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ABSTRACT 15 

This study presents a coupled thermo-hydro-mechanical (THM) model for simulating the heating and 16 
hydration behavior of bentonite, a buffer material in deep geological repositories (DGRs). The model 17 
incorporates a new temperature-dependent soil water retention curve which captures the thermal-induced shift 18 
in water retention behavior. It also distinguishes between liquid and gas permeability, modeling intrinsic gas 19 
permeability as a function of accessible porosity to improve vapor transport and desaturation predictions. The 20 
model was validated against two large-scale tank tests, demonstrating good agreement with measured 21 
temperature, relative humidity, and water inflow data. It revealed a complex porosity evolution driven by 22 
thermal expansion, vapor movement, vapor condensation, and hydration-induced swelling during heating and 23 
hydration processes. The simulation results also suggest that the permeability of the hydration layer plays a 24 
critical role in controlling water intake. Clogging of this layer can significantly reduce the volume of water 25 
inflow during the hydration phase. While the model effectively captures key THM behavior, further 26 
development of the mechanical constitutive law is required to account for possible thermo-elasto-plastic 27 
volume changes and microstructural effects. Overall, the model provides a robust tool for evaluating the 28 
evolution of bentonite-based barrier material in DGRs. 29 

 INTRODUCTION 30 

Bentonite is widely used as a buffer material in deep geological repositories (DGRs) for high level radioactive 31 
waste (HLW) due to its favorable properties, including low permeability, high swelling capacity, radionuclide 32 
retention capability [1-5]. Throughout the operational lifespan of a DGR, the buffer material is subjected to 33 
heating from HLW and hydration from the surrounding host rock. These processes induce complex coupled 34 
thermo-hydro-mechanical (THM) interactions, involving water phase change, vapor advection and diffusion, 35 
and the swelling or shrinkage of bentonite. Additionally, chemical processes such as ion migration and 36 
exchange, mineral dissolution/precipitation, and phase transformations further influence the behavior of the 37 
buffer [6, 7]. While the effects of temperatures below 100°C have been extensively investigated in 38 
experimental and numerical studies, recent research has shifted focus to temperatures up to 200°C. 39 
Understanding the influence of elevated temperatures on the coupled THM processes is crucial for assessing 40 
the long-term performance of bentonite-based barriers. To this end, laboratory experiments, in situ tests, and 41 
numerical simulations have been conducted to strengthen the understanding of the coupled THM processes [8-42 
13].  43 

High temperatures significantly impact the hydraulic behavior of unsaturated, compacted bentonite. The phase 44 
transition from liquid water to vapor accelerates under high temperatures, leading to pronounced desaturation 45 
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around the heat source [14]. Vapor is transported away from the heater through advection and diffusion before 46 
condensing in cooler regions. As heating continues, the desaturation front expands outward until thermal 47 
equilibrium is reached. This desaturation process, in turn, reduces thermal conductivity, illustrating the two-48 
way coupling between thermal and hydraulic processes. Tank tests conducted at the University of California, 49 
San Diego (UCSD) demonstrated that desaturation intensifies when the heater is enclosed in a large aluminum 50 
container, amplifying the thermal impact on the surrounding bentonite [8, 9]. 51 

The coupled thermo-hydraulic (TH) processes play a critical role in the mechanical behavior of compacted 52 
bentonite. Hydration leads to clay particle swelling and pore structure collapse, while heating induces material 53 
expansion and possibly thermally driven plastic contraction. Throughout the heating and hydration processes, 54 
bentonite density exhibits significant temporal and spatial variations. X-ray scan tests revealed that the wet 55 
density of bentonite increases as the hydration front approaches and decreases once the front passes [15]. As 56 
the hydration front advances toward the heater, the bentonite behind the front returns to its initial status. This 57 
phenomenon may be attributed to the highly dynamic interaction between local swelling and the resulting 58 
compressive stress [1]. Compared to the non-heated scenario, heating can lead to greater compression of the 59 
inner bentonite and more pronounced swelling around the heater [1].  60 

Over the past decade, various coupled THM models have been developed to simulate bentonite behavior under 61 
heating and hydration conditions. These models typically incorporate key properties such as water retention, 62 
permeability, thermal conductivity, and mechanical constitutive behavior. The soil-water retention curve 63 
(SWRC) model developed by van Genuchten [16] (referred to here as the VG model) has been widely used to 64 
describe water retention in bentonite. However, the VG model assumes a fixed residual degree of saturation, 65 
does not explicitly distinguish between water retention by capillary and adsorptive mechanisms, and does not 66 
incorporate the effects of temperature on water retention. As a result, the vaporization of the "residual" water 67 
content is not accounted for in the coupled model, which is inconsistent with experimental findings showing 68 
that the degree of saturation can drop well below the residual value. Various advanced water retention models 69 
have been proposed to account for capillarity and absorptivity [17, 18]. Bosch, Qiao [19] adopted Dieudonne’s 70 
model to describe the water retention behavior during the heating/hydration process. However, previous 71 
numerical studies have largely overlooked the temperature dependence of water retention behavior. For 72 
unsaturated compacted bentonite, the initial gas permeability is several orders of magnitude larger than the 73 
liquid permeability because of the dual pore structure [14]. However, this important difference has often been 74 
neglected in many previous studies. Consequently, vapor transfer and the desaturation process of the bentonite 75 
near the heater may not have been accurately simulated. 76 

To address these limitations, this study implements a temperature-dependent water retention model [10], 77 
hereafter referred to as LM model, and a novel thermal conductivity function [11] into the TOUGH3 simulator 78 
[20]. The intrinsic gas permeability is modeled as a power function of accessible porosity to capture its 79 
evolution with changing porosity and degree of saturation. Various mechanical constitutive models, such as 80 
the Barcelona Expansive Model (BExM) [21], the modified Cam Clay model [19], the linear swelling model 81 
[22], and the state surface model [1], have been employed in previous studies. Given the focus of this 82 
investigation on the coupled TH processes, the state surface model has been adopted for the current numerical 83 
study. 84 

This paper presents the implementation of these models within the TOUGH3-FLAC multiphysics simulator. 85 
A parametric analysis is conducted to evaluate the influence of key parameters on coupled THM behavior. 86 
Additionally, the numerical model is applied to simulate large-scale tank tests conducted in UCSD and the key 87 
findings are analyzed to improve the predictive capability of THM models for bentonite-based barriers in 88 
DGRs.  89 



 

 COUPLED THM MODEL FOR HEATING AND HYDRATION OF 90 

BENTONITE 91 

 Governing Equations 92 

An integral finite difference method is used in TOUGH3 to solve mass and energy balance equations which 93 
are written in the following unified form [20]: 94 

𝑑

𝑑𝑡
∫ 𝑀𝑘𝑑𝑉𝑛 = ∫ 𝑭𝑘

Γn

⋅
𝑉𝑛

𝒏 𝑑Γ𝑛 +∫ 𝑞𝑘𝑑𝑉𝑛
𝑉𝑛

 (1) 

where 𝑀𝑘 is the accumulation term for component 𝜅 or energy (𝜅 = ℎ) per volume, 𝑭𝒌 is the mass or heat 95 
flux, 𝑞𝜅 denotes sinks or sources, 𝒏 is a normal vector on the surface element 𝑑Γ𝑛, pointing inward an arbitrary 96 
subdomain  𝑉𝑛.  97 

The general form for the mass accumulation term is written as  98 

𝑀𝑘 = 𝜙∑𝑆𝛽𝜌𝛽𝑋𝛽
𝜅

𝛽

 (2) 

where 𝜙 is the porosity, 𝑆𝛽 is the saturation of phase 𝛽, 𝜌𝛽 is the density of phase 𝛽, 𝑋𝛽
𝜅 is the mass fraction 99 

of component 𝜅 (air or water) in phase 𝛽 (gas or liquid).  100 

The energy accumulation term is written as 101 

𝑀ℎ = (1 − 𝜙)𝜌𝑠𝐶𝑠𝑇 + 𝜙∑𝑆𝛽𝜌𝛽𝑢𝛽
𝛽

 (3) 

where 𝐶𝑠 is the specific heat of the solid grains, 𝑇 is the temperature, and 𝑢𝛽 is the specific internal energy of 102 

phase 𝛽.  103 

The momentum balance equation is written as  104 

∇ ⋅ 𝝈 + 𝜌𝒈 = 0 (4) 

where 𝝈 is the total stress tensor and 𝒈 is the gravitational acceleration.  105 

 Hydraulic Constitutive Models 106 

The mass flux term in Eq. (1) consists of the advection part, 𝑭𝑎𝑑𝑣
𝜅 , and the diffusion part, 𝑭𝑑𝑖𝑓𝑓

𝜅 : 107 

𝑭𝜅 = 𝑭𝑎𝑑𝑣
𝜅 + 𝑭𝑑𝑖𝑓𝑓

𝜅  (5) 

2.2.1. Advection Flux  108 

The advection mass flux is expressed as 109 

𝑭𝑎𝑑𝑣
𝜅 =∑𝑋𝛽

𝜅𝑭𝛽
𝛽

 (6) 

where the flux for phase 𝛽 is calculated by a generalized Darcy’s law: 110 



𝑭𝛽 = 𝜌𝛽𝒖𝛽 = −
𝑘𝛽𝑘𝑟𝛽𝜌𝛽

𝜇𝛽
(∇𝑃𝛽 − 𝜌𝛽𝒈) (7) 

where 𝒖𝛽 is the Darcy’s velocity, 𝑘𝛽 is the intrinsic permeability of phase 𝛽, 𝑘𝑟𝛽 is the relative permeability 111 

of phase 𝛽, 𝜇𝛽 is dynamic viscosity, 𝑃𝛽  is the pressure of phase 𝛽 and 𝒈 is the gravitational acceleration.  112 

The effect of suction on the vapor pressure is considered via Kelvin’s equation [23]: 113 

𝑃𝑣(𝑇, 𝑆𝑙) = 𝑃𝑠𝑎𝑡(𝑇) exp [
−𝑀𝑤𝜓(𝑇, 𝑆𝑙)

𝜌𝑙𝑅(𝑇 + 273.15)
] (8) 

where 𝑃𝑠𝑎𝑡 is the saturated vapor pressure of bulk aqueous phase, 𝜓 is the suction, 𝑀𝑤 is the molecular mass 114 
of water, and 𝑅 is the universal gas constant (8.31432 J/mol/K). 115 

The gas pressure, 𝑃𝑔, is the sum of air pressure, 𝑝𝑎 and vapor pressure, 𝑝𝑣. According to Henry’s law, air 116 

pressure is expressed as a function of the mass fraction of air in liquid: 117 

𝑝𝑎 = 𝑋𝑙
𝑎/𝐻𝑐 (9) 

where 𝐻𝑐 = 10
−10𝑃𝑎−1  is Henry’s constant for air dissolution in water. It should be noted that Henry’s 118 

constant is inherently temperature dependent and can be represented as a quadratic function of temperature 119 
[24-26]. This temperature effect is not considered in the current study but will be addressed in future work.  120 

Assuming the air pressure is an ideal gas, the air density is then expressed as: 121 

𝜌𝑎 =
𝑀𝑎
𝑅𝑇

𝑝𝑎 (10) 

where 𝑀𝑎 is the molecular mass of air.  122 

All thermodynamic properties of water, including density, specific enthalpy, internal energy, and viscosity in 123 
both liquid and vapor phases, are calculated using the steam table equations established by International 124 
Formulation Committee [27]. The viscosity of the air–vapor mixture is determined based on the formulation 125 
provided by Hirschfelder, Curtiss [28].  126 

2.2.2. Diffusion Flux 127 

The diffusion flux of component 𝜅 is written as 128 

𝑭𝑑𝑖𝑓𝑓
𝜅 = −∑𝐷𝛽

𝜅∇𝑋𝛽
𝜅

𝛽

 (11) 

where 𝐷𝛽
𝜅 is the effective diffusion coefficient of component 𝜅 in phase 𝛽, which is written as [29] 129 

𝐷𝛽
𝜅 = 𝜙4/3𝑆𝛽

10/3
𝜌𝛽𝑑𝛽

𝜅 (12) 

where 𝑑𝛽
𝜅 is the molecular diffusion coefficient for component 𝜅 in phase 𝛽. For the gas phase, 𝑑𝛽

𝜅 is pressure 130 

and temperature dependent via [30] 131 

𝑑𝑔
𝜅(𝑃𝑔, 𝑇) = 𝑑𝑔

𝜅(𝑃𝑔0, 𝑇0)
𝑃𝑔0

𝑃𝑔
[
𝑇 + 273.15

273.15
]
𝜉

 (13) 



 

where 𝑑𝑔
𝜅(𝑃𝑔0, 𝑇0) = 2.13 × 10

−5 𝑚2/𝑠,  𝑃𝑔0 = 1 𝑎𝑡𝑚 and 𝜉 = 2.0 is an empirical constant. It should be 132 

noted that Eq. (13) accounts only for molecular diffusion, whereas in compacted bentonite with nano-scale 133 
pores, Knudsen diffusion may also contribute significantly to the overall gas transport [31]. In the present study, 134 
this effect is not explicitly included, but future extensions may adopt a Bosanquet-type formulation that 135 
combines molecular and Knudsen diffusion to more accurately capture gas diffusion under such conditions 136 
[32]. 137 

2.2.3. Temperature-dependent soil water retention curve  138 

Lu and McCartney [10] extended the SWRC of Lu [18] to account for temperature effects. The total volumetric 139 
water content of the model consists of an adsorption part, 𝜃𝑎, and a capillary part, 𝜃𝑐: 140 

𝜃 = 𝜃a + 𝜃c (14) 

𝜃a = 𝜃a,max(𝑇) {1 − [exp (
𝜓 − 𝜓max(𝑇)

𝜓
)]

𝑚

} (15) 

𝜃c =
𝜃s − 𝜃a
2

{1 − erf [√2
𝜓

𝜓c
(
𝜂 + 𝑇

𝜂r + 𝑇r
) − √2]} · {1 + [𝛼𝜓(

𝜂 + 𝑇

𝜂r + 𝑇r
)]
𝑛

}

1
𝑛
−1

 (16) 

where 𝜃𝑎,𝑚𝑎𝑥 is the adsorption capacity, 𝜓𝑚𝑎𝑥 is the maximum matrix suction, 𝑚 is the adsorption strength, 141 

𝜃𝑠 is the saturated volumetric water content, 𝜓𝑐 is the mean cavitation suction, 𝛼 is the inverse of air entry 142 
value, 𝑛 is a capillary pore-size distribution parameter, 𝜂 is a correction factor on suction at capillary regime, 143 
𝜂𝑟 is a correction factor on suction at reference temperature, 𝑇𝑟, 𝑇 is the temperature, 𝜓 is the suction. Models 144 
for 𝜓𝑚𝑎𝑥, 𝜃𝑎,𝑚𝑎𝑥 and 𝜓𝑐 are detailed in Appendix A.  145 

The capillary pressure varies as the permeability and porosity changes, which is described by the Leverett law:  146 

𝜓 = 𝜓(
𝑘𝑤0𝜙

𝜙0𝑘𝑤
)
0.5

 (17) 

Implementing the new SWRC in TOUGH3 differs from other water retention models, where capillary pressure 147 
can be analytically expressed as a function of degree of saturation or volumetric water content. In the Ning Lu 148 
(NL) model, capillary pressure must be determined numerically using the Newton-Raphson method. To 149 
achieve this, the derivative of the volumetric water content with respect to suction is first derived, followed by 150 
applying Newton-Raphson iterations to compute the capillary pressure. Notably, when the volumetric water 151 
content approaches the saturated value (99%), a bisection method is employed instead of Newton-Raphson. 152 
This adjustment is necessary to avoid convergence issues caused by the extremely small derivative values in 153 
such cases.  154 

2.2.4. van Genuchten SWRC 155 

The VG model was employed to represent the water retention behavior of auxiliary materials, such as the 156 
hydration layer and the hydration channel, which are not geomaterials. The temperature effect on these 157 
materials was assumed to be negligible with respect to the overall heating and hydration process in bentonite. 158 
Furthermore, the VG model provides superior numerical stability at high degrees of saturation, as suction can 159 
be expressed analytically as a function of saturation. For these reasons, the VG model was adopted for auxiliary 160 
materials. The capillary pressure of the unsaturated porous media reads [16]: 161 

𝜓 = 𝜓𝑒𝑛𝑡 [𝑆𝑒
−
1
𝜆 − 1]

1−𝜆

, 𝜓 ≤ 𝜓𝑐𝑚𝑎𝑥 (18) 



where 𝜓𝑒𝑛𝑡 is the air entry value, 𝜓𝑐𝑚𝑎𝑥 is the maximum value for suction, 𝜆 is a shape factor for the curve 162 
and 𝑆𝑒 = (𝑆 − 𝑆𝑟)/(1 − 𝑆𝑟), 𝑆𝑟 is the residual degree of saturation.  163 

2.2.5. Permeability model 164 

In traditional porous media, intrinsic permeability is generally assumed to be the same for both gas and liquid 165 
phases. However, this assumption no longer holds for unsaturated compacted bentonite. It is well known that 166 
two distinct pore structures coexist in unsaturated compacted bentonite: macroscopic pores and microscopic 167 
pores. In contrast, saturated bentonite exhibits a unimodal pore size distribution. As a result, the intrinsic 168 
permeability measured in the saturated state is not applicable to the unsaturated condition. Experimental results 169 
have demonstrated that the intrinsic gas permeability for unsaturated bentonite can be several orders of 170 
magnitude higher than the intrinsic water permeability [14, 33-35]. As the degree of saturation increases, the 171 
size of accessible pores for gas flow decreases, resulting in a reduction of intrinsic gas permeability. To capture 172 
the evolution of intrinsic gas permeability, a simple empirical model defined with respect to the accessible 173 
porosity was employed in this study [34, 35]: 174 

𝑘𝑔𝑎𝑠 = 𝑘𝑔𝑎𝑠0[𝜙(1 − 𝑆)]
𝑛𝑘 (19) 

where 𝑘𝑔𝑎𝑠0 and 𝑛𝑘 are calibration parameters.  175 

When the mean free path of gas molecules becomes comparable to the pore size of the porous media, the gas 176 
molecules can “slip” along the walls of the pores rather than fully interacting with them as they would at higher 177 
pressures. This “slip flow” causes the gas to experience less resistance, leading to an increase in the measured 178 
permeability. This phenomenon is referred to as the Klinkenberg effect.  Given the extremely small pore sizes 179 
in compacted bentonite, the Klinkenberg effect is considered in evaluating the evolution of gas permeability 180 
through: 181 

𝑘𝑔 = 𝑘𝑔𝑎𝑠(1 +
𝑏

𝑃𝑔
) (20) 

where 𝑘𝑔 is the corrected gas permeability employed in Darcy’s law, 𝑏 is the Klinkenberg gas slippage factor 182 

and 𝑝𝑔 is the pore gas pressure. The Klinkenberg gas slippage factor is approximated as follows [36]: 183 

𝑏 = 0.12𝑘𝑔𝑎𝑠
−0.39 (21) 

The initial gas permeability used in the following simulations, is around 1.0 × 10−16𝑚2, which approximates 184 
𝑏 as  2.09 × 105 Pa. 185 

Horseman and Harrington [37] proposed an empirical model for MX80 bentonite based on experimental data. 186 
This model was subsequently employed in [38] to simulate gas migration in MX80 bentonite. The formulation 187 
of the empirical model is written as: 188 

𝑘𝑤 = 3.45 × 10
−20 (

𝜙

1 − 𝜙
)
4.28

 (22) 

The initial porosities of the bentonite samples in Tank Test 1 and Tank Test 2 are 0.508 and 0.51, respectively, 189 
corresponding to intrinsic permeabilities of 3.69× 10−20𝑚2 and 4.1× 10−20𝑚2. More advanced permeability 190 
models for bentonite have been developed, which incorporate the effects of montmorillonite content and 191 
temperature [9, 39]. These will be considered in future work to further refine the analysis. 192 

The relative permeability for liquid phase and gas phase read 193 

𝑘𝑟𝑤 = 𝑆𝑒
4 (23) 



 

𝑘𝑟𝑔 = (1 − 𝑆𝑒)
2(1 − 𝑆𝑒

2) (24) 

where  𝑆𝑒 = (𝜃 − 𝜃𝑎)/(𝜃𝑠 − 𝜃𝑎) is the effective degree of saturation. It is worth noting that the adsorptive 194 
water content here is no longer a constant, but a variable changing with suction, as modeled by Eq. (15). 195 

 Thermal Constitutive Model 196 

 Heat flux in TOUGH3 consists of conductive, convective, and radiative components [20]: 197 

𝑭ℎ = −𝜆𝑡ℎ∇𝑇 +∑ℎ𝛽𝑭𝛽
𝛽

+ 𝑓𝜎𝜎0∇𝑇
4 (25) 

where 𝜆𝑡ℎ is the thermal conductivity, ℎ𝛽 is the specific enthalpy in phase 𝛽, 𝑓𝜎 is the radiant emittance factor, 198 

and 𝜎0 is the Stefan-Boltzmann constant. A novel thermal conductivity function for the unsaturated MX80 199 
bentonite developed by Lu and McCartney [11] is used in this study: 200 

𝜆𝑡ℎ − 𝜆𝑑𝑟𝑦

𝜆𝑠𝑎𝑡 − 𝜆𝑑𝑟𝑦
= [1 −

1 − 𝑆𝑙
𝜒

1 + (
𝑆𝑙
𝑆𝑐
)
𝜒]

1−
1
𝜒

 (26) 

where 𝜆𝑡ℎ, 𝜆𝑑𝑟𝑦 and 𝜆𝑠𝑎𝑡 are thermal conductivity at unsaturated, dry and saturated state, 𝑆𝑙 is the degree of 201 

saturation, 𝑆𝑐 is the degree of saturation at the onset of the capillary water retention regime, 𝜒 is the model 202 
parameter. The advantage of this model over previous thermal conductivity models is that it is linked to the 203 
nonlinear shape of the SWRC and converges to the thermal conductivity at dry and saturated states with 𝑆𝑙 204 
approaches 0 or 1, respectively.  205 

 Mechanical Constitutive Model 206 

State-surface approach adopts two stress state variables (net normal stress and suction) to construct the 207 
mechanical constitutive model. Total strain consists of elastic component, 𝑑𝜖𝑖𝑗

𝑒 , thermal component, 𝑑𝜖𝑖𝑗
𝑇 , and 208 

hydraulic component, 𝑑𝜖𝑖𝑗
𝐻, (due to suction change): 209 

𝑑𝜖𝑖𝑗
𝑡 = 𝑑𝜖𝑖𝑗

𝑒 + 𝑑𝜖𝑖𝑗
𝑇 + 𝑑𝜖𝑖𝑗

𝐻 (27) 

Assuming the temperature and suction contribute only to the normal strain, then the constitutive model is 210 
written as  211 

𝑑𝜎𝑖𝑗
′ = 2𝐺𝑀𝑑𝜖𝑖𝑗

𝑡 + (𝐾𝑀 −
2

3
𝐺𝑀)𝑑𝜖𝑘𝑘

𝑡 − 3𝐾𝑀𝛼𝑇𝑑𝑇𝛿𝑖𝑗 −
𝐾𝑀
𝐾𝐻

𝑑𝜓𝛿𝑖𝑗  (28) 

where 𝜎𝑖𝑗
′ = 𝜎𝑖𝑗 + 𝑃𝑔𝛿𝑖𝑗  is the net normal stress, 𝛼𝑇 is the linear thermal expansion coefficient,  𝐾𝑀  is the 212 

mechanical bulk modulus, 𝐺𝑀 is the shear modulus and 𝐾𝐻 is the hydraulic bulk modulus. These moduli are 213 
suction dependent and determined using the state-surface model.  214 

The state-surface model is used to describe the mechanical behavior of unsaturated bentonite [40]. The void 215 
ratio is expressed as 216 

𝑒 = 𝐴 + 𝐵𝑙𝑛(−𝜎𝑚
′ ) + 𝐶𝑙𝑛(𝜓 + 𝑝𝑎) + 𝐷𝑙𝑛(−𝜎𝑚

′ )ln (𝜓 + 𝑝𝑎) (29) 

where 𝑒 is the void ratio, 𝜎𝑚
′  is the mean net normal stress, 𝑝𝑎 is the atmosphere pressure, 𝐴, 𝐵, 𝐶 and 𝐷 are 217 

empirical constants.  218 



Based on the Eq. (29), the increment of volumetric strain, 𝑑𝜖𝑣, is defined as: 219 

𝑑𝜖𝑣 =
𝑑𝑒

1 + 𝑒
=

1

1 + 𝑒
(
𝜕𝑒

𝜕𝜎𝑚
′ 𝑑𝜎𝑚

′ +
𝜕𝑒

𝜕𝜓
𝑑𝜓) (30) 

Then, the mechanical and hydraulic bulk modulus are determined as 220 

𝐾𝑀 =
(1 + 𝑒)𝜎𝑚

′

𝐵 + 𝐷𝑙𝑛(𝜓 + 𝑝𝑎)
 (31) 

𝐾𝐻 =
(1 + 𝑒)(𝜓 + 𝑝𝑎)

𝐶 + 𝐷𝑙𝑛(−𝜎𝑚
′ )

 (32) 

𝐺𝑀 =
3𝐾𝑀(1 − 2𝜈)

2(1 + 𝜈)
 (33) 

where 𝜈 is Poisson’s ratio. 221 

 Coupling between TOUGH3 and FLAC3D 222 

The coupling between TOUGH3 and FLAC3D is briefly introduced in this section. More details about the 223 
coupling strategies of TOUGH-FLAC3D are referenced in the TOUGH3 manual and previous publications 224 
[41, 42]. TOUGH4-FLAC3D is a two-way sequential coupling simulator. The coupling between the codes is 225 
achieved by iteratively writing/reading the binary files generated by each code during the simulation process. 226 
At the beginning of each time step, the porosity is updated based on the increments of volumetric strain, pore 227 
pressure and temperature in the previous time step. Then, the updated porosity is further corrected by the 228 
increment of the pressure and the temperature during the iteration process at the current time step. This 229 
coupling strategy corresponds to a special case of the “fixed-stress” split sequential scheme, which has been 230 
demonstrated to be unconditionally stable and free of oscillations with respect to time [43, 44]. The coupling 231 
time step is governed by the adaptive time-stepping algorithm in TOUGH3, which automatically adjusts the 232 
step size within prescribed minimum and maximum limits to satisfy the specified convergency criterion [20]. 233 
A relative convergence criterion of 1.0×10−6 and a minimum time step of 0.01 s were employed in this study. 234 
To evaluate the effect of the maximum allowable time step on computational efficiency and accuracy, four 235 
values (1000 s, 5000 s, 10,000 s, and 5.0×105s) were tested. The numerical results across these cases showed 236 
excellent agreement, with only minor discrepancies observed in the vertical stress component, as illustrated by 237 
Figure 23 in Appendix B. This indicates that the adaptive time-stepping algorithm produced sufficiently small-238 
time steps (generally less than 30,000s in the subsequent tank test simulations) to ensure accuracy. Based on 239 
this assessment, a larger maximum time step of 5.0×105s was adopted in the simulations to comply with the 240 
convergency-based time step and reduce computational effort. 241 

Mathematically, the porosity is updated at each time step as [43, 45] 242 

𝜙𝑖+1 − 𝜙𝑖 =
(𝛼𝐵

𝑖 )2 + (𝛼𝐵
𝑖 − 𝜙𝑖)(1 − 𝛼𝐵

𝑖 )

𝐾𝑑𝑟
𝑖

∑[𝑆𝛽(𝑃𝛽
𝑖+1 − 𝑃𝛽

𝑖)]

𝛽

+ 3𝜙𝑖𝛼𝑇(𝑇
𝑖+1 − 𝑇𝑖) − Δ𝜙𝑐 (34) 

Δ𝜙𝑐 =
(𝛼𝐵

𝑖 )
2

𝐾𝑑𝑟
𝑖

∑[𝑆𝛽(𝑃𝛽
𝑖 − 𝑃𝛽

𝑖−1)]

𝛽

+ 3𝛼𝐵
𝑖 𝛼𝑇(𝑇

𝑖 − 𝑇𝑖−1) − 𝛼𝐵
𝑖 (𝜖𝑣

𝑖 − 𝜖𝑣
𝑖−1) (35) 

where 𝛼𝐵 is the Biot's coefficient, and 𝐾𝑑𝑟 is the drained bulk modulus.  243 

Once the coupled TH process reaches equilibrium, the equivalent pore pressure is calculated and then 244 
transferred to FLAC3D. The coupling discussed above is the direct coupling between the TH process and the 245 



 

mechanical process. In addition, some indirect couplings, such as changes in permeability and capillary 246 
pressure, have been implemented in the coupling code.  247 

 248 

 MODEL VALIDATIONS AND PARAMETER ANALYSIS 249 

 Comparison between LM and VG SWRC  250 

This section evaluates the impact of two SWRCs, i.e., the temperature-dependent LM model and the classical 251 
VG model, on hydraulic behavior during the heating process for a hypothetical case. In this subsection, the 252 
temperature-dependent features are deactivated to facilitate comparison.  To simplify the analysis, mechanical 253 
effects are neglected, and a one-dimensional (1D) geometry, as illustrated in Figure 1, is employed for the 254 
simulations in Section 3. For the LM model, the parameters used are: 𝑀 = 0.12 , 𝑛 = 1.15 , 𝛼−1 =255 
3.3 × 106 𝑀𝑃𝑎 , 𝐶𝐸𝐶𝑚𝑎𝑥 = 0.8  𝑚𝑒𝑞/𝑔, 𝑆𝑆𝐴 = 750𝑚2/𝑔 . The VG model uses a shape factor of 1.5 and 256 
the same gas entry value as the LM model. The intrinsic gas permeability is defined by parameters: 257 
𝑘𝑔𝑎𝑠0=4.1× 10−15m2, 𝑛𝑘=2.0. The diffusion coefficient of vapor in the gas phase at the initial pressure and 258 

temperature is 𝑑𝑔
𝜅(𝑃𝑔0, 𝑇0) = 2.13 × 10

−5 𝑚2/𝑠. The temperature of the heater (“HEATS” domain in Figure 259 

1) was kept at 200 °C. Additional key parameters employed in the simulations are listed in Table 1. The 260 
following numerical analysis is conducted for the monitoring point (as marked in Figure 1). 261 

 262 

 263 

 264 

Figure 1 1D axisymmetric geometry for the column test (“HEATS”: Heater, “CYLIN”: Aluminum cylinder 265 
encasing the heater, “BENTO”: Bentonite, “SANDS”: Hydration layer, “ALUMI”: Aluminum container, 266 

“WOOLS”: Thermal insulation material, “BOUND”: Atmosphere) 267 

 268 

Table 1 Model parameters for the key components in the TH analysis 269 

Parameter Heater Aluminum  Bentonite Wools 

Solid (grain) density [kg/m3] 7800 2700 2660 500 

Initial porosity 0.1 0.1 0.51 0.1 

Grain specific heat capacity [J/(kg*K)] 1.0e50 887 880 700 

Thermal conductivity (wet) [W/(m*K)] 20.0 237.0 0.93 0.46 

Thermal expansion coefficient  

×10−5 [K−1] 
0 0 6.6 0 

 Initial liquid permeability [m2] 0 0 4.1 × 10−20 0 

 270 



Figure 2 presents a comparison of numerical time series results for the domain shown in Figure 1 with all 271 
boundary conditions the same except for using different SWRC models. The coupled TH model incorporating 272 
the temperature-dependent LM SWRC accurately captures both hydration (driven by vapor condensation) and 273 
dehydration induced by elevated temperatures. In contrast, the predictive performance of the VG model is 274 
highly sensitive to the prescribed residual degree of saturation. As the residual saturation increases, the 275 
magnitudes of both hydration and dehydration effects diminish. When the residual saturation reaches 0.25, the 276 
influence of heating on the evolution of the degree of saturation becomes negligible.  277 

This discrepancy arises because the VG model treats adsorbed water as immobile through the definition of 278 
residual saturation, thereby preventing the residual water from evaporating and participating in vapor-phase 279 
transport. Consequently, when residual saturation is high, the hydration and dehydration processes are 280 
significantly suppressed. Furthermore, the reduction in saturation leads to a decrease in the thermal 281 
conductivity of bentonite, resulting in a slower temperature rise, as illustrated in Figure 2(a). This behavior is 282 
consistent with observations from the tank tests, as will be discussed in Section 4. In summary, the LM model 283 
provides a realistic representation of both hydration and dehydration processes during heating. 284 

  

(a) Temperature (b) Degree of saturation 

Figure 2 Evolution of temperature and degree of saturation with different SWRCs 285 

 Effect of Temperature Dependency of SWRC 286 

This section examines the influence of the temperature dependency of the SWRC on coupled thermal and 287 
hydraulic processes. The LM SWRC is adopted for the simulations. Figure 3(a) shows that the temperature 288 
dependency of the SWRC has a negligible effect on the thermal response, with the temperature evolution 289 
predicted by the temperature-independent (T-I) SWRC being only slightly higher than predicted by the 290 
temperature-dependent (T-D) one. In contract, Figure 3(b) highlights the significant impact of temperature 291 
dependency on the hydraulic response. Incorporating the temperature effect into the SWRC leads to enhanced 292 
hydration and dehydration processes. Specifically, the T-D SWRC predicts a higher peak saturation due to 293 
vapor condensation and a lower residual saturation during dehydration compared to the T-I case. This reduction 294 
in water retention is attributed to elevated temperatures, which reduces the capacity of bentonite to retain water.  295 

As illustrated in in Figure 4, the temperature-dependent SWRC successfully captures the curve shift behavior 296 
induced by thermal variations. Compared to the T-I SWRC, the T-D curve shifts leftward, reflecting a decrease 297 
in water retention capacity at elevated temperatures. Additionally, SWRCs vary spatially, with lower water 298 
retention observed closer to the heat source due to higher temperatures. In contrast, the T-I SWRC produces 299 
consistent results regardless of location, as it does not account for temperature effects. A minor hysteresis 300 
observed at the beginning of the heating phase may be attributed to changes in porosity. In summary, the T-D 301 
SWRC provides a more realistic representation of thermo-hydraulic coupling by effectively capturing the 302 
thermally induced shift in water retention behaviors. 303 



 

   

(a) Temperature (b) Degree of saturation 

Figure 3 Evolution of temperature and degree of saturation based on temperature-dependent (T-D) SWRC 304 
and temperature-independent (T-I) SWRC 305 

 306 

  307 

Figure 4 Comparison of temperature-dependent (T-D) SWRC and temperature-independent (T-I) SWRC 308 

 Intrinsic Gas Permeability and Diffusion Coefficients 309 

This section analyzes the influence of intrinsic gas permeability and the diffusion coefficient of vapor in the 310 
gas phase on coupled TH behavior. The intrinsic gas permeability is controlled through the parameter 𝑘𝑔𝑎𝑠0 in 311 

Eq. (19), while the diffusion coefficient is adjusted via 𝑑𝑔0
𝑣 . For a fixed value of 𝑘𝑔𝑎𝑠0, a lower vapor diffusion 312 

coefficient results in a delayed peak in the degree of saturation. Moreover, the peak saturation associated with 313 
the lowest diffusion coefficient (indicated by the solid blue line in Figure 5) is significantly higher than those 314 
in the three other cases with larger diffusion coefficients (represented by dashed lines). As the intrinsic 315 
permeability increases, the peak saturation increases across all four cases, whereas the timing of the peak 316 
remains relatively unchanged. Notably, the case with the lowest diffusion coefficient shows a pronounced rise 317 
in peak saturation. These results indicate that the vapor diffusion coefficient plays a critical role in both the 318 
timing and magnitude of the saturation peak. However, its influence diminishes as the diffusion coefficient 319 
increases. In parallel, higher intrinsic permeability consistently enhances the peak degree of saturation within 320 
the considered range. 321 



3.3.1. Coupled TH simulations 322 

  

(a) 𝑘𝑔𝑎𝑠0 = 4.1 × 10
−16𝑚2 (b) 𝑘𝑔𝑎𝑠0 = 4.1 × 10

−15𝑚2 

  

(c) 𝑘𝑔𝑎𝑠0 = 1.0 × 10
−14𝑚2 (d) 𝑘𝑔𝑎𝑠0 = 4.1 × 10

−14𝑚2 

Figure 5 Effect of intrinsic gas permeability and vapor diffusion coefficient on the evolution of degree of 323 
saturation 324 

3.3.2. Coupled THM simulations 325 

This section examines the mechanical effect on the evolution of the degree of saturation at the 326 

monitoring point in Figure 1. A roller boundary condition is applied to all boundaries of the 1D 327 

axisymmetric geometry to enforce the constant volume condition. The mechanical properties and 328 

parameters are the same as those given in Section 4.2.2, while the hydro-mechanical properties are 329 

given in Table 1.  330 

The comparison between TH and THM simulations in Figure 6 highlights the influence of mechanical 331 

coupling on saturation evolution. In all cases, the THM model predicts slightly lower peak saturations 332 

compared to the TH model. However, as the intrinsic gas permeability increases, the differences 333 

between TH and THM results become less pronounced, indicating that vapor transport dominates 334 

over mechanical effects under higher permeability conditions. Overall, the mechanical effect on 335 

saturation evolution is minimal in the 1D axisymmetric simulations.  336 



 

  

(a) 𝑘𝑔𝑎𝑠0 = 1.0 × 10
−15𝑚2 (b) 𝑘𝑔𝑎𝑠0 = 4.1 × 10

−15𝑚2 

 

(c) 𝑘𝑔𝑎𝑠0 = 1.0 × 10
−14𝑚2 

Figure 6 Effect of intrinsic gas permeability on the evolution of temperature and degree of saturation 337 

 338 

 NUMERICAL SIMULATION OF TANK TESTS AND ANALYSIS 339 

Two tank tests investigating the heating and hydration behavior of bentonite were conducted at UCSD [8, 9, 340 
46]. Detailed descriptions of the experimental procedures for Tank Test 1 and Tank Test 2 can be found in [9, 341 
46].In Tank Test 1, bentonite was subjected to a constant vertical stress on the top boundary during the heating 342 
phase, followed by a constant volume condition during hydration. In contrast, the Tank Test 2 maintained a 343 
constant volume condition throughout the entire experiment. Additionally, in Tank Test 2, a cylindrical 344 
aluminum sleeve was wrapped around the heater to simulate the presence of a canister, resulting in a larger 345 
heating area compared to the first test that resulted in higher bentonite temperatures.  346 

 Simulation Results of Tank Test 1 347 

4.1.1. Geometry, Boundary and Initial Conditions 348 

Figure 7 presents the key dimensions of Tank Test 1 and locations of sensors. To realistically simulate the heat 349 
transfer and hydration process, all the necessary components (including the aluminum tank, the insulation 350 
wool, the atmosphere, the channel to the water source and the water source) have been explicitly included in 351 
the grid for TOUGH3, as seen in Figure 8(a). In contrast, only internal materials (including the heater, the 352 



bentonite, the hydration layer and the concrete cap) that may involve the critical mechanical process are 353 
considered in the grid for FLAC, as seen in Figure 8(b). This meshing strategy makes the whole simulation 354 
more stable and efficient. To further reduce the computational effort, Tank Test 1 is assumed to be axis-355 
symmetric, and therefore, only one element is used along the circumferential direction. The azimuthal angle is 356 
set as 10 degrees.  357 

 358 

Figure 7 Schematic diagram of Tank Test 1 and locations of sensors [9] 359 

Roller boundary conditions are applied to all external boundaries of the FLAC grid, except for the top 360 
boundary, which is initially subjected to a constant vertical stress of 1.98 kPa from a concrete cap. This top 361 
boundary condition is switched to a roller constraint just prior to the onset of hydration. Gravity is neglected 362 
in simulations. In the TOUGH3 model, the atmosphere is explicitly represented by the “BOUND” domain, and 363 
non-flux boundary conditions are applied to all external boundaries for both thermal and hydraulic processes. 364 

In the bentonite domain, the initial conditions are set as follows: gas pressure of 0.1 MPa, degree of saturation 365 
of 0.323, and temperature of 22.0 °C. An initial isotropic stress of −0.10198 MPa is imposed. The heating 366 
process is simulated by applying a constant temperature boundary (200 °C) at the heater. Hydration is modeled 367 
by switching the permeability of domains CHAN1, CHAN2, and SOURS from zero to a high value of 368 
1.6×10−13 m2 at 2543 hours after the start of heating. The total simulation period is 6747 hours. It is important 369 
to note that the thermal-hydraulic properties of the hydration layer (HYDRA domain) are identical to those of 370 
bentonite, except for its intrinsic water permeability, which is several orders of magnitude higher than that of 371 
the bentonite sample. Our results indicate that the intrinsic permeability of the hydration layer plays a critical 372 
role in controlling water inflow and the evolution of swelling pressure. 373 



 

  

 

 

(a) Grid for TOUGH3 (b) Grid for FLAC  

Figure 8 Grids for Tank Test 1 simulation (ALUMI: Aluminum container; BENTO: Bentonite sample; 374 
BOUND: Atmospheric boundary; CHAN1, 2: Conductive Channel 1 and 2; CONCR: Concrete loading 375 
plate; HEATS: Heater; HYDRA: Hydration layer; SOURS: Water source; WOOLS: Thermal insulation 376 

material) 377 

4.1.2. Material Properties 378 

The material properties used for the key components in the tank-scale test are summarized in Table 2. 379 
Parameters for the state surface model are: A=1.001268, B=-0.0552446, C= -0.0406413, D=0.00479977. The 380 
latter three parameters were adopted from [40] and the first parameter A is calculated based on these values, 381 
the initial suction and the initial porosity. Additional experimental work is needed to refine these values. For 382 
the temperature-dependent soil-water retention model, the parameters are: 𝑀 = 0.12 , 𝑛 = 1.15 , 𝛼−1 =383 
3.3𝑒6 𝑀𝑃𝑎 , 𝐶𝐸𝐶𝑚𝑎𝑥 = 0.8  𝑚𝑒𝑞/𝑔, 𝑆𝑆𝐴 = 750𝑚2/𝑔 . The intrinsic gas permeability is characterized by: 384 
𝑘𝑔𝑎𝑠0=4.1×10-15m2, 𝑛𝑘=2.0. The diffusion coefficient in Eq. (11) is scaled by a factor 3.817 for calibration 385 

purposes. For the thermal conductivity model, the parameters are: 𝑆𝑐 = 0.58, 𝜒 = 3.8 . As will be discussed in 386 
Section 4.2, our experiments demonstrated that the hydration layer can become clogged by swollen bentonite, 387 
leading to a reduction in its intrinsic permeability. To account for this effect, an evolutionary model for intrinsic 388 
permeability is proposed here as: 389 

𝑘𝑖𝑛
ℎ𝑦
=

{
 

 𝑘0
ℎ𝑦
,                                            𝑖𝑓 𝑡 < 𝑡𝑠𝑡𝑎𝑟𝑡

10
[1−𝑤(𝑡)] log10 𝑘0

ℎ𝑦
+𝑤(𝑡) log10 𝑘𝑓

ℎ𝑦

, 𝑖𝑓 𝑡𝑠𝑡𝑎𝑟𝑡 ≤ 𝑡 ≤ 𝑡𝑒𝑛𝑑

𝑘𝑓
ℎ𝑦
,                                          𝑖𝑓 𝑡 > 𝑡𝑒𝑛𝑑

 (36) 

 390 

where 𝑤(𝑡) =
𝑡−𝑡𝑠𝑡𝑎𝑟𝑡

𝑡𝑒𝑛𝑑−𝑡𝑠𝑡𝑎𝑟𝑡
 is the weight for permeability transition,  𝑘0

ℎ𝑦
 is the intrinsic permeability before 391 

permeability transition at 𝑡𝑠𝑡𝑎𝑟𝑡 , 𝑘𝑓
ℎ𝑦

 is  the intrinsic permeability after the end of permeability transition. 392 

Unless otherwise stated, the parameters for simulating Tank Test 1 are 𝑘0
ℎ𝑦
= 3.0 × 10−15𝑚2 , 𝑘𝑓

ℎ𝑦
=393 

3.0 × 10−17𝑚2, 𝑡𝑠𝑡𝑎𝑟𝑡 = 3098.56ℎ, and 𝑡𝑒𝑛𝑑 = 4487.44ℎ.  394 

Table 2 Model parameters for the key components in the THM analysis 395 



Parameter Heater Aluminum  Bentonite Concrete Wools 

Solid grain density [kg/m3] 7800 6700 2660 3200 500 

Initial porosity 0 0 0.508 0.1 0.1 

Young’s modulus [GPa] 120 70 - 30 - 

Poisson’s ratio 0.3 0.33 0.3 0.25 - 

Grain specific heat capacity [J/(kg*K)] 1.0e50 887.0 880 880 700 

Thermal conductivity (Wet) [W/(m*K)] 20.0 237.0 0.93 0.94 0.46 

Thermal expansion coefficient  

×10−5 [K−1] 
0 2.0 6.6 1.2 0 

Initial liquid permeability [m2] 0 0 3.96 × 10−20 0 0 

 396 

4.1.3. Evolution of Temperature, RH and Volumetric Water Content 397 

Figure 9 presents a comparison between the simulated and measured evolution of temperature and relative 398 
humidity (RH) at various radial distances from the heater, as recorded by RH sensors. Overall, the numerical 399 
results show good agreement with the experimental data for both temperature and RH. During the heating 400 
phase, the relative humidity initially increases due to vapor transfer and condensation near cooler regions, 401 
followed by a decline driven by the drying effect of elevated temperatures. After hydration is initiated, RH 402 
exhibits a sharp increase, with the rate of increase diminishing as the distance from the hydration boundary 403 
grows.  404 

A notable discrepancy arises at the sensor location nominally placed 20 mm from the heater. The simulated 405 
temperature at this point is significantly higher than the measured values. Moreover, the experimental data 406 
reveal that the temperature gradient between 20 mm and 40 mm is unexpectedly small compared to the gradient 407 
between 40 mm and 60 mm. For a homogeneous medium, a steeper temperature gradient is typically expected 408 
closer to the heat source. This observation suggests that the RH sensor labeled as being 20 mm from the heater 409 
may have shifted slightly during the test, resulting in its actual position being farther from the heater than 410 
recorded. Even a small spatial offset could significantly influence the measured temperature due to the steep 411 
thermal gradient near the heat source. Furthermore, local heterogeneities in dry density around the heater may 412 
have contributed to the discrepancy by altering the thermal conductivity and, consequently, the heat transfer 413 
behavior in that region.  414 

 415 



 

  

(a) Temperature (b) Relative humidity 

Figure 9 Comparisons with temperature and RH obtained from RH sensors  416 

Figure 10 compares the evolution of temperature and volumetric water content obtained from numerical 417 
simulations and experimental measurements using dielectric sensors. Compared to the results shown in Figure 418 
9, notable discrepancies are observed for both temperature and water content. These differences may be 419 
attributed to heterogeneities in the dry density or initial moisture content of the bentonite, as well as potential 420 
limitations in the accuracy of the dielectric sensors. 421 

Anomalous behavior is particularly evident in Figure 9(a) and Figure 10(a), where the temperature at d=60 422 
mm (red crosses in Figure 9(a)) exceeds that at d=50 mm (blue crosses in Figure 10(a)), contrary to the 423 
expected thermal gradient near the heat source. In terms of moisture behavior, simulated volumetric water 424 
contents are generally lower than those measured, except at locations close to the hydration boundary during 425 
the hydration stage, such as d=125 mm and at d=185 mm (purple and yellow lines in Figure 10(b)), where 426 
good agreement is observed. Furthermore, a notable inconsistency arises between the RH and dielectric sensor 427 
readings at d=100 mm: the RH sensor indicates a substantial drop in relative humidity prior to hydration 428 
(Figure 9(b), yellow crosses), while the dielectric sensor shows a slight increase in volumetric water content 429 
at the same location (Figure 10(b), red crosses). This discrepancy may result from potential limitations in the 430 
accuracy of the dielectric sensors, or from the heterogeneous distribution of dry density and water content.  431 

Despite these differences, the overall trends in both temperature and volumetric water content are well 432 
reproduced by the coupled THM model. 433 

  

(a) Temperature (b) Volumetric water content 



Figure 10 Comparisons with temperature and volumetric water content from dielectric sensors 434 

4.1.4. Evolution of Water Inlet and Swelling Pressure 435 

Figure 11 (a) presents a comparison between the simulated and measured cumulative water inlet volume. The 436 
intrinsic permeability of hydration layer varies across the three simulations cases. Simulation case 1 437 
corresponds to the baseline case analyzed in the previous subsection. In simulation case 2, the start and the end 438 
times of the permeability transition are  𝑡𝑠𝑡𝑎𝑟𝑡 = 3654.11ℎ, and 𝑡𝑒𝑛𝑑 = 5043ℎ, respectively, while all other 439 

parameters remain the same as in case 1. In simulation case 3, the initial intrinsic permeability is set to 𝑘0
ℎ𝑦
=440 

1.0 × 10−15𝑚2, with all other parameters again matching those of case 1. Since the permeability transition 441 
from a higher to a lower value occurs later in case 2 than in case 1, a greater volume of water enters the 442 
bentonite sample in case 2, as evidenced by the dashed versus solid lines in Figure 11(a). Consequently, the 443 
swelling pressure in case 2 reaches a higher value, as shown in Figure 11(b). In case 3, the smaller initial 444 
intrinsic permeability leads to reduced water intake and a correspondingly lower swelling pressure during 445 
hydration. These simulation results highlight that both the volume of water inlet and the resulting swelling 446 
pressure are highly sensitive to the evolution of the intrinsic permeability of the hydration layer. Therefore, it 447 
is essential to design laboratory-scale hydration systems that can realistically replicate field hydration 448 
processes in order to reliably assess bentonite performance. 449 

Moreover, while the cumulative water inlet predicted by case 1 aligns well with the experimental data, the 450 
swelling pressure is underestimated, as seen from the solid lines in Figure 11. Additionally, the evolution of 451 
the simulated swelling pressure differs from the experimental trend. In the simulations, the swelling pressure 452 
continues to increase linearly after the permeability transition, failing to reproduce the plateau behavior 453 
observed experimentally. This discrepancy may stem from limitations of the current state-surface constitutive 454 
model, particularly in its ability to capture complex mechanical phenomena such as pore structure collapse and 455 
thermo-plastic behavior. To better represent these mechanisms, more advanced mechanical models will be 456 
required in future work. 457 

 458 

   

(a) Water inlet (b) Swelling Pressure 

Figure 11 Comparison of volume of water inlet and swelling pressure between numerical and experimental 459 

results (Simulation case 1: 𝑘0
ℎ𝑦
= 3.0 × 10−15𝑚2, 𝑡𝑠𝑡𝑎𝑟𝑡 = 3098.56ℎ, 𝑡𝑒𝑛𝑑 = 4487.44ℎ; Simulation case 2: 460 

 𝑘0
ℎ𝑦
= 3.0 × 10−15𝑚2, 𝑡𝑠𝑡𝑎𝑟𝑡 = 3654.11ℎ, 𝑡𝑒𝑛𝑑 = 5043ℎ ; Simulation case 3:  𝑘0

ℎ𝑦
= 1.0 ×461 

10−15𝑚2, 𝑡𝑠𝑡𝑎𝑟𝑡 = 3098.56ℎ, 𝑡𝑒𝑛𝑑 = 4487.44ℎ) 462 



 

4.1.5. Horizontal Profiles During Heating 463 

The profiles for temperature, porosity, degree of saturation, and stress are constructed along a horizontal 464 
monitoring line, positioned at the same vertical level as the RH sensors. Figure 12 illustrates these profiles at 465 
six selected time points during the heating phase, prior to the onset of hydration.  466 

As shown in Figure 12 (a), the temperature near the heater rises rapidly and stabilizes within approximately 10 467 
hours after heating begins. In the early stages, porosity near the heater increases significantly (Figure 12 (b)), 468 
primarily due to thermal expansion and localized hydration driven by vapor condensation. However, as heating 469 
continues, porosity decreases and eventually falls below its initial value. This reduction is attributed to 470 
shrinkage caused by drying and mechanical compression from adjacent swelling zones formed due to vapor 471 
condensation. Figure 12 (c) demonstrates that vapor condensation-induced hydration gradually propagates 472 
radially outward from the heater, leading to the formation of distinct dehydrated and hydrated zones. This 473 
zonation becomes increasingly pronounced at later times, as shown by the saturation profiles at 41.683 days 474 
and 105.324 days. As shown in Figure 12 (d), the vertical stress along the top boundary of the soil column 475 
increases slightly relative to the initial condition at the early stages, as shown by the red line. This increase is 476 
likely driven by both thermal expansion and swelling resulting from vapor condensation. At later stages, the 477 
vertical stress near the heater is lower than that near the hydration boundary, reflecting the more intense drying-478 
induced shrinkage occurring in the hotter, inner region of the bentonite.  479 

 480 

Figure 12 Profiles of temperature, porosity, saturation and stress along radial direction during heating 481 

4.1.6. Horizontal Profiles During Hydration 482 

Figure 13 shows the evolution of temperature, porosity, water saturation, and vertical stress along the radial 483 
direction at six different time points following the onset of hydration.  484 

As shown in Figure 13 (a), the hydration process has a minimal effect on the temperature distribution, which 485 
slightly decreases after the hydration started. In contrast, porosity undergoes significant changes as hydration 486 



progresses. During the early phase of hydration, swelling occurs primarily near the hydration boundary, 487 
resulting in a local increase in porosity, as illustrated by the red curve in Figure 13 (b). As the hydration front 488 
propagates toward the heater, bentonite in the central region becomes increasingly saturated and begins to 489 
swell, as evidenced in Figure 13 (c) and (d). This central swelling exerts compressive forces on the adjacent 490 
zones near both the heater and the hydration boundary. Consequently, porosity in these regions decreases over 491 
time, as observed in the profiles at 174.506 days, 204.598 days, and 281.125 days in Figure 13 (b). 492 
Interestingly, in certain regions (e.g., within the distance range [0.1, 0.15] m at 281.125 days), the degree of 493 
saturation exceeds its initial value, while the porosity remains below the initial value. This suggests that the 494 
deformation of bentonite in this zone is primarily driven by compressive forces from the hydration side. 495 
Consequently, swelling on the hydration side can strongly compress the bentonite in the inner regions. A slight 496 
increase in porosity is observed near the heater, which can be attributed to thermal expansion in this high-497 
temperature region. The continuous uptake of water and associated swelling lead to the development of 498 
swelling pressure within the bentonite. This is reflected in the progressive increase in compressive vertical 499 
stress shown in Figure 13 (d). Vertical stress becomes more negative (i.e., more compressive) over time, 500 
particularly in the later stages of hydration. 501 

 502 

 503 

Figure 13 Profiles of temperature, porosity, saturation and stress along radial direction during hydration 504 

 505 

 Simulation Results of Tank Test 2 506 

4.2.1. Geometry, Boundary and Initial Conditions 507 

Figure 14 presents the key dimensions of Tank Test 2 and the locations of the sensors [46]. The test is similar 508 
to Tank Test 1 but a large aluminum cylinder was added around the heater to mimic the effects of the canister. 509 
The computational grids for TOUGH3 and FLAC are shown in Figure 15. The meshing strategy follows a 510 



 

similar approach to that of Tank Test 1, with the addition of a CYLIN domain to represent the aluminum 511 
cylinder.  512 

 513 

Figure 14 Schematic diagram of Tank Test 2 and locations of sensors [46].  514 

Roller boundaries are applied to all external boundaries to enforce the constant volume condition. No flux 515 
boundaries are specified on all external boundaries for both thermal and hydraulic process.  In the bentonite 516 
domain, the initial gas pressure, degree of saturation and temperature are set to 0.1MPa, 0.305 and 22.0 C, 517 
respectively. The initial isotropic stress state is -0.10198 MPa. A time-dependent temperature boundary is 518 
applied at the heater to simulate the heating process. Hydration is modeled by switching the intrinsic 519 
permeability for domain CHAN1, CHAN2 and SOURS from 0 to 1.6e-13 m2 at 1950h after the start of heating. 520 
The total simulation time is 8888.9h.  521 

  
 

(a) Grid for TOUGH3 (b) Grid for FLAC  

Figure 15 Grids for Tank Test 2 simulation (ALUMI: Aluminum container; BENTO: Bentonite sample; 522 
BOUND: Atmospheric boundary; CHAN1, 2: Conductive Channel 1 and 2; CONCR: Concrete loading 523 



plate; CYLIN: Aluminum cylinder; HEATS: Heater; HYDRA: Hydration layer; SOURS: Water source; 524 
WOOLS: Thermal insulation material) 525 

4.2.2. Material Properties 526 

The material properties for the key components in the Tank Test 2 are listed in Table 3. The parameters for 527 
state surface model are: A=1.015, B=-0.0552446, C= -0.0406413, D=0.00479977. The parameters for the water 528 
retention model are identical to those for Tank Test 1. The intrinsic gas permeability is characterized by: 529 
𝑘𝑔𝑎𝑠0=4.1×10-15m2, 𝑛𝑘=2.0. The diffusion coefficient in Eq. (11) is scaled by a factor 3.817 for calibration 530 

purposes. For the thermal conductivity model, the parameters are: 𝑆𝑐 = 0.58, 𝜒 = 3.8 . The intrinsic 531 
permeability of the hydration layer is calculated by Eq. (36). In this section, we performed two simulation 532 
cases with varying permeability of hydration layer. In Case 1,  the parameters for the evolutionary permeability 533 

model were set as: 𝑘0
ℎ𝑦
= 4.1 × 10−17𝑚2 , 𝑘𝑓

ℎ𝑦
= 5.4 × 10−20𝑚2 , 𝑡𝑠𝑡𝑎𝑟𝑡 = 1950ℎ , and 𝑡𝑒𝑛𝑑 = 2220.1ℎ . 534 

These parameters are determined through calibration of the simulated water inlet volume against experimental 535 

data, as discussed in subsection 4.2.4. In Case 2,  𝑘𝑓
ℎ𝑦
= 4.1 × 10−17𝑚2 and all other parameters remained 536 

identical to those in Case 1. 537 

Table 3 Model parameters for the key components in the THM analysis 538 

Parameter Heater Aluminum  Bentonite Concrete Wools 

Solid (grain) density [kg/m3] 7800 6700 2700 3200 500 

Initial porosity 0 0 0.51 0.1 0.1 

Young’s modulus [GPa] 120 70 - 30 - 

Poisson’s ratio 0.3 0.33 0.3 0.25 - 

Grain specific heat capacity [J/(kg*K)] 1.0e50 887.0 880 880 700 

Thermal conductivity (Wet) [W/(m*K)] 20.0 237.0 0.93 0.94 0.46 

Thermal expansion coefficient  

×10−5 [K−1] 
0 2.0 6.6 1.2 0 

Initial liquid permeability [m2] 0 0 4.1 × 10−20 0 0 

4.2.3. Evolution of Temperature, RH and Volumetric Water Content 539 

Figure 16 presents the comparison of temperature and RH between numerical results from the two simulation 540 
cases and experimental data. Despite some deviations observed, the numerical results for both temperature and 541 
relative humidity (solid lines) are in good agreement with the experimental data before hydration. The transient 542 
hydration caused by vapor condensation and the dehydration due to the high temperature are well described 543 
by the proposed model.  544 

However, once hydration begins, the measured RH increases at a much smaller rate than that in Tank Test 1. 545 
One possible explanation for this phenomenon is clogging of the hydration layer, potentially caused by the 546 
intrusion of clay particles. To investigate the influence of this clogging on the hydration process, the initial 547 
intrinsic permeability in Case 1 was reduced from 4.1 × 10−17𝑚2 to 5.4 × 10−20𝑚2, whereas in Case 2, the 548 
permeability was kept constant throughout the hydration phase. As illustrated in Figure 16, the intrinsic 549 
permeability of hydration layer plays a critical role in governing the evolution of both temperature and RH 550 
during hydration. In Case 1, the temperature exhibits only a slight decrease, while in Case 2, a more pronounced 551 
temperature drop is observed. This difference may be attributed to enhanced heat transfer resulting from 552 
increased water infiltration. Similarly, the increase of RH in Case 1 is considerably slower than in Case 2. 553 



 

When the intrinsic permeability approaches that of the bentonite matrix, the effective hydration boundary is 554 
restricted to the region in direct contact with the hydration channel. This is evident in Figure 17, where the 555 
hydration boundary is confined to the right corner of the domain under low permeability conditions. 556 
Consequently, the overall hydration rate is substantially reduced due to clogging of the hydration layer.  557 

 558 

  559 

  

 

(a) Temperature (b) Relative humidity  

Figure 16 Evolution of temperature and RH in Tank Test 2 (Simulation case 1: 𝑘𝑓
ℎ𝑦
= 5.4 × 10−20𝑚2; 560 

Simulation case 2: 𝑘𝑓
ℎ𝑦
= 4.1 × 10−17𝑚2 ) 561 

  

(a) Simulation case 1: 𝑘𝑓
ℎ𝑦
= 5.4 × 10−20𝑚2 (b) Simulation case 2: 𝑘𝑓

ℎ𝑦
= 4.1 × 10−17𝑚2 

Figure 17 Distribution of degree of saturation at the end of simulation for the two cases 562 

This clogging hypothesis is supported by observations of the bentonite condition following 563 

dismantling of the test setup [46]. Gravimetric water content sampling of the bentonite surrounding 564 

the water inlets revealed that the highly saturated zone was confined to the vicinity of the inlets, while 565 

regions farther from the inlets had lower degrees of saturation. While hydration still occurred in the 566 

tank tests at a slower than expected rate, possible clogging of the hydration layer by the hydrated 567 

bentonite likely did not lead to a uniform distribution of water inflow over the height of the soil layer. 568 

Figure 18 compares the simulated evolution of temperature and volumetric water content with 569 

experimental measurements obtained from dielectric sensors in Tank Test 2. Similar to the results for 570 

Tank Test 1 (Figure 10), noticeable discrepancies are observed between the simulations and the 571 

experimental data for both temperature and volumetric water content. These differences may arise 572 

from heterogeneities in the dry density or initial moisture content of the bentonite, as well as potential 573 

limitations in the accuracy of the dielectric sensors. 574 



During the heat phase, a notable inconsistency is evident at d=100 mm between the RH and dielectric 575 

sensor readings. Specifically, the RH sensor indicates a pronounced drop in RH prior to vaporization 576 

(Figure 16(b), yellow crosses), whereas the dielectric sensor shows a slight increase in volumetric 577 

water content at the same location (Figure 18(b), red crosses). This discrepancy may be attributed to 578 

sensor limitations or to local heterogeneities in dry density and moisture distribution. During the 579 

hydration phase, simulations assuming a high permeability in the hydration layer (Simulation Case 580 

2) significantly overpredict the water infiltration compared to experimental data. In contrast, when 581 

the clogging effect is represented by reducing the hydration layer permeability (Simulation Case 1), 582 

the simulated trends for both temperature and volumetric water content show much improved 583 

agreement with the experimental observations.  584 

Overall, despite some discrepancies, the coupled THM model successfully captures the key trends in 585 

both temperature and volumetric water content during Tank Test 2. 586 

  

 

(a) Temperature (b) Volumetric water content  

Figure 18 Evolution of temperature and volumetric water content in Tank Test 2 (Simulation case 1: 𝑘𝑓
ℎ𝑦
=587 

5.4 × 10−20𝑚2; Simulation case 2: 𝑘𝑓
ℎ𝑦
= 4.1 × 10−17𝑚2) 588 

4.2.4. Evolution of Water Inlet and Swelling Pressure 589 

Figure 19(a) compares the simulated and experimental evolution of the water inlet volume. The parameters 590 
used in Simulation Case 1 were calibrated to match the experimental measurements of water inlet volume, 591 
resulting in good agreement with the observed data. Notably, the model also reproduces the swelling pressure 592 
trends at the top of the bentonite with reasonable accuracy, as shown in Figure 19(b), indicating that the state-593 
surface performed well in this simulation case. 594 

In contrast, Simulation Case 2, where the clogging effect is not considered and the hydration layer permeability 595 
remains high, predicts significantly larger water inflow and swelling pressure compared to both Case 1 and the 596 
experimental observations. These results further highlight that the permeability of the hydration layer plays a 597 
critical role in controlling the hydration rate and the development of swelling pressure in the system. 598 



 

  

(a) Volume of water inlet (b) Swelling pressure 

Figure 19 Evolution of volume of water inlet and swelling pressure (Simulation case 1: 𝑘𝑓
ℎ𝑦
=599 

5.4 × 10−20𝑚2; Simulation case 2: 𝑘𝑓
ℎ𝑦
= 4.1 × 10−17𝑚2)  600 

4.2.5. Horizontal Profiles During Heating 601 

Figure 20  presents the evolution of temperature, porosity, water saturation, and vertical stress at six different 602 
time points during the heating phase, prior to hydration. The temperature profile (Figure 20(a)) stabilizes after 603 
approximately 12 hours of heating, consistent with the trends observed in Tank Test 1. The saturation profiles 604 
(Figure 20(c)) clearly capture the vapor condensation-induced hydration and temperature-driven dehydration. 605 
As heating progresses, the bentonite was gradually partitioned into a hydrated zone and a dehydrated zone 606 
along the radial direction, similar to the behavior observed in Tank Test 1. 607 

In contrast, the distribution of porosity along the monitoring line differs from that observed in Tank Test 1. In 608 
Tank Test 1, porosity near the heater decreased significantly below the initial value (see curves at 4.494 d, 609 
41.683 d, and 105.324 d in Figure 12). However, in Tank Test 2, porosity near the aluminum cylinder remains 610 
either slightly above or just below the initial value (see curves at 4.554 d, 42.587 d, and 80.660 d in Figure 611 
20(b)). This difference can be attributed to the larger heating surface area introduced by the aluminum cylinder, 612 
which enhances thermal expansion effects. The stronger thermal expansion in Tank Test 2 effectively offsets 613 
the shrinkage induced by drying near the aluminum cylinder at later stages of heating. 614 

Interestingly, both the porosity and vertical stress profiles exhibit distinct peaks near 0.05m at early times (e.g., 615 
at t=1h), as seen in Figure 20(b) and (d). This behavior suggests a complex interplay between thermal 616 
expansion and drying-induced shrinkage in the region surrounding the aluminum cylinder during the initial 617 
stages of heating. Additionally, the vertical stress profile (Figure 20 (d)) evolves dynamically over time, 618 
influenced by vapor transport and condensation, as well as by thermal expansion of the bentonite matrix. 619 



 620 

Figure 20 Profiles of temperature, porosity, saturation and stress along z direction during heating 621 

4.2.6. Horizontal Profiles During Hydration 622 

Figure 21 presents the profiles of temperature, porosity, water saturation, and vertical stress at six different 623 
time points during the hydration phase, for Simulation Case 2 where the clogging effect of the hydration layer 624 
is not considered. The hydration process leads to a decrease in temperature along the profiles, primarily due to 625 
the enhanced thermal conductivity associated with increased water content in the bentonite, as shown in Figure 626 
21 (a).  627 

As the hydration front advances toward the heater, porosity exhibits notable dynamic variations (Figure 21 628 
(b)). In the early stages of hydration, significant swelling of bentonite occurs near the hydration boundary, 629 
resulting in an increase in porosity (green curve). As hydration progresses further toward the heater, swelling 630 
of the central bentonite induces compression in regions near both the heater and the hydration boundary, 631 
causing a reduction in porosity in these areas. However, in the regions adjacent to the aluminum cylinder, 632 
porosity remains relatively elevated due to the dominant influence of thermal expansion. 633 

Throughout the hydration process, vertical stress increases progressively across the profile (Figure 21 (d)). The 634 
evolution of the stress front closely follows that of the hydration front, as reflected by the corresponding trends 635 
in saturation (Figure 21 (c)) and stress profiles. This indicates that the mechanical response of the bentonite is 636 
strongly coupled to the advancing hydration front. 637 



 

 638 

Figure 21 Profiles of temperature, porosity, saturation and stress along z direction during hydration without 639 
considering the clogging effect of hydration layer (Simulation case 2) 640 

 641 

Figure 22 illustrates the profiles of temperature, porosity, water saturation, and vertical stress at six time points 642 
during the hydration phase, for Simulation Case 1, which accounts for the clogging effect of the hydration 643 
layer. The temperature profiles (Figure 22 (a)) remain largely unchanged throughout the hydration process, 644 
reflecting the limited amount of water infiltration into the bentonite. As shown in Figure 22 (b) and Figure 22 645 
(c), the hydration front is confined to the region near the hydration boundary, with minimal progression toward 646 
the heater. This localized hydration results in only moderate changes in porosity and saturation near the 647 
boundary, while the remainder of the bentonite remains largely unaffected. Correspondingly, the evolution of 648 
vertical stress (Figure 22 (d)) is much less pronounced compared to the scenario without clogging (Simulation 649 
Case 2, Figure 21), with relatively low stress gradients developing across the profile. 650 

These results clearly demonstrate that clogging of the hydration layer significantly alters the coupled THM 651 
behavior of the system, severely limiting the extent of hydration and the associated mechanical response in the 652 
bentonite.  653 



 654 

Figure 22 Profiles of temperature, porosity, saturation and stress along z direction during hydration with 655 
considering the clogging effect of hydration layer (Simulation case 1) 656 

 DISCUSSION 657 

The numerical simulations of Tank Test 1 and Tank Test 2 demonstrate that the developed model is capable 658 
of reliably capturing the coupled THM behavior of bentonite during heating and hydration processes. During 659 
the heating phase, bentonite near the heater undergoes a short transient moisture redistribution phase due to 660 
vapor condensation, followed by dehydration resulting from vaporization and vapor transport. The vaporized 661 
water subsequently condenses in the region close to the hydration boundary, leading to the formation of a 662 
distinct dehydrated zone adjacent to the heater and a hydrated zone near the hydration boundary. The bentonite 663 
adjacent to the heater or the aluminum cylinder is subject to a complex interplay between thermal expansion, 664 
drying-induced shrinkage, and mechanical compression exerted by the swelling zone near the hydration 665 
boundary. In Tank Test 1, the porosity in the vicinity of the heater approaches the minimum value observed in 666 
the profile. In contrast, in Tank Test 2, the porosity adjacent to the aluminum cylinder remains substantially 667 
higher than the minimum porosity, due to the enhanced thermal expansion effect induced by the larger heating 668 
surface of the aluminum cylinder. Concurrently, vertical stress increases slightly, which can be attributed to 669 
thermal expansion and the swelling of hydrated bentonite. 670 

During the subsequent hydration phase, porosity evolves both spatially and temporally in a highly dynamic 671 
manner. Upon the onset of hydration, bentonite near the hydration boundary begins to swell, leading to a 672 
localized increase in porosity. As the hydration front advances toward the heater, swelling in the central region 673 
of the bentonite generates compressive stresses on the material near both the heater and the hydration boundary, 674 
resulting in a corresponding reduction in porosity in these zones. In addition, due to pronounced thermal 675 
expansion, the porosity in the region adjacent to the heater or aluminum cylinder remains higher than that in 676 
regions located slightly farther away. This effect is more prominent in Tank Test 2, owing to the enhanced 677 
thermal expansion associated with the larger heating surface of the aluminum cylinder. The lowest porosity is 678 
observed in the middle zone between the thermally expanded region and the advancing hydration front, where 679 



 

the bentonite is subjected to compressive forces from both directions. During this phase, the swelling pressure 680 
increases progressively across the bentonite profile. The evolution of the stress front closely tracks the 681 
movement of the hydration front, highlighting the strong coupling between hydraulic and mechanical processes 682 
in the system. 683 

Analysis of the simulation results from Tank Test 1 and Tank Test 2 demonstrates that both the volume of 684 
water infiltrating the bentonite and the resulting swelling pressure are highly sensitive to the intrinsic 685 
permeability of the hydration layer. The limited water intake observed in Tank Test 2 is attributed to clogging 686 
of the hydration layer, which is supported by both post-test inspection of the bentonite sample and the 687 
numerical simulations. These findings suggest that further refinement of the hydration layer design could help 688 
enhance its reliability and support more uniform hydration in future tests. 689 

Despite the model's effectiveness in capturing key THM responses, certain discrepancies remain between 690 
simulation results and experimental observations. Notably, temperature and water content-related variables 691 
(e.g., relative humidity and volumetric water content) from the numerical simulations show better agreement 692 
with measurements obtained from relative humidity sensors than those from dielectric sensors. Further 693 
investigation revealed inconsistencies between these two sensor datasets across both tank tests. For example, 694 
at a given distance from the heater (100mm in Tank Test 1, and 100mm, 150mm in Tank Test 2), relative 695 
humidity measurements indicated a decreasing trend, whereas dielectric sensors recorded volumetric water 696 
content values near or exceeding the initial condition. These contradictions likely stem from heterogeneities in 697 
dry density or initial moisture distribution in the bentonite, as well as differences in the accuracy or sensitivity 698 
of the two types of sensors. As a result, it is not feasible to achieve simultaneous agreement with both 699 
experimental datasets. 700 

Additionally, a discrepancy in swelling pressure was observed in Tank Test 1. While the numerical model 701 
predicted a continuous increase in swelling pressure, the experimental data exhibited a plateau. This mismatch 702 
suggests limitations in the current state-surface constitutive model, particularly in its ability to capture complex 703 
mechanical processes such as macrostructural collapse and thermal-induced plasticity. To improve predictive 704 
accuracy, future developments should focus on incorporating more advanced constitutive models that account 705 
for these mechanisms. 706 

 707 

 CONCLUSIONS 708 

A fully coupled THM model has been developed to simulate the complex behavior of bentonite during heating 709 
and hydration processes in tank tests. The model incorporates a novel temperature-dependent soil water 710 
retention model and thermal conductivity model proposed by Lu and McCartney [10], Lu and McCartney [11], 711 
respectively. By accounting for temperature effects, the water retention model captures the thermally induced 712 
shift in the retention curve and enables spatial variability in retention behavior resulting from radial temperature 713 
gradients. Additionally, the model differentiates between intrinsic liquid and gas permeability, with intrinsic 714 
gas permeability defined as a power function of accessible porosity (the product of porosity and gas saturation). 715 
This differentiation enables the THM model to accurately predict hydration and dehydration during heating. 716 

The simulation results effectively captured key experimental trends, particularly the evolution of temperature 717 
and relative humidity throughout the heating and hydration processes. The predicted relative humidity profiles 718 
indicate that bentonite adjacent to the heater undergoes a transient hydration phase due to vapor condensation, 719 
followed by dehydration driven by vaporization and vapor transport. In parallel, the numerical results revealed 720 
a complex, time-dependent evolution of porosity. During the heating phase, the bentonite adjacent to the heater 721 
undergoes complex coupled THM coupled processes, including thermal expansion, drying-induced shrinkage, 722 
and mechanical compression from the swelling region. As a result, the porosity in these regions exhibits 723 
significant variations throughout the heating process in both tank tests. During the hydration phase, bentonite 724 
near the hydration boundary becomes saturated first, leading to swelling and an increase in porosity. As the 725 
hydration front advances toward the heater, swelling occurs progressively in the central region. This expansion 726 
compresses the bentonite near both the heater and the hydration boundary, resulting in a reduction in porosity 727 
in those regions. The lowest porosity is observed in the intermediate zone between the thermal expansion 728 



region and the advancing hydration front, where material is simultaneously compressed from both directions. 729 
These results underscore the model's capability to capture the coupled THM interactions that govern porosity 730 
evolution in unsaturated expansive clays.  731 

While the model demonstrates strong predictive capability, some discrepancies remain when compared to 732 
experimental data, particularly with respect to swelling pressure behavior and water content measurements. 733 
These deviations may stem from spatial heterogeneities in the initial dry density of the bentonite, sensor 734 
limitations, or simplifications in the current constitutive model. In particular, the inability to capture 735 
phenomena such as thermal-induced plasticity and microstructural evolution may contribute to the mismatch 736 
between simulated and measured swelling pressures in Tank Test 1. These findings highlight the necessity of 737 
further advancing the mechanical modeling framework to better represent irreversible deformation mechanism. 738 
Despite these limitations, the study establishes a robust and flexible framework for simulating coupled THM 739 
processes in engineered barrier systems. The insights gained contribute to a deeper understanding of bentonite 740 
behavior under repository-relevant conditions and support the design and long-term safety assessment of deep 741 
geological repositories for radioactive waste. 742 

 743 

APPENDIX A 744 

In the adsorption regime, the temperature-dependent parameters are [10] 745 

𝜓max =
𝑅𝑇

3𝑣𝑤
exp (

𝐸1 − 𝐸𝐿
𝑅𝑇

) (37) 

𝜃a,max = (1 − 𝜃𝑠) [
𝐶𝐸𝐶

𝜉𝑠̅
+
𝑏𝑤
𝑏
] (38) 

𝐶𝐸𝐶 =
1

2
𝐶𝐸𝐶max [cos (𝐴𝜋

𝐵𝑇 − 𝑇𝑎
𝑇𝑏 − 𝑇𝑎

) + 1] (39) 

where 𝜈𝑤 is the molar volume of water (1.8×10-5m3/mol), 𝐸1 is the heat of adsorption for the first layer, 𝐸𝐿 is 746 

the heat of adsorption for the second and higher layers and is equal to the heat of liquefaction, 𝜉𝑠̅ is a parameter 747 
related to the slope of sorption curve, 𝐶𝐸𝐶 is the cation exchange capacity, 𝐶𝐸𝐶𝑚𝑎𝑥 is the maximum value of 748 
𝐶𝐸𝐶, 𝐴 and 𝐵 are model parameters, 𝑇𝑎 and 𝑇𝑏 are temperatures associated with 𝐶𝐸𝐶𝑚𝑎𝑥 and 𝐶𝐸𝐶𝑚𝑖𝑛, 𝑏𝑤 is 749 
the excess mass of water per gram of dry soil, 𝑏 = 1 a model parameter.  750 

In the capillary regime, the temperature dependent parameters are: 751 

𝜓c =  
𝐴𝐻
6𝜋𝐻3

 (40) 

𝐴𝐻 =
3

4
 𝑘B𝑇 (

𝜀𝑠 − 𝜀𝑤
𝜀𝑠+𝜀𝑤

)
2

+
3ℎ𝑃𝑣𝑒

16√2

(𝑛𝑠
2 − 𝑛𝑤

2 )2
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2 )3/2
 (41) 

𝜀𝑤  = 10
[0.7017+

642.0
𝑇

 − 
1.167×105

𝑇2
+
9.190×106

𝑇3
 +(1.667−

11.41
𝑇

 − 
3.526×104

𝑇2
)lg 𝜌𝑤] + 1 

(42) 

𝐻 = 𝜃𝑎,𝑚𝑎𝑥/(𝜌𝑑 · 𝑆𝑆𝐴) (43) 

𝜂 = −
Δℎ

𝐶1
 (44) 



 

Δℎ = Δℎ𝑇r (
1 − 𝑇r
1 − 𝑇

)
0.38

 (45) 

α =
𝛼0

exp(𝜂𝛼 (
𝑇𝑟
𝑇 − 1))

 
(46) 

where 𝐴𝐻  is the Hamaker constant, 𝑘𝐵  is the Boltzmann constant (1.3806505×10-23J/K), ℎ𝑃  is the Planck 752 

constant (6.626068×10-23Js), 𝜈𝑒 is the main electronic adsorption frequency in ultraviolet light (2.45 GHz), 𝜖𝑠 753 

is the dielectric constant of soil particle, 𝜖𝑤 is the dielectric constant of water, 𝑛𝑠 is the refractive index of soil 754 
particle, 𝑛𝑤 is the refractive index of water, 𝐻 is the equilibrium film thickness, 𝜔 is the gravimetric water 755 

content, 𝜌𝑑  is the dry density, 𝜌𝑤 is the density of water, 𝑆𝑆𝐴 is the specific surface area, Δℎ is the enthalpy 756 
of  immersion per unit area, 𝐶1 is a constant and 𝜂𝛼 is a material parameter.  757 

Parameters used in the temperature-dependent SWRC are given below.  758 

Table 4 Parameters for adsorptive water content  759 

𝜈𝑤[m3/mol] 𝐸1 − 𝐸𝐿[J/mol] 𝜉𝑠̅[meq/g] 𝑏𝑤[g/g] 𝐶𝐸𝐶𝑚𝑎𝑥 [meq/g] 

1.8×10-5 7534 2.8 0.18 0.776 

𝐴 𝐵 𝑇𝑎[K] 𝑇𝑏[K] 𝑚 

0.92 0.9 373.15 1273.15 0.12 

Table 5 Parameters for capillary water content  760 

𝑆𝑆𝐴[m2/kg] 𝐴𝐻[kPa] Δ𝐻[J/m2] 𝜖𝑠 𝑛𝑠 𝑛𝑤 𝛼0
−1[MPa] 

7.0×105 10213 -0.516 3.5 1.55 1.33 3.3 

𝜂𝛼 𝐶1 𝑛     

5.0 -0.00151 1.15     

APPENDIX B 761 

Figure 23 presents the comparison of numerical results (temperature, porosity, saturation and 𝜎𝑧𝑧) for Tank 762 
Test 1 under different maximum time-step sizes (5.0×105 s, 5.0×104 s, 1.0×104 s and 1.0×103 s). The numerical 763 
results from these cases showed excellent agreement, with only minor discrepancies observed in the vertical 764 
stress component (Figure 23 (d)). This confirms that the adaptive time-stepping algorithm can produce 765 
sufficiently small-time steps (generally less than 30,000 s) to ensure accuracy.   766 



 767 

Figure 23 Comparison of numerical results for Tank Test 1 under different maximum time-step sizes 768 
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