shows the geometry and the finite element model. In total, 
1396 four nodded quadrilateral elements with four integration points 
per element were used. 

To ensure constant volume, the displacement boundaries were 
restrained from any movements in the normal directions (see, Fig. 15.b). 
To replicate experimental test conditions, a constant hydraulic pressure 
of 500 kPa is maintained on the wetting side of the test, keeping the 
other boundaries closed to water flow (Fig. 15.c). Additionally, similar 
to the infiltration test, the simulation does not require gas boundary 
constraint, as we assume zero gas pressure and diffusive vapour flow. 
Furthermore, a constant temperature of 100 ◦C is prescribed on the 
drying side and 24 ◦C on the wetting (Fig. 15.d). Replicating in the 
experiment, the heat in the drying boundary is increased gradually. The 
first 250 W of energy flux is maintained for initial 6 days, followed by 
500 W up to 10 days thereby reaching 100 ◦C. Further, the simulation 
sets the bentonite initial temperature to 24 ◦C, its mean effective stress of 
10 kPa (replicating the average self-weight of bentonite in the middle of 
the domain) and suction of 120 MPa. Fig. 15.a, shows four control points 
and a radial section line SS’ where simulation data are read. 

To simulate the Febex bentonite, soil properties shown in Table 7-10 
are referred from Abed and Sołowski (2020). The hydraulic, mechanical 
and thermal properties are calibrated using data by Gens et al. (2009), 
Jacinto et al. (2009), Villar and Gomez-Espina (2009), and Sánchez 
(2014). 

3.2.1. Mock-up Test: Baseline model case analysis 
In this section, a comprehensive assessment of the baseline model 

case is presented solely for the purpose of comparing it with the deac
tivated thermal coupling scenarios discussed in the later section (section 
3.2.2). However, to get insights on Thebes’s baseline model performance 
against the Mock-up test experiment, readers are directed to Abed and 
Sołowski (2020). 

Fig. 16 shows stress distributions along the radial section line SS’ 
(Fig. 15) at the end of the simulation. Fig. 16.a, shows a peak mean 
effective stress of about 9.8 MPa. Moreover, from Fig. 16.b and c, it is 
observed that the variation of radial stress along the section line is 
relatively insignificant with the difference between maximum and 
minimum value being around 7%. It is the Y-axis stresses which cause 
the main difference in mean stresses along the section line. Similarly, as 
in the infiltration test, here as well the post-peak reduction in mean 
effective stress (swelling pressure) is due to the positive pore water 
pressures (see, supplementary data Fig. S3). 

Fig. 17 shows the suction evolution at points 1–4 along radial section 
SS’ throughout the simulation time. The test follows a similar pattern as 
the infiltration test. In the Initial stage suction falls suddenly closer to the 
heating side (section e-f, Fig. 17). At this phase, suction in the bottom 
regions falls more than in the upper region points thus indicating a 
predominant vapour condensation as a hydration mechanism. The stage 
ends after around 20 days, at which time the water from the wetting side 

starts saturating the upper regions but has yet to reach near the heating 
side (Transitional stage). In this stage suction increases at points 1 and 2 
and decreases at points 3 and 4 (section f-g, Fig. 17). The stage lasts for 
about 280 days. Finally, in the Post transitional stage even the further 
parts of bentonite hydrate with liquid water, see Fig. 17 g-h. By this time 
all the observed points show a gradual decrease in suction values. 

3.2.2. Mock-up Test: Thermal coupling analyses 
Figs. 18-22 show the results of the simulations of Mock-up tests with 

certain thermal couplings removed. We analyse the couplings below, 
starting with those affecting the results most. Similar to infiltration test, 
to view the complete set of net mean stress results versus time for all the 
thermal couplings in Mock-up test, refer to the supplementary data file 
(MeanStress_MockupTest.avi).  

a) Vapour density thermal coupling concerning reference saturated density 
[T8 - ρg

w
(
ρg

w0,T
)
] – Neglecting thermal dependency of vapour density 

again shows the most variation among the trial cases. The maximum 
increase in the peak value of mean effective stress (Fig. 18) is about 
20% when compared to the baseline model at the end of the simu
lation. It further supports the earlier finding that neglecting thermal 
dependency of vapour density leads to an overall reduction in the 
evaporation process, resulting in a greater extent of hydration. It is 
also evident from lower suction values (vs baseline model) in Fig. 19. 
a and b. However, unlike the infiltration test, the stresses remain 
higher throughout the section comparing to the baseline model re
sults, though the variation near the wetting side remains lower than 
closer to the heating boundary. 

A closer inspection of a case with no vapour vs baseline Mock-up 
test (refer to supplementary data, section S.3) suggests that the 
overall effect of evaporation and condensation process near the 
wetting side remains lower than the infiltration test. It is possibly due 
to the difference in time and test scale of the problem (larger ge
ometry and higher water inlet pressure in Mock-up). Differences in 
some bentonite properties can also be an additional cause.  

b) Liquid viscosity thermal coupling [T10 - μl(T)] – In contrast to the 
infiltration test, the result of a reduction in liquid movement due to 

Table 7 
Mechanical properties of bentonite, Mock-up test.  

v κo κso n α0 [1/K] γT α2 αk αks1 αks2 

0.4 0.05 0.3 0.35 1.5e-4 0.25 0.0 -3.0e-6 0.147 0.0 
M k pc

ref [kPa] λ β [1/kPa] r ρT ρ*
o   

1.0 0.1 12.0 0.15 1e-4 0.925 0.2 1.2e4    

Table 8 
Hydraulic properties of bentonite, Mock-up test.  

gα0 [1/m] gn0 Sl
res Sl

sat ξT
n [1/K] ξT

w [1/K] Kl
sat [m/s] 

3.5e-4 1.22 0.0 1.0 -1e-4 -1.5e-3 1.9e-14  

Table 9 
Thermal properties of bentonite, Mock-up test.  

λsat [W/m. 
K] 

λdry [W/m. 
K] 

τ fTv cs [J/kg. 
K] 

cl
w [J/kg. 

K] 
cg

w [J/kg. 
K] 

1.15 0.47 0.87 1.0 920.0 4180 1900  

Table 10 
Phase properties, Mock-up test.  

ρl
wo [kg/m3] βwp [1/pa] ρso [kg/m3] βsT [1/K] βwT [1/K] 

998.2 4.58e-10 2700.0 7.80e-6 3.40e-4  
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thermally unchanged liquid viscosity (Fig. 20) is evident in the 
suction figure that shows higher values closer to the heating side 
(Fig. 19.a and b). The lack of thermal dependency on liquid viscosity 
thus results in lower bentonite hydration and shows lower mean 
stress (vs baseline model) in Fig. 18, with a peak difference of about 
8% at 2510 days. As a lack of liquid viscosity reduction leads to a 
lower bentonite permeability for liquid, the results suggest that the 
transport of water in the liquid phase in the Mock-up test plays a 
bigger role than in the infiltration test.  

c) van Genuchten temperature coupling [T4 - Van G.(T)] – Similar to the 
infiltration test, an isothermal van Genuchten water retention curve 
shows a higher discrepancy in mean stress result from the baseline 
case closer to the beginning of the experiment, with the peak dif
ference being approximately 35% at day 19 (see, Fig. 18). The dif
ference gradually reduces to about 7% at the end of the simulation. 
However, interesting to note here is the variation pattern, at a time 
over 245 days, depending on the time the trial case shows the peak 
discrepancy (lower at early-stage vs higher at later) at different lo
cations (near to the wetting side or heating side). Comparing the 
retention curves between the baseline model and the trial case, it is 
evident from Fig. 21 that such variations in mean stresses are ana
logues to retention curve behaviour. Similar to suction, the varia
tions in mean stress remains predominantly high at the early stage 
(Fig. 19.b and c) and significantly reduces later (Fig. 19.a, b and c).  

d) Thermal coupling due to molecular diffusivity factor [T9 - Datm (T)] – In 
this test, the variation in vapour mass flux is low in comparison to the 
infiltration test. Fig. 22 shows mainly lower vapour flux values near 
the heating side due to lower molecular diffusivity. Although similar 

to infiltration test, the thermal uncoupling in this case again causes a 
gradual increase in suction gradient, as evident from lower suction 
values at point 1 (vs baseline model, Fig. 19.a) and a relatively 
similar profile at point 2 (Fig. 19.b). However, here the difference 
may not be enough to overpower the influence of reduction in mo
lecular diffusivity on vapour flux flow (see, eq. 5 and 26). Further
more, due to the resulting low suction values (Fig. 19), some 
variation (higher) in mean effective (Fig. 18) is also evident near the 
heating side in comparison to the baseline model. The figure shows a 
peak difference of about 7% at t = 39 days, which reduces below 1% 
at the end of the simulation.  

e) Thermal expansion of water [T5 -βwT] – Similar to the infiltration test, 
the thermal expansion of water affects the mean stress (Fig. 18) 
significantly. Although, unlike the infiltration test, the reduction in 
mean stress is higher in the early stages of simulation (6.5%, 2% and 
3.5% at t = 19, 820 and 2510 days, respectively). However, the 
absolute value of the difference is low early on (10 kPa), while it 
increases significantly at the end of the simulation to 350 kPa. 

The large early-stage discrepancy here in contrast to the infiltra
tion case may also be due to a higher degree of saturation profiles in 
this case. Fig. 13 and Fig. 21 show that the minimum saturation 
values are 65% in the case of Mock-up at t = 19 days, whereas it is 
45% at t = 20 days in the case of the infiltration test, respectively. 
The result supports the earlier observation that the lack of this 
coupling may cause higher suction (see, Fig. 19) and higher flux 
movements (Fig. 20 and Fig. 22) in the bentonite.  

f) Thermal coupling in relative humidity and suction equilibrium condition 
[T7 - ρg

w(RH ψ ,T)] – As evident from Fig. 22, the trial case again 
shows a lower vapour mass flux movement due to the uncoupling of 
temperature in relative humidity and suction equilibrium condition 
(vs baseline model case). However, in contrast to the previous 
(infiltration) test case, the influence of the vapour process on mean 
net stress results (Fig. 18) closer to the wetting side is low. It can be 
due to the time and test scale of the model and opted parameter 
values (also noted in RhoV (RhoV0, T) trial case). The simulation 
shows higher mean stress vs baseline model, specifically closer to the 
heating side, as evident in Fig. 18 up till 820 days. It is likely because 
of the greater extent and degree of hydration owning to lower 
resistance from the vaporization process (see, suction Fig. 19.a). A 
peak difference in mean stress vs the baseline simulation is about 7% 
at t = 39 days, reducing to <1% at the end of the simulation.  

g) α0 [T1] – Notably, in this test ignoring the elastic volumetric strain 
rate due to temperature change (ε̇T

e ) also leads to some variation in 
mean stresses compared to baseline model case (Fig. 18) at the very 
early stage of the simulation. The stresses reduce to about 5% at t =
19 days. However, as the temperature profiles become stable the 
difference between this case and the baseline model becomes insig
nificant. Thus, the effect in this case can be ignored if the emphasis is 
on long-term bentonite behaviour.  

h) ρT [T2], γT [T3] and thermal expansions of solids [T6 - βsT] – Similar to 
the previous test type, the thermal uncoupling associated with these 
parameters shows a negligible difference in mean effective stress 
(Fig. 18) and suction (Fig. 19) profiles (vs baseline model). Thus, 
these can be neglected. Again, since plastic deformation does not 
occur, the influence of γT cannot be truly determined. 

4. Conclusions 

The paper examines the influence of ten previously not commonly 
investigated thermal coupling relationships, representing often- 
considered physical processes in a THM simulation of a bentonite bar
rier. The study utilised FE simulations of two experiments, that aimed at 
replicating certain aspects of deep geological nuclear repository condi
tions below 100 ◦C. The analysis of the results suggests that the influence 
of a given thermal coupling is qualitatively similar in both cases. 

e

f

g

h

Fig. 17. Suction evolution during the Mock-up test.  

Fig. 16. Mock-up test stresses at t = 2510 day along the radial section line SS’: 
mean net stress (swelling pressure) (p), vertical net stress (σy), radial net 
stress (σr). 

A. Gupta et al.                                                                                                                                                                                                                                   



Engineering Geology 324 (2023) 107251

17

However, quantitatively the results vary due to the different time scales, 
test scales, bentonite properties and boundary conditions. A clear 
standout from comparing deactivated thermal coupling results with 
baseline model simulation is the importance of thermal variation in 
commonly used expression for saturated vapour density (Rocmas code- 
Rutqvist et al., 1999; OpenGeoSys V6.4.0- Kolditz et al., 2012). Other 
notable thermally coupled processes affecting the results are associated 
with vapour and water: fluid viscosity, van Genuchten retention curve, 

relative humidity and suction thermal equilibrium condition, molecular 
diffusivity and thermal expansion of water. On the other hand, thermal 
couplings associated with soil solids and mechanical constitutive re
lations such as: ρT , α0, and βsT , show negligible variation in the results. 
However, the influence of γT cannot be evaluated since the soil does not 
reach plasticity in the simulations. When plastic deformations occur, this 
factor is likely influential, as indicated by Dupray et al. (2013). 

Currently Thebes uses constitutive relationship relatively common in 

Fig. 18. Mean net stresses (swelling pressure) in Mock-up test, at a radial section line SS’.  
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Fig. 19. Mock-up test, Suction vs time for different cases: a) Point 1, b) Point 2 and, c) Point 3.  

Fig. 20. Mock-up test, water influx in the x-direction along radial section line (SS’) (negative sign implies movement towards the left)  
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the field. In the future, introducing a more accurate version of the 
identified key coupling equations could be critical in improving the 
predictive capabilities of numerical simulations. Moreover, the study 
examines the physical processes that are relevant for THM modelling of 
bentonite, boom clay or claystone, other research employing different 
coupled expressions can also utilise the study outcomes to direct 
development of their models. For example, relations giving thermal 
variation in saturated vapour density or influence of the temperature on 
the water retention curve can affect the simulation results significantly. 
Hence, the accuracy of those relationships and the accuracy of the pa
rameters used for those relationships should be carefully assessed. 

A further takeaway from the study is the insights into the dominating 
physical processes in bentonite when temperature changes replicating 
geological repository-like conditions. A summary of the key thermal 
coupling mechanisms, outcomes and underlying physical mechanisms is 
listed below:  

• In both analysed experiments, the change of vapour density with 
temperature, with respect to its density at reference temperature 
ρg

w
(
ρg

w0,T
)
, eq. (27), affects the simulation results most. In the case of 

the infiltration test, the results show a 155% variation in the mean 
stress (swelling pressure), whereas in Mock-up it is about 20% dif
ference when compared to the corresponding baseline model simu
lation at the end of the simulation. Assuming that reference saturated 
vapour density is not affected by temperature leads to a lack of water 
vapour transport due to vapour density difference (eq. 6, 24 and 26). 
It seems that this leads to:  
1) A higher degree of saturation closer to the drying side. The 

mechanisms occur because of the lower evaporation rate and 
vapour mass production.  

2) A lower degree of saturation near the wetting side, visible in the 
case of the infiltration test. This phenomenon is due to lower 
evaporation in the wetting zone and lower condensation in the 
heated area of bentonite, leading to lower hydration. It seems that 
this mechanism may have a lower impact in Mock-up simulation, 
perhaps due to differences in time scale, soil properties, geome
try, and boundary conditions.  

• Change of water vapour density with temperature, with respect to 
the relative humidity and suction thermal equilibrium condtion 
ρg

w(RH ψ,T), eq. (23), shows a similar pattern of outcomes and 
mechanisms. However, its influence on the mean stress (swelling 
pressure) is significantly lower than in the previous case. Close to the 
wetting side, the infiltration test shows a peak difference of 9.5% at t 
= 20 days which reduces to 1.5% at the end of a simulation. The 
stresses remain lower near the wetting side at early stages, possibly 
due to lower vapour evaporation and condensation, whereas at the 
end of the simulation, mean stresses (swelling pressure) are higher by 
8% closer to the drying side due to the increased hydration enabled 
by lower vapour mass resistance. In the case of Mock-up, the varia
tion in the wetting area is negligible. However, closer to the drying 
side, the stresses in bentonite are higher by about 7% at t = 39 days.  

• Neglecting pore liquid viscosity changes due to temperature [μl(T)], 
eq. (29), appears to be the second most influential factor affecting 
simulations results. The lack of thermal coupling results in higher 
suctions and lower water mass influx values in both experiments 
simulations. That led to lower mean stresses (swelling pressure) in 
the Mock-up test, with a peak difference of 8%. On the other hand, 
the infiltration test shows an increase in the mean stress (swelling 
pressure) value to >250% of the baseline model value near the 
drying side. We struggle to fully explain such a large discrepancy and 
we believe it needs further investigation in future. 

Fig. 21. Mock-up test, water retention along radial section line (SS’): baseline 
model vs isothermal van Genuchten test case. 

Fig. 22. Mock-up test, vapour mass flux along the radial section line (SS’) at 2510 days (positive sign represents a movement towards the right).  
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• Change in the van Genuchten water retention curve due to temper
ature change is the third most sensitive coupling affecting the out
comes of the simulations. In the case of the infiltration test, the 
uncoupling results in a peak difference of about 15% at t = 20 days. 
This difference eventually reduces to <2% at the end of a simulation. 
Whereas in Mock-up, these differences are higher, 35% at t = 19 day 
that reduces to 7% at the end. The variation pattern in stress values 
seems highly dependent on water retention curve data used in the 
simulations.  

• Switching off the thermal coupling in the molecular diffusivity factor 
[Datm(T)] in the case of infiltration test leads to higher fluxes near 
heating and lower at the upper and mid regions. It also leads to 
higher peak stresses at the drying side by about 21% at t = 1176 days 
and 9% (at t = 20 days) lower peak stresses at the wetting side. These 
results could be due to a combination of mechanisms: initially lower 
vapour flux due to lower molecular diffusivity (see, eq. 5, 25, 26, and 
28) and, later, higher vapour flux and subsequent condensation due 
to large suction gradients resulting from lower molecular diffusivity. 
In the Mock-up test, the latter process seems to be less impactful. 
Although, noting a higher reduction in suction values near the drying 
side than in the mid-region, a gradual increase in suction gradient is 
noticeable. However, the suction change does not lead to higher 
vapour fluxes. The mean stress (swelling pressure) overall remains 
lower, with a peak difference of about 7% is observed at t = 39 days.  

• Neglecting the thermal expansion of water [βwT] leads to a lower 
mean stress (swelling pressure) value with a peak difference ranging 
between 6 and 6.5% in the mean stresses in both test cases. Results 
show lack of such coupling is also linked to higher water flux 
movements and higher suction in the soil.  

• The vapour transport, vapour condensation and vapour evaporation 
are essential for the results, as further indicated in supplementary 
data, section S.3. 
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Appendix A 

The mass conservation of air component [kg/m3.s] is expressed as: 
[

nρa(H − 1)
∂Sl

∂T
+ nρaSl∂H
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− (1 − n)ρa

(
Sg + HSl)βsT − n

(
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w
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(
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wgMw
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∂Sl

∂ψ − nρaSl ∂H
∂hw
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∂hw
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+

[

nρa(H − 1)
∂Sl
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(
Maρl

wg
RT

+
Ma

Mw

ρg
wgMw

RT

)]
∂hg

∂t
+ ρa

(
Sg + HSl) ∂εv

∂t
+ div(ρaqg) + div

(
ρaHql)

− div
(
jg
w

)
= 0

(A.1)  

where ρa is the dry air density (assumed same in both liquid and gas phase), H is the Henry’s volumetric coefficient of solubility (Vaunat et al., 1997) 
and Ma is the molar mass of air. Note, due to the limiting condition

∑m
k ji

k = 0 (k components and m phases), − div
(
jg
w
)
= div

(
jg
a
)
. 

References 

Abed, A.A., Sołowski, W.T., 2017. A study on how to couple thermo-hydro-mechanical 
behaviour of unsaturated soils: physical equations, numerical implementation and 
examples. Comput. Geotech. 92, 132–155. https://doi.org/10.1016/j. 
compgeo.2017.07.021. 

Abed, A.A., Sołowski, W.T., 2020. Applications of the new thermo-hydro-mechanical- 
chemical coupled code “Thebes.”. Environ Geotech 7, 3–16. https://doi.org/ 
10.1680/jenge.18.00083. 

Abed, A.A., Sołowski, W.T., 2021. Estimation of water retention behaviour of bentonite 
based on mineralogy and mercury intrusion porosimetry tests. Geotechnique 71, 
494–508. https://doi.org/10.1680/jgeot.18.P.220. 

Alonso, E.E., Gens, A., Josa, A., 1990. A constitutive model for partially saturated soils. 
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Medved, I., Černý, R., 2019. Modeling of radionuclide transport in porous media: a 
review of recent studies. J. Nucl. Mater. 526 https://doi.org/10.1016/j. 
jnucmat.2019.151765. 

Narkuniene, A., Poskas, P., Kilda, R., Bartkus, G., 2015. Uncertainty and sensitivity 
analysis of radionuclide migration through the engineered barriers of deep 
geological repository : case of RBMK-1500 SNF. Reliab. Eng. Syst. Saf. 136, 8–16. 
https://doi.org/10.1016/j.ress.2014.11.011. 

Navarro, V., Asensio, L., Gharbieh, H., et al., 2020. A triple porosity hydro-mechanical 
model for MX-80 bentonite pellet mixtures. Eng. Geol. 265, 105311 https://doi.org/ 
10.1016/j.enggeo.2019.105311. 

Navarro, V., Cabrera, V., De la Morena, G., et al., 2022. A new double-porosity 
macroscopic model of bentonite free swelling. Eng. Geol. 305, 106725 https://doi. 
org/10.1016/j.enggeo.2022.106725. 

Nguyen-tuan, L., Lahmer, T., Datcheva, M., Schanz, T., 2017. Global and Local Sensitivity 
Analyses for Coupled Thermo – Hydro – Mechanical Problems, pp. 707–720. https:// 
doi.org/10.1002/nag.2573. 

OECD-NEA, 2003. Engineered Barrier Systems and the Safety of Deep Geological 
Repositories. 

Olivella, S., Gens, A., 2000. Vapour transport in low permeability unsaturated soils with 
capillary effects. Transp. Porous Media 40, 219–241. https://doi.org/10.1023/A: 
1006749505937. 
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