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2016). The evolution of gas-related processes that could 
influence the long-term behavior and safety of repositories 
for low- and intermediate-level waste (L/ILW) and high-
level waste (HLW) in Opalinus Clay is documented in 
Nagra (2008), Marschall et al. (2005) and Senger et al. 
(2018). Opalinus Clay has been selected as the preferred 
host rock for an L/ILW repository in Switzerland due to its 
low permeability, which makes it an effective barrier against 
radionuclide transport. However, gas migration within 
an L/ILW repository poses a critical challenge for safety 
assessments in such low-permeability formations.

As illustrated in Fig. 1a gas-permeable backfill and tunnel 
seals facilitate controlled gas release into the operation and 
access tunnels. This approach avoids compromising the low 
hydraulic conductivity of the host rock through mitigation 
of excessive gas pressures and an uncontrolled transport of 
gas through the host rock. The design of the sealing and 
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Abstract
The sand/bentonite (S/B) mixture is considered as a candidate sealing and backfilling material for Switzerland’s deep 
geological repository (DGR). Using S/B mixtures as sealing material offers key advantages, such as higher intrinsic gas 
permeability and lower swelling pressure, which enhance gas transport efficiency. These properties make the S/B mixture 
a strong candidate for use as a gas-permeable seal within the Engineered Gas Transport System (EGTS) concept. This 
study investigates the coupled hydro-mechanical and gas transport (HM-G) response of the S/B mixture, incorporating 
the effects of dynamic compaction-induced variability in dry density. Key properties of the S/B mixture, such as porosity-
dependent and strain-dependent water retention curves (WRC), effective and intrinsic water and gas permeability, and 
mechanical parameters, were calibrated while accounting for the process-driven heterogeneity in dry density and effective 
gas permeability of the system. Laboratory-scale simulations of oedometer and swelling pressure tests were conducted to 
support the parametrization of the mechanical model. The calibrated parameters were then implemented in a 3D small-
scale model to evaluate the THM-G response of the S/B mixture, accounting for material heterogeneity under conditions 
representative of GAST, involving sequential hydration and gas injection stages. The simulations were performed using 
CODE_BRIGHT, a Finite Element Method (FEM) program. Advanced geo-mechanical models, including the Barcelona 
Basic Model (BBM), the Barcelona Expansive Model (BExM), and a strain-dependent intrinsic permeability formulation, 
were employed to represent the material behaviour within a continuum framework.
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backfill system is key to the fate of gases and repository 
performance with regard to gas-induced effects.

To investigate the gas transport mechanism in engineered-
gas transport system and demonstrate sufficient gas 
transport capacity in realistic scale, the Gas Permeable Seal 
Test (GAST) was developed (Rüedi et al. 2012; Spillmann 

et al. 2015) and conducted at the Grimsel Test Site (GTS) in 
Switzerland.

Figure 1b shows a schematic 3D representation of the 
GAST experiment layout. The configuration includes an 
8-meter-long body of S/B mixture (80% sand and 20% 
bentonite) positioned between two gravel filters, which 

Fig. 1  Conceptual design of gas 
pathways in the repository (a, 
Nagra (2008)). HM-G processes 
taking place in GAST (b); and 
initial dry density distribution 
within the S/B domain based 
on the data interpretation from 
Sakaki et al. (2023) (c)
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facilitate water and gas injection or circulation. Additionally, 
the setup features granular bentonite (Seiphoori, 2015) 
at the interface between the S/B and the granitic host 
rock, and bentonite block walls sealing the filters against 
fluid loss. A retaining wall and concrete plug support the 
structure on the air-facing side of the gallery. For details on 
the construction, materials and instrumentation, readers are 
referred to Rüedi et al. (2012). The monitoring aspects can 
be found in Lanyon et al. (2022).

The S/B material, was emplaced and in situ compacted 
using dynamic compaction in 10 cm thick layers. Sampling 
during emplacement revealed a certain heterogeneity 
(Rüedi et al. 2012) in dry density that was induced by the 
compaction process. The heterogeneous configuration for 
the initial dry density distribution (Fig. 1c) in this study was 
generated based on the work of Sakaki et al. (2023).

Previous studies (Komine and Ogata 1999) showed that 
bentonite contents of 5–10% were insufficient to fill the voids 
between sand particles during wetting, whereas mixtures 
with 20% or more bentonite achieved complete void filling. 
The 20/80 sand–bentonite ratio thus provides effective 
sealing performance (Nagra 2008) while maintaining 
material efficiency (Sakaki et al. 2023) and optimising cost.

The GAST experiment commenced in July 2012 with 
hydration initiated from the sand filter closest to the concrete 
plug. The sequential water and gas injection through 
engineered barriers (S/B mixture and granular bentonite) 
gives rise to a series of processes that interact with each 
other in a complex way. In order to properly examine 
coupled effects (Fig. 1b), these individual processes must be 
simulated adequately by the numerical analysis.

During the experiment, the engineered barrier system 
was subjected to coupled thermo-hydro-mechanical–gas 
(THM-G) processes, while geochemical coupling was 
beyond the scope of this study. The sand–bentonite (S/B) 
mixture, granular bentonite (GB), and bentonite blocks 
were initially unsaturated and progressively saturated dur-
ing the hydration stages (Saturation I, Saturation II, and 
Homogenisation). Hydration induced swelling pressures 
in the S/B mixture and GB, leading to stress redistribution 
and potential interface displacements. The development 
of swelling pressure during hydration and the reduction in 
mean total stress during gas injection due to de-saturation 
represent the principal HM-G coupling mechanisms consid-
ered. Temperature influences vapour diffusion through its 
role in the diffusion coefficient and psychrometric relation-
ship; although temperature variations during the test were 
limited, minor local effects on suction and stress may occur.

Gas migration into clay barriers was investigated in 
various international projects, such as the FORGE project 
(2009–2013), DECOVALEX project (2019–2023) and 
finally EURAD-Gas project (2018–2024). In FORGE, gas 

migration issues in repository performance assessment were 
investigated (Norris et al. 2015). In DECOVALEX-2019 
(Tamayo-Mas et al. 2021), various types of modelling 
approaches were developed. One of the biggest challenges 
as explained by Tamayo-Mas et al. 2024 was to characterize 
and localize dilatancy-controlled flow in the models 
performed by several teams. EURAD-GAS (EURAD 
2024) was built on the outcomes of FORGE; focused on 
the mechanistic understanding of gas transport in clay 
material. Development of gas pathways for clay-based 
materials has been investigated mainly at laboratory scale 
(Delahaye and Alonso 2002; Gerard et al. 2014; Gonzalez-
Blanco and Romero 2022; Harrington et al. 2019; Jockwer 
and Wieczorek 2008; Wiseall et al. 2015; Gutiérrez-Rodrigo 
et al. 2015, 2021). There is also a variety in numerical 
approaches used to represent localised gas flow behaviour 
under saturated conditions, often incorporating arbitrary 
heterogeneity configurations and primarily relying on 
elastic formulations (Damians et al. 2020; Guo and Fall 
2018; Radeisen et al. 2023; Noghretab et al. 2024 and, 
Toprak et al. 2025a).

To realistically model the THM-G processes occurring in 
the S/B mixture during the water and gas injection stages of 
the GAST experiment, validated material model parameters, 
i.e. parameters derived from simulations of laboratory-scale 
tests, are essential. This study establishes calibrated HM-G 
material model parameters for the S/B mixture, providing 
a foundation for future full-scale modelling calculations. 
Objectives, methodology, novelty and limitations of the 
study are briefly described below.

Objectives  The primary objective of the GAST experiment 
is to demonstrate the effective functionality of gas-permeable 
seals composed of S/B mixtures under realistic scale and 
boundary conditions (Lanyon et al. 2022). The objective 
of the modelling work supporting GAST is to establish a 
representative numerical framework for subsequent full-
scale simulations, comprising: (i) parameterisation of 
the hydro-mechanical and gas transport material models 
implemented in the numerical code, based on laboratory-
scale mechanical and hydraulic tests (oedometer, infiltration, 
WRC, and permeability tests); and (ii) development of a 
representative 3D model configuration, including geometry 
and process-driven heterogeneity in initial dry density and 
effective gas permeability.

Methodology  The methodology protocol foresaw five major 
modelling steps. The first step (1) involved developing a 
3D GAST configuration that incorporates spatial variations 
in initial dry density (Fig.  1c), arising from dynamic 
compaction during the emplacement of the S/B mixture, as 
discussed by Sakaki et al. (2023). Secondly, based on the 
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(DGRs) in various countries. The present study employed 
porosity- and strain-dependent hydro-gas models to pro-
vide a physically representative description of gas transport 
behaviour in the S/B mixture within the adopted continuum 
framework. This was achieved through the processing of 
experimental data from Manca (2015) and numerical simu-
lation of oedometer tests conducted by Romero et al. (2023).

Hydraulic process

Porosity dependent WRC (Eq. (1) to (3) is a well-recognized 
phenomenon in DGR design (Villar et al. 2007). The poros-
ity dependent WRC on which the approach in the following 
is based on is the van Genuchten equation (van Genuchten 
1980).

The water retention curve is defined as:

Sl (pl) =

(
1 +

(
Pg − Pl

P

) 1
1−y

)−y

� (1)

With P = P0
σ
σ 0

, where P0 is the air entry value at a cer-
tain temperature, σ 0 the water surface.

tension at that temperature and σ the surface tension as 
function of the temperature. Sl is liquid saturation, Pg  is 
gas pressure and Pl is liquid pressure.

The parameters P  (reference pressure) and y (shape 
function) are determined for different porosities (ϕ) fol-
lowing the relations, where ϕ0 denotes the reference poros-
ity, and “ C” and “ D” are model-specific calibration 
parameters:

P0 (ϕ) = P0 exp (C (ϕ0 − ϕ))� (2)

y (ϕ) = y exp (D (ϕ0 − ϕ))� (3)

The porosity (φ) - degree of saturation ( Sl) -suction (s) path 
is depicted as a continuous function for the S/B mixture 
material in Fig. 2a. Under the same suction value, different 
degree of saturations have been succeeded for different level 
of porosities following Eq. (2) and Eq. (3). The characteristic 
of the tested specimens (type of water, initial dry density, 

dry density variation, porosity dependent WRC, water (Sect. 
Hydraulic Process) and gas permeabilities (Sect. Gas Flow 
Mechanism and Gas Transport Model Parameters) have 
been calibrated (2) by means of using test data of Manca 
(2015) and Manca et al. 2016. Once porosity and/or strain 
dependent hydro-gas model parameters were determined, 
oedometer tests (Romero et al. 2023) were simulated (3) 
for different values of dry densities. A swelling pressure 
test (Sect. Mechanical Model Parameters) was designed 
and simulated (4) under different mechanical models such 
as the Barcelona Basic Model (BBM, Alonso et al. 1990) 
and the Barcelona Expansive Model (BexM, Gens and 
Alonso 1992), to evaluate their respective capabilities 
and limitations. These models are considered alternative 
approaches for simulating HM-G response of S/B mixture 
within full-scale modelling of GAST.

In the final phase, a representative heterogeneous configura-
tion of the GAST experiment (as described in Sect. Impact 
of Heterogeneity in a Representative Model Configuration 
for GAST) was proposed, incorporating potential zones of 
varying gas permeabilities (5). These zones can be identi-
fied through back-calculation of piezometer and pressure 
data once the test results become publicly available.

The modelling strategy is based on a ‘3D full modelling’ 
approach, comprising three key elements: (i) fully coupled 
processes, recognizing that hydro-mechanical interactions 
significantly affect gas transport within clay rich materials 
(EURAD 2024); (ii) representation of the full 3D geome-
try, acknowledging that heterogeneity in both dry density 
and effective gas permeability and (iii) inclusion of all test 
stages within the model, as the outcomes of earlier stages 
have a substantial impact on subsequent ones.

This study presents a potential configuration for 3D full 
modelling of localized gas flow in GAST, accounting for 
process-driven heterogeneity including spatial variations in 
dry density and effective gas permeability. Additionally, this 
study provides a novel application of an extended version 
of the Barcelona Basic Model (BBM) that incorporates dry 
density dependency of swelling pressure (Sect. Mechanical 
Model Parameters).

Hydro-mechanical and Gas Transport (HM-G) 
material model calibration

In CODE_BRIGHT (Olivella et al. 2023) there are several 
model options for WRC, intrinsic and effective water and 
gas permeability and mechanical models. CODE_BRIGHT 
has previously been employed in both construction (Toprak 
et al. 2017, 2020) and operation (Toprak et al. 2024, 2025b) 
licensing applications for final deep geological repositories 

Fig. 2  Water retention curve for different 
porosities (a) and evolution of reference 
pressure P0 (ϕ) and shape function y (ϕ) 
according to porosity (b)
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of Darcy, µ  (Pa.s) is the dynamic viscosity, ρ (kg/m3) is 
the density of the corresponding phase and g (m/s2) is the 
gravitational constant.

ka = −Ka
µ a

ρ ag � (4)

The porosity-dependent permeability model (Eq. (5) to (7)) 
considers a continuum medium and Kozenys model (details 
in CODE_BRIGHT) which is defined as shown below, 
where k0 is the reference intrinsic permeability (m2) and ϕ0 
is the reference porosity.

kKozeny = k0
ϕ3

(1 − ϕ)2
(1 − ϕ0)2

ϕ3
0

� (5)

    
The relative water permeability depends on the degree 

of saturation (here krl is relative water permeability and 
saturation is Sl) and the parameters A and Ω .

krl = AlS
Ω l

l � (6)

Finally, the effective water permeability keffI  (m2) is 
defined as a product of the porosity-dependent permeability 
( kKozeny) and the relative water permeability ( krl).

keffI= kKozeny krl� (7)

porosity, suction and degree of saturation) was taken from 
Manca (2015). The test data was classified according to 
porosity and type of water. The colours correspond to 
porosity levels and the shapes (rectangle, diamond and 
circle) correspond to type of water. The target dry densities 
were 1.5 Mg/m3, 1.65 Mg/m3 and 1.8 Mg/m3,respectively. 
Distilled water (DW), synthetic water (SW) and 1 M-NaCl 
solution were used in the test. Following the dry density 
distribution of GAST, four levels of porosities (0.33, 0.36, 
0.4 and 0.44) have been considered in order to represent the 
porosity dependent WRC models.

The air entry value, defined as the value of matric suction 
above which the gas starts to invade the larger pores of the 
soil, is usually higher for specimens compacted to lower 
porosity (Fig. 2b).

Porosity dependent WRC parameters are presented in 
Table 1. The reference porosity ϕ0 was set to 0.39 for the 
calibration of WRC curve as listed in Table 1 and illustrated 
in Fig. 2b.

This porosity-dependent WRC can be applied within the 
framework of classical two-phase flow, where gas entry 
displaces pore water from the voids, governing the gas-
water interaction in the porous medium. To calibrate the 
permeability model parameters (intrinsic and relative), test 
data derived from Manca (2015) and Romero et al. (2023) 
were utilized. The intrinsic permeability k (m2) for the 
related phase a (liquid: water or gas) is calculated as below 
(Eq.  (4)), where K (m/s) is the hydraulic conductivity 

Table 1  Hydro-gas model parameters for S/B mixture
Equation Parameter Units Symbol kCubic 1 kCubic2 Data source
van Genuchten retention 
curve
Porosity-dependent WRC

Capillary pressure parameter (in P (ϕ )) (MPa) P0 0.1 0.1  Manca (2015)

Parameter for porosity influence (in P (ϕ )) (-) C 3 3

Shape parameter in y  (ϕ ) (-) y0 0.45 0.45

Parameter for porosity influence (in y  (ϕ ) (-) D −0.5 −0.5

Advective Darcy flux
Porosity-dependent 
permeability

Reference intrinsic permeability (kx = ky) (m2) k0 5 × 10− 17 5 × 10− 17  Manca (2015)
 Sakaki et al. 
(2023)
 Romero et al. 
(2023)

Reference intrinsic permeability (kz) (m2) k0 5 × 10− 18 5 × 10− 18

Reference porosity (-) ϕ0       0.39 0.39

Relative water 
permeability

Relative water permeability – constant (-) A 1 1  Romero et al. 
(2023)Relative water permeability – power (-) Ω 3 3

Relative gas permeability Relative gas permeability – constant (-) A 100* 100
Relative gas permeability – power (-) Ω 2 2

Strain-dependent 
permeability (cubic law)

Initial aperture to calculate a variable aperture (m) b0 3e-7 2e-6  Manca (2015)
Spacing of the apertures: (m) a 1e-5 1e-3
Reference strain to calculate aperture variations (-) ϵ 0 1e-3 1e-3
Maximum aperture. Upper bound of aperture. (m) bmax 5e-6 5e-6

*For the matrix A = 20
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ratio was not treated as uniform across the domain, as the 
compaction layers exhibit varying characteristics (Fig. 1c). 
While previous studies (Sakaki et al. 2023; Lanyon et al. 
(2022) reported anisotropy ratios typically ranging from 3 to 
5 or higher, the adopted value of 10 provided the best agree-
ment with the experimental observations in certain sections 
of the model, considering the available material dataset and 
the underlying theoretical framework. Further refinement 
of this ratio can be carried out once the test data become 
publicly available. The observed anisotropy is attributed to 
the dynamic compaction process, which induces preferential 
particle alignment, leading to higher horizontal permeability 
relative to the vertical direction.

Gas Flow Mechanism and Gas Transport Model 
Parameters

Gas transport into clay barriers is accompanied by the 
development of preferential gas flow pathways propagating 
through the clay (Horseman et al. 1999). Gas flow through 
clay based materials is mostly restricted to these pathways 
(Cuss et al. 2012; Harrington et al. 2019). Following to gas 
pressure reduction, these pathways may close under con-
tinuous stress conditions (Gonzalez-Blanco and Romero 
2022; Gutiérrez-Rodrigo et al. 2015, 2021). In the case of 
increasing pressure, the previously closed pathways can be 
re-opened at a lower pressure than initially needed.

The multi-phase THM-G formulation used in CODE_
BRIGHT considers three phases: gas, liquid and solid 
phase. The liquid phase consists of water and dissolved 
air while the gas phase is a mixture of dry air and water 
vapor. Figure  4a shows the corresponding phases and the 
fluxes under different gas pressure conditions (Toprak et 
al. 2025a). Gas accumulates in the system till reaching gas 
breakthrough pressure (BT). The moment when gas crosses 
the saturated material is referred to as “breakthrough.” The 
pressure required to achieve this breakthrough is termed the 
breakthrough pressure ( PgasBT ). Below a threshold known as 
the gas entry pressure, gas transport occurs primarily through 
diffusion within the porewater (Condition 1). Once the gas 
entry pressure is exceeded, advection of free gas is initiated 
(Condition 2). Following gas breakthrough, gas advection 
becomes the dominant transport mechanism (Condition 3).

Diffusion of dissolved air and water vapour starts fol-
lowing the Condition 2 as shown in Fig. 4a. Diffusive (or 
non-advective) mass fluxes are usually described by Fick’s 
law ( τ : tortuosity, ϕ : porosity, ρ a: density of the phase 
gas, Sa: degree of saturation of the phase and D: diffusion 
coefficient, α: air or water vapor phase, ω i

a :mass fraction 
of species i in phase α) :

ii
a = −

(
τ ϕ ρ aSaDi

a
)

∇ ω i
a� (8)

As shown in Fig. 3a, on one hand keffI  depends on porosity 
and on the other hand it depends on degree of saturation. In 
general, a larger porosity corresponds to a higher intrinsic 
water permeability. As observed in the laboratory tests, the 
S/B mixture with initially lower porosity exhibits lower 
effective water permeability for the same saturation level. 
Conversely, as the dry density decreases, the intrinsic water 
permeability increases accordingly, reflecting the dependence 
of permeability on the material’s compaction state.

Figure 3b shows a 3D illustration of effective water per-
meability ( kkozeny krl) – degree of saturation ( Sl) and 
porosity (ϕ) path. The test data was available for two level 
of porosities : 0.33 (red colour) and 0.44 (blue colour). The 
effective water permeability increases following Eq. (7) and 
it reaches its maximum when full saturation is achieved, as 
all pores are filled with water, providing the maximum pos-
sible flow surface. The line in Fig. 3b represents a continu-
ous calibration trend illustrating progressive saturation and 
porosity increase and is intended as a conceptual representa-
tion of a swelling pressure test. The final state of effective 
water permeability under saturated conditions is influenced 
by the initial porosity and the specific test conditions (swell-
ing or compression) applied during the experiment.

The interpretation of oedometer tests (Romero et al. 
2023) indicates that keffI  of the S/B mixture is approxi-
mately one order of magnitude lower than previously esti-
mated. Therefore, a set of sensitivity analyses on effective 
water permeability is recommended for HM-G modelling 
of the GAST experiment to account for this variability and 
improve model accuracy. The calibrated parameters for the 
porosity-dependent permeability function of the S/B mixture 
are listed in Table 1. Laboratory test results (Manca 2015) 
indicate that the effective water permeability variation with 
degree of saturation is density dependent in the S/B mixture 
material. Since, the water is mainly stored in the bentonite, 
the compaction of the mixture causes a reduction of the ben-
tonite void ratio. The anisotropy ratio of 10, representing the 
upper bound of the expected range and not assumed as a con-
stant value within the model domain, was selected based on 
back-calculations performed to reproduce the permeability 
variations observed in the piezometer measurements. This 

Fig. 3  Porosity – degree of saturation – 
effective water permeability ( keffI ) path 
for four different initial dry densities (a) 
and a continuous calibration line of poros-
ity- degree of saturation- effective water 
permeability path (b)
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ρ i
l = ρ lpiMi

HMw
� (11)

where Ma is the molecular mass of air, Mw the molecular 
mass of water and H is the Henry’s constant (10000 MPa).

The effective permeability (Eqs.  (7) and (17), k (m2), as 
defined by Brown 2002 is a key parameter in advective flow. 
In the advective flow expression (Eq. (12), µ  (Pa.s) denotes 
the dynamic viscosity, P  is pressure (Pa), ρ a (kg/m3) is the 
density of the respective phase and g (m/s2) is the gravitational 
constant. During Condition 2, advection of dissolved gas 
occurs, where “α” represents gas dissolved into liquid phase. 
In contrast, under Condition 3, “α” denotes the gas in free state.

qa = −keffa

µ a

(∇ Pa − ρ ag)� (12)

The strain-dependent cubic-law formulation (Eqs. (13),(14) 
and (15)) adopted in this study follows the continuum 
implementation proposed by Olivella and Alonso 2008. 
In this approach, embedded fractures are not explicitly 
represented as discrete geometric entities within the mesh. 
Instead, their hydraulic influence is accounted for through 
an additional permeability contribution (Eq.  (13) derived 
from the cubic law (Eq. (14) and combined with the matrix 
permeability (Eq.  (5) at the element level. The governing 
two-phase gas–water transport equations remain those of 
a Darcy-based continuum formulation (Eq.  (12), and the 

Since the porosity is a parameter influencing diffusion, 
the distribution of diffusive fluxes is expected to be 
heterogeneous due to the variability in initial porosity 
observed in the GAST experiment.

Diffusion coefficient is temperature dependent:

∼
D

i

(T ) = D(273.15 + T )n

pg
� (9)

In the GAST simulation temperature is not constant and has 
a small influence in diffusion coefficient.

The mass of water vapour per unit volume of the gas 
phase (θg

w = ωg
wρg) is related to soil suction (Pg -Pl) and 

controlled by the psychrometric law:

ρ w
g =

(
ρ w

g

)0exp
(

− (Pg − Pl) Mw

R (T + 273.15) ρ l

)
� (10)

where 
(
ρ w

g

)0 is the temperature-dependent vapour den-
sity at null suction (i.e. in contact with a planar surface). 
T is the temperature (C), Mw is the molecular mass of 
water (18.016  g/mol) and R is the universal gas constant 
(8.3143  J·mol/K). In other words, the psychrometric law 
expresses the balance of air relative humidity with the suc-
tion of the liquid water phase in the pores of the solid matrix.

The concentration of air dissolved in the liquid phase 
(θl

a = ωl
aρl) is linearly related to the partial pressure of air 

(Pa) in the gaseous phase through Henry’s law:

Fig. 4  Gas fluxes under specific 
hydro-mechanical conditions 
(a) and 3D representation of 
strain-dependent permeability 
parameters (b)
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The strain variable ϵ  in Eq.  (15) represents the normal 
strain component associated with dilatant deformation 
within the adopted continuum formulation. The strain range 
considered in the calibration (approximately 10⁻³ to 0.2) 
was selected through back-analysis to reproduce the intrin-
sic permeability evolution observed in laboratory gas injec-
tion tests. These strain values do not correspond to directly 
measured deformation but represent modelling parameters 
governing strain-induced permeability enhancement within 
the framework. The two parameter sets presented in Table 1 
represent lower- and upper-bound configurations of strain-
induced intrinsic permeability enhancement derived from 
experimental permeability observations. The first set cor-
responds to moderate dilation with limited permeability 
increase, whereas the second set represents enhanced dila-
tion associated with pronounced permeability enhancement 
during gas advection. These parameter sets should therefore 
be interpreted as representative bounds for strain-induced 
permeability evolution within the continuum framework 
rather than as universal material constants or explicit geo-
metric aperture properties.

A 3D illustration of porosity-deformation- kCubic path 
for two different porosity levels is presented in Fig.  5a. 
kCubic parameters are porosity independent, meaning that 
similar aperture characteristics can be observed across dif-
ferent porosity levels (Manca 2015). Consequently, the lines 
depicted in Fig. 5a are representative and were specifically 
prepared for the calibration process outlined in this study.

The relative gas permeability, krg , is defined as a func-
tion of gas saturation, where the gas saturation Seg  equals 
to 1 − Sl; A is model parameter and Ω is power.

krg = ASΩ
eg � (16)

Finally effective gas permeability ( keffg) is a product of 
intrinsic and relative gas permeability:

keffg = (kKozeny+kCubic)� (17)

Manca (2015) reported that the intrinsic gas permeability 
of S/B mixtures remained largely unaffected by variations 
in compaction density. However, gas breakthrough pressure 

cubic-law term modifies only the intrinsic permeability 
tensor. Accordingly, the present model does not simulate 
discrete fracture nucleation or propagation; rather, it 
represents strain-induced permeability enhancement within 
selected zones of the continuum domain, consistent with the 
methodology established in Olivella and Alonso 2008.

Laboratory tests indicate preferential gas flow behav-
iour in sand–bentonite mixtures during gas injection under 
GAST-like boundary conditions (Romero et al. 2023). In the 
present study, this behaviour is represented through perme-
ability-enhanced zones embedded within a heterogeneous 
porous matrix. These predefined zones occupy a limited vol-
umetric fraction of the three-dimensional model domain and 
reflect process-driven heterogeneity associated with compac-
tion and gas injection, rather than explicit fracture network 
modelling. The formulation therefore provides a continuum-
scale engineering representation of strain-induced perme-
ability enhancement within a coupled THM-G framework. 
While explicit fracture-flow representations or multi-scale 
approaches may be adopted in future investigations where 
detailed fracture hydrodynamics are required, such develop-
ments fall beyond the scope of the present work.

In the present work, this strain-dependent permeability 
relationship provides a direct link between deformation and 
intrinsic gas permeability. For the numerical implementa-
tion, selected finite-element volumes within the 3D model 
domain are assigned cubic-law-based permeability behav-
iour to represent zones of potential permeability enhance-
ment. Outside these zones, intrinsic permeability follows 
the porosity-dependent Kozeny-type formulation (Eq. (5)). 
In this study, a simplified representation is adopted in which 
the strain-dependent permeability function is independent 
of n and s.

The intrinsic gas permeability ( kg) is defined below, 
where kKozeny  corresponds to the porosity-dependent 
permeability following the Eq. (5) and kCubic is shown in 
Eq. (14).

kg= kKozeny+ kCubic� (13)

As a part of strain-dependent permeability, kCubic depends 
on aperture characteristics where b0 corresponds to initial 
aperture and bmax is the maximum aperture.

kCubic=
b3

12a
� (14)

The aperture, “ b” is variable and is influenced by the mean 
aperture distance ( a) and the difference in strain ( ϵ − ϵ 0) 
along the aperture’s normal direction (n).

b = b0 + (ϵ − ϵ 0 )a≤ bmax� (15)

Fig. 5  Porosity-strain- kCubic path for 
two set of model parameters (a) and 
porosity-degree of saturation – effective 
gas permeability paths for two different 
compaction levels (b)
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is required. In this case, the reference pressure for the air 
entry ( Pϵ ) will depend on intrinsic permeability (Eq. (13), 
therefore the kcubic. Since kcubic is strain-dependent, the 
air entry pressure correspondingly becomes a function of 
strain.

Pϵ = P0

3
√

(kKozeny+kCubic)
0

3
√

(kKozeny+kCubic)
� (18)

Using P  = Pϵ  (Eq. (1)), the strain dependent WRC incorpo-
rating two set of kcubic parameters is illustrated in Fig. 6a. 
As strain increases, intrinsic gas permeability rises, result-
ing in a corresponding reduction in air entry pressure.

In contrast to porosity-dependent WRC – where the ref-
erence pressure for the air entry ( P0 ) was calibrated as 
100 kPa for a reference porosity (Fig. 2b) – the air entry 
pressure may decrease significantly under large strain 
levels, as shown in Fig.  6a. Strain-induced permeability 
enhancement within designated zones of the model leads to 
a local increase in intrinsic gas permeability, resulting in a 
reduction in gas entry pressure and a subsequent decline in 
the degree of saturation at constant capillary pressure.

Figure 6b presents a comparison between two represen-
tative strain-dependent water retention curves (WRC) — 
constructed using a mean strain value of 0.2 (selected as a 
representative case for permeability-enhanced zones within 
the model) — and a porosity-dependent WRC representa-
tive of the matrix behaviour. In Fig.  6b, the colours (red, 
orange, green, and blue) correspond to the experimental 
datasets, as indicated in the legend embedded within the 
figure. Different air-entry pressures were measured for dif-
ferent dry densities, as previously shown in Fig. 2a. To gen-
erate the strain-dependent WRC, kcubic was first calculated 
for the given strain (Eq. (14)), followed by the computation 
of the corresponding Pϵ  using Eq. (18). This value of Pϵ  
was then used to redraw the strain-dependent WRC, reflect-
ing the influence of strain on water retention behavior. The 
results demonstrate a substantial reduction in P0  from 
100 kPa to 25 kPa and 7 kPa, depending on the parameter-
ization applied to the strain-dependent WRC (for parameters 
see Table 1). Assuming the same shape parameter in Eq. (1), 

and the time required for breakthrough were influenced by 
compaction density. The calibration of the intrinsic and 
effective gas permeability model supports this experimental 
observation. The variation in kKozeny driven by porosity 
dependency is relatively minor compared to the variation 
observed in kCubic, which is strongly influenced by differ-
ent aperture sizes and strain levels as illustrated in Fig. 5b. 
The intrinsic gas permeability is primarily governed by the 
strain-dependent permeability component ( kCubic) rather 
than the porosity-dependent component ( kKozeny). In this 
calibration, kCubic ​ is observed to vary by up to two orders 
of magnitude (i.e., a factor of 100) depending on the strain 
level. In contrast, the variation in kKozeny  resulting from 
changes in porosity is approximately fourfold.

Under the same degree of saturation, specimens com-
pacted to two target dry densities (1.5 and 1.8 Mg/m3) 
exhibit different kKozeny values due to porosity-dependent 
permeability function (Eq.  (5). The porosity range of 0.3 
to 0.44, shown in Fig.  5b corresponds to the variation in 
dry density observed in the field-scale GAST experiment 
according to Sakaki et al. (2023). Consequently, for the 
numerical modelling of GAST, at least two sets of kCubic

parameters are recommended, based on observations from 
laboratory-scale gas permeability tests. In Fig.  5b, the 
porosity axis influences kKozeny  but not kcubic. A signifi-
cant reduction in effective gas permeability keffg  occurs 
upon wetting (Manca 2015), with effective gas permeability 
decreasing by several orders of magnitude when the degree 
of saturation exceeds 80%.

In this calibration process, the relative permeability 
parameters (Eq.  (16) were treated as spatially variable 
across the model domain. In the permeability-enhanced 
zones representing localised gas advection, the parameter 
A was calibrated to 100, reflecting the increase in gas per-
meability associated with advective gas flow. In contrast, in 
the remaining regions of the model (Fig. 9), where gas dif-
fusion represents the primary transport mechanism, A was 
assigned a value of 20—an intermediate value consistent 
with the experimental observations reported by Romero et 
al. (2023).

Within the permeability-enhanced zones, the increase in 
intrinsic gas permeability resulting from strain is hydrauli-
cally coupled with the water retention behaviour. In these 
regions, the WRC becomes strain-dependent, reflecting the 
reduction in air-entry pressure associated with dilation. In 
the remaining parts of the model domain, hydraulic behav-
iour remains governed by the porosity-dependent WRC 
formulation.

To represent the reduction in air-entry pressure during the 
advection of free gas within dilatant regions of the model 
— here referred to as dilatant permeability-enhanced zones 
— a strain-dependent WRC (Olivella and Alonso 2008) 

Fig. 6  Strain dependent WRC curve for two 
set of parameters (a). Comparison of WRC 
according to dependency on porosity and 
strains. Reference strain used in this graph 
is 0.2 (b)
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p0 (s, p∗
0) = pc

(
p∗

0
pc

) λ (0)−κ i0
λ (s)−κ i0 � (25)

Mean effective stress p′ = 1
3

(σ′
x + σ′

y + σ′
z) = p − max (Pg, Pl)� (26)

Plastic potential G = q2 − α M2 (p′ + ps) (p0 − p′ )� (27)

The yield surface ( F ) depends on stresses and suction and 
can be expressed using stress invariants. Here, q represents 
the deviatoric stress, p denotes the mean total stress, α  is 
the non-associativity parameter and M is the slope of the 
critical state line. When α = 1, F = G (associated plastic-
ity). In this study, the associated plasticity was considered.

A recently implemented extension of BBM incorporates 
a direct correlation between swelling pressure ( pswell) and 
dry density (ρd). In this formulation (Eq. (28)), the parameter.

κ s becomes suction dependent (Eq. (29)), with α ss act-
ing as a coupling term. The swelling pressure ( pswell) is 
computed as a function of dry density (Eq. (30) and Eq. (31)), 
where pref  serves as an additional coupling term. fs (s) is 
suction component of the function and fp (p) is the pressure 
component of the function.

κ s = κ s0fs (s) fp (p)� (28)

fs (s) = exp (α sss)� (29)

fp (p) = 1 − ln
(

p

pref

)
/ln

(
pswell(pd)

pref

)
� (30)

log10 (1000Pswell (d)) = c0 + c1d + c2
2
d� (31)

An oedometer test conducted by Romero et al. (2023) on S/B 
mixture samples with a 50 mm diameter and an initial height 
of 10 mm was simulated (Fig. 7a and b). The initial water 
contents of the sample was 11.88% and the initial dry den-
sity was 1.7 Mg/m³. BBM was employed as the mechanical 
framework, with its calibrated parameters detailed in Table 2. 
The simulated results were compared against the experi-
mental data obtained from laboratory tests (Fig. 7a), allow-
ing for an assessment of the model’s predictive capabilities. 
The numerical model (BBM) demonstrated a high predictive 
accuracy in capturing the variation of void ratio during load-
ing and unloading. Additionally, the model effectively repro-
duced the expansion behavior upon soaking.

a reduction in P0  leads to decrease in air entry pressure. 
The value of P0 does not necessarily correspond directly to 
the air entry pressure. However, by maintaining the same 
magnitude of the shape parameter, reduced air entry pres-
sures are achieved in strain-dependent WRC.

Mechanical Model Parameters

The calibration of mechanical model parameters requires 
the execution of at least one swelling pressure test and one 
oedometer test. To accommodate variations in mechanical 
modelling approaches, a swelling pressure test configu-
ration was developed. Furthermore, the oedometer tests 
documented in Romero et al. (2023) were simulated. The 
configurations of the numerical models for both swelling 
pressure and oedometer tests are depicted in Fig. 7.

Two distinct mechanical models were evaluated to repro-
duce the swelling pressure evolution in an S/B mixture, with 
the objective of achieving a target reference swelling pres-
sure of 200 kPa (Romero et al. 2023) for a specified dry den-
sity (1.6 Mg/m³). In the study conducted by Manca (2015), a 
swelling pressure of 130 kPa was reported for a dry density 
of 1.6 Mg/m³. BBM is one of the most widely used constitu-
tive models for the simulation of the compacted bentonite in 
the design of final spent nuclear fuel repositories (Åkesson 
et al. 2010; Gens et al. 2009; Malmberg & Åkesson 2018; 
Sánchez et al. 2023 and Alcoverro et al. (2023), Toprak et al. 
2017; and 2024). Barcelona Expansive Model (BExM) was 
developed by Alonso et al. (1999); Gens and Alonso (1992) 
and Sánchez et al. (2005) to better represent dual porosity in 
clay based materials.

The volumetric compressive behaviour of the BBM is 
defined by the elastic functions implemented for consid-
ering highly expansive soils. A brief description of BBM 
framework (Eq. (19) to (31)) is given below:

Strain decomposition dϵ v = dϵ e
v + dϵ p

v � (19)

Elastic volumetric strain dϵ e
v = κ i (s)

1 + e

dp

p
+ κ s(p, s)

1 + e

ds

s + pat
� (20)

Load and Collapse (LC) yield locus p − p0(s, p∗
0) = 0� (21)

LC yield locus flow rule dϵ p
v = dµ � (22)

LC yield locus hardening rule dp∗
0 = 1 + e

λ (0) − κ i0
p∗

0dϵ P
v � (23)

Plastic functions are described in BBM:

λ (s) = λ (0) ((1 − r) exp(−β s) + r)� (24)

Fig. 7  Oedometer test results (a) and its configuration (b). Swelling 
pressure vs. dry density (c) and kkozeny-s- p′  path for BBM and 
BExM (d)
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dϵ e
M = kM

1 + eM

dp′

p′ + ks

1 + eM

ds

s + patm
� (33)

Plastic strain of macro void :

dϵ LC
vol + dϵ SD

vol + dϵ SI
vol = λ − κ

(1 + eM )
dp∗

0
p∗

0
� (34)

Yield function :

F LC = J2 − M2

3
(p + pt) (p0 − p)� (35)

where pt is the clay tensile strength, p0 is the clay matrix 
isotropic yield locus and M is the slope of the critical state 
line in the p –q diagram and J  is the second invariant of 
the stress tensor. The following dependencies on suction are 
considered:

pt = kss� (36)

p0 = pc

(
p∗

0
pc

) λ (0)−kM
λ (s)−kM � (37)

λ (s) = λ (0) [(1 − r) exp (−β s) + r]� (38)

F SD = γ SD − p − s� (39)

F SI = p + s − γ SI � (40)

The BExM model parameters are provided in Table  3. A 
subset of parameters related to micro-macro coupling func-
tions was derived from Mokni (2016), while the remaining 
parameters were calibrated to achieve the target swelling 
pressure of 200  kPa. A comparative analysis of swelling 
pressure development under the BBM and BExM models is 
presented in Fig. 7e. In Eq. (5), ϕ represents the total poros-
ity in BBM, whereas in BExM it corresponds to macro 
porosity “ϕM ”. Since BBM considers total porosity, there 
is no reduction in intrinsic permeability during hydration 
at the evaluated location (central location). In contrast, in 
the BExM model, intrinsic permeability decreases during 
hydration due to the reduction of macro-pores. Ultimately, 
both models start from the same initial conditions and reach 
comparable magnitudes of swelling pressure and saturated 
water permeability; however, they exhibit distinct hydro-
mechanical evolution paths. In particular, the development 
of stress under unsaturated conditions differs between the 
two formulations, reflecting their respective treatment of 
porosity and microstructural interactions.

The swelling pressure–dry density relationship, cali-
brated using the extended BBM (Eq.  28 to Eq.  (31), is 
presented in Fig.  7c. The calibration was performed con-
sidering a target swelling pressure of 200 kPa (Romero et 
al. 2023) for an average dry density of 1.65 Mg/m³ and a 
corresponding pre-consolidation pressure of 300 kPa. The 
selected swelling pressure magnitude of 200  kPa for the 
average target dry density is consistent with the gas break-
through pressure observed during laboratory experiment 
(Romero et al. 2023). It should be noted that the swelling 
pressure is influenced by initial conditions such as pre-con-
solidation pressure. At lower dry densities, for instance 1.4 
Mg/m³, a swelling pressure of 67 kPa was reported (Manca 
et al. 2016). The presented curve is therefore indicative, rep-
resenting a target swelling pressure for a given dry density 
under a specified pre-consolidation pressure. Final calibra-
tion of this relationship can be refined once experimental 
data from the GAST tests become publicly available.

The double structure model (BExM) incorporates two 
distinct porosity scales: micro-porosity and macro-porosity. 
In the model framework (from Eq.  (32) to Eq.  (40)), the 
microstructure is associated with clay particles and macro-
structure corresponds to the macro-pores and coarse aggre-
gates. The interaction between these two structural levels 
is significant, as microstructural behavior influences the 
response of the macrostructure.

Elastic volumetric strain of micro voids and macro voids:

dϵ e
m = km

1 + em

d (p′ + s)
(p′ + s) � (32)

Table 2  Calibrated BBM parameters for S/B mixture targeting a swell-
ing pressure of 200 kPa. Test data source : Romero et al. (2023)
Parameters Units Symbol BBM
Parameters for elastic volumetric 
compressibility against mean net 
stress change

(-) κ i 0.017

Parameters for elastic volumetric 
compressibility against suction 
change

(-) κ s 0. 015

Poisson ratio (-) v   0.3
Coupling terms for the dry density 
dependent swelling pressure function

(-) c0 −3.85
(-) c1 4.1e-3
(-) c2 −3e-7

Reference pressure MPa pref 0.1
Slope of void ratio – mean net stress 
curve at zero suction

(-) λ (0) 0.062

Parameters for the slope void ratio – 
mean net stress at variable suction

(-) r 0.75
(MPa− 1) b 0.3

Critical state line (-) M 1
Non-associativity parameter (-) a 1
Initial void ratio (-) e0 0.66
Pre-consolidation mean stress for 
saturated soil

(MPa) p∗
0 0.35
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relationship. Accordingly, for each of the four porosity levels, 
three permeability zones were established: two representing 
distinct levels of permeability enhancement associated with 
gas advection, and one corresponding to the intact matrix 
where diffusion-dominated transport prevails. The implemen-
tation of multiple permeability zones—typically including 
regions of permeability enhancement associated with local-
ised gas advection and regions representing intact material—
has been adopted in several repository-related modelling 
studies to simulate permeability evolution during gas injec-
tion tests. This approach has been applied to MX-80 benton-
ite in the context of the LASGIT experiment (Noghretab et 
al. 2024), to FEBEX bentonite in Spanish repository studies 
(Toprak et al. 2025a), and to Callovo–Oxfordian claystone 
(COx) in French in situ gas injection investigations (Rodri-
guez-Dono et al. 2024). These applications demonstrate that 
continuum-scale representations incorporating permeability-
enhanced zones constitute an established methodology in the 
assessment of gas migration processes in clay-based nuclear 
waste repository systems.

Each porosity level occupies 25% of the total model 
volume, with the intact section accounting for 80% and the 
permeability-enhanced zones (connected and unconnected) 
for 20% of the respective subdomain (Fig. 8a). An initial 
suction of 0.55 MPa, consistent with the GAST setup, was 
adopted. The simulated domain measured 36 × 38 cm, rep-
resenting a small-scale section. The hydration phase was 
simulated for 60 days, during which full saturation was 
achieved, followed by a 40-day gas injection phase with 
pressure increasing to 0.25 MPa. This was conducted under 
a short time scale to limit the contribution of gas diffusion 
and emphasize advective transport processes. Nitrogen gas 
was injected under isothermal conditions (20 °C). Boundary 
conditions were constrained to maintain constant-volume 
conditions throughout the simulation.

The material parameters used in the simulations were 
derived from this study (Hydro-gas: Table 1; Mechanical: 
Table 2). Figure 8 presents the resulting hydro-mechanical 
and gas transport responses. The distributions of porosity 
(Fig. 8b) and permeability (Fig. 8c) at the end of hydration 
stage (60 days) are closely aligned, reflecting the porosity-
dependent permeability function. Under constant-volume 
conditions and given the small specimen size, variations in 
porosity during hydration were minimal. The permeability 
variation across the domain was approximately fourfold, 
corresponding closely to the imposed porosity distribution. 
Thus, the model reproduces, within the adopted framework, 
the expected dependence of permeability on porosity.

Figure 8d presents the distribution of the degree of satu-
ration after 15 days of hydration, during which the modelled 
section has not yet reached full saturation. The lower part 
of the domain exhibits complete saturation, as it is located 

Assessment of the Model Parameters

In this section, the performance and feasibility of the pro-
posed hydro-mechanical and gas transport (HM-G) model 
parameters are evaluated. To this end, a numerical con-
figuration was developed to reproduce an experimental 
sequence comprising an initial hydration stage followed 
by a gas injection phase, a procedure (Gutiérrez-Rodrigo 
et al. 2021) commonly employed in gas breakthrough tests 
on engineered barrier systems. Although this configura-
tion does not correspond to a specific laboratory test, it is 
designed to represent the expected HM-G response of an 
S/B mixture, incorporating heterogeneity at a reduced scale.

The model configuration incorporates initial heterogene-
ity in porosity distribution—defined across four levels—to 
reflect variations induced by the dynamic compaction of the 
sand–bentonite mixture, consistent with observations from 
the GAST setup (Sakaki et al. 2023). Previous gas injection 
experiments have reported variations in aperture magnitudes 
across different clay-based materials (Wiseall et al. 2015; 
Gutiérrez-Rodrigo et al. 2021; Gonzalez-Blanco and Romero 
2022). In the present model, these variations in aperture mag-
nitude are not represented as explicit geometric fractures but 
are incorporated through predefined permeability-enhanced 
zones governed by the strain-dependent intrinsic permeability 

Table 3  Barcelona Expansive Model (BExM) parameters. Test data 
source : Romero et al. (2023) and Mokni (2016)
Parameters Units Symbol Value
Matrix elastic stiffness parameter 
at macro level for changes in mean 
stress

(-) kM 0. 017

Matrix elastic stiffness parameter 
at micro level for changes in mean 
effective stress

(-) km 0. 015

Elastic macro stiffness parameter for 
changes in macro suction

(-) ks 0. 01

Parameter micro-macro coupling 
functions when suction decrease 
(SD) is activated

(-) fsdO − 0.1
(-) fsd1 1.1
(-) nsd 2

Parameter micro-macro coupling 
functions when suction increase (SI) 
is active

(-) fsiO − 0.1
(-) fsd1 1.1
(-) nsi 0.5

Critical state line (-) M 1
Parameters for the slope void ratio – 
mean net stress at variable suction

(-) r 0.75
(MPa− 1) b 0.3

Reference pressure for the P0 
function

(MPa) pc 0.1

Slope of void ratio – mean net stress 
curve at zero suction

(-) λ (0)   0.062

Pre-consolidation mean stress for 
saturated soil

(MPa) p∗
0 0.35

Micro porosity (-) fm 0.26
Macro porosity (-) fM 0.14
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effects of dissolved gas advection and diffusive fluxes are 
more pronounced before the attainment of gas breakthrough 
pressure. The magnitudes and temporal evolution of these 
processes have been recently calculated and discussed in 
detail in a recent publication (Toprak et al. 2025a), which 
reports results from a gas injection test performed on FEBEX 
material under a similar experimental configuration.

Finally, Fig.  8k and l presents the degree of saturation 
and permeability distribution (log scale) at the end of the gas 
injection stage. Unlike the hydration stage, the permeability 
pattern does not directly follow the porosity distribution 
(Fig.  8c), indicating the localisation of high-permeability 
zones associated with gas flow. The highest permeabil-
ity values are concentrated within permeability-enhanced 
zones associated with localised gas advection, largely inde-
pendent of the initial porosity levels. Desaturated zones 
are also observed in regions where advective flow is most 
pronounced (Fig.  8k). In other words, during the satura-
tion phase, permeability is primarily governed by porosity, 
whereas during gas injection, it becomes controlled by the 
strain-induced permeability enhancement within designated 
zones rather than solely by the intrinsic porosity distribution.

It should be emphasised that although permeability-
enhanced zones are assigned within the initial model config-
uration, the resulting gas flow behaviour cannot be inferred 
solely from the initial geometric distribution. During the 
hydration phase, coupled hydro-mechanical processes 
occur, including swelling, stress redistribution, porosity 
adjustment, and saturation changes, which modify intrin-
sic permeability prior to gas injection. Consequently, the 
permeability field at the onset of gas injection differs from 
the initial assignment. Furthermore, the strain-dependent 
permeability formulation allows intrinsic permeability to 
evolve locally during gas pressurisation. The resulting gas 
migration behaviour therefore reflects the coupled evolution 
of hydro-mechanical and transport processes rather than a 
direct consequence of the predefined spatial zoning.

To address potential realisation dependence associated 
with the assignment of permeability-enhanced zones within 
the heterogeneous model domain, we note that a detailed 
sensitivity analysis on alternative permeability zoning con-
figurations was previously conducted in Toprak et al. 2025a. 
In that study, three-dimensional modelling of laboratory-
scale gas injection tests on FEBEX material was performed 
using the same modelling framework and strain-dependent 
permeability formulation adopted in the present work. The 
analysis demonstrated that although the exact spatial locali-
sation of permeability-enhanced regions may vary depend-
ing on their initial assignment, the global HM-G response 
— including breakthrough behaviour, permeability evolu-
tion, and overall advective flow characteristics — remains 
qualitatively consistent.

closer to the hydration source. In contrast, the middle and 
upper regions remain partially unsaturated. Notably, cer-
tain zones in the upper part display lower saturation levels 
compared with intermediate sections, despite being further 
from the hydration boundary. This behaviour is attributed 
to the porosity-dependent nature of WRC and permeabil-
ity parameters, which govern the local hydraulic response. 
Consequently, the observed heterogeneous distribution of 
the degree of saturation primarily arises from the spatial 
variability in porosity influencing the WRC.

The mechanical response—including the distribution of 
mean stresses and pre-consolidation pressures after hydra-
tion (at 60 days)—is presented in Fig. 8e and f, respectively. 
The simulation employed an extended Barcelona Basic 
Model (BBM) formulation to account for swelling pressure 
dependence on dry density (Fig. 7c). As expected, different 
porosity levels yielded distinct mean stress values, consis-
tent with the corresponding pre-consolidation pressures.

Figure 8g illustrates the distribution of advective gas 
flow. As shown, gas advection is more pronounced in cer-
tain regions of the domain. The gas was injected from the 
upper boundary, and end-to-end advection of free gas was 
successfully achieved; however, the flow was localised 
within permeability-enhanced zones rather than occurring 
uniformly throughout the entire domain.

Figure 8h presents the distribution of non-advective 
fluxes, which include the diffusion of dissolved air and dis-
persion within the liquid phase. In contrast to advective gas 
flow, gas diffusion is active across the whole model domain, 
as the development of gas diffusion does not require the 
attainment of breakthrough pressure. Gas diffusion occurs 
even under very low gas injection pressures, although its 
magnitude is reduced in regions where advective gas flow 
is dominant. Vapour diffusion, shown in Fig.  8i, is also 
observed during gas injection, with the air phase defined 
as a mixture of air and water vapour. Since porosity is a 
controlling parameter for both dissolved air and vapour dif-
fusion, the spatial distribution of vapour diffusion is het-
erogeneous. Higher diffusion values are observed near the 
top of the domain, corresponding to the injection boundary, 
while the remaining areas exhibit variable diffusion inten-
sity reflecting the local heterogeneity of the system.

Another component of gas transport is the advection of 
dissolved gas within the liquid phase. Figure 8j presents the 
distribution of advective liquid flow at the end of the gas 
injection stage. The advective transport of dissolved gas 
was determined using Henry’s law (Eq. (11). The combined 

Fig. 8  Model configuration (a); distribution of porosity (b); perme-
ability (c); degree of saturation (d); mean stress (e); pre-consolidation 
pressure (f); gas advective flow (g); gas diffusion (h); vapour diffusion 
(i); liquid advective flow (j); degree of saturation after gas injection 
(k); and permeability after gas injection (l)
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The model accounts for spatial variations in dry density 
(porosity), air entry pressure, intrinsic and effective water 
and gas permeability, swelling pressure, and, consequently, 
gas breakthrough pressure.

Simplified representations that do not incorporate het-
erogeneity and full-scale HM-G coupling can be useful for 
certain modelling objectives or preliminary analyses; how-
ever, they may not fully represent the complex behavior 
observed in the actual system. The non-uniform distribu-
tions of total pressure, liquid pressure, and gas pressure 
observed in the GAST experiment (Lanyon et al. 2022) 
cannot be accurately reproduced using a simplified model 
configuration (homogenous and not coupled). Therefore, 
as discussed in the methodology sub-section (Sect. Intro-
duction), a ‘3D full modelling’ approach—characterized 
by heterogeneity, full coupling, and the inclusion of all 
stages prior to gas injection—is developed to achieve a 
realistic model configuration.

This configuration (Fig. 9) is valid when selecting BBM 
as the mechanical model. However, if the double structure 
model (BExM) is assigned as the mechanical model, an 
additional heterogeneity arises due to macro and micro-
porosity variations.

The porosity field was divided into four zones (Fig. 1c). 
As discussed in Sect. Assessment of the Model Param-
eters, for each porosity zone, at least three effective gas 
permeability sub-zones are required: two representing dis-
tinct levels of strain-induced permeability enhancement 
associated with gas advection, and one corresponding 
to the intact matrix where diffusion-dominated transport 
prevails. Consequently, the representative model configu-
ration illustrated in Fig. 9 comprises a total of 12 zones, 
accounting for heterogeneity in both porosity and effective 
gas permeability.

In this representative configuration, effective gas per-
meability zones were assigned using a random spatial 

Overall, the simulation demonstrates the capability of the 
proposed model configuration to capture the coupled hydro-
mechanical and gas transport processes while accounting 
for system heterogeneity. The model reproduces the evolu-
tion of porosity, degree of saturation, stress development, 
permeability, gas diffusion, and gas advection under GAST-
like boundary conditions, comprising an initial saturation 
phase followed by gas injection.

The simulations presented here do not correspond to any 
GAST experimental data and should not be interpreted as 
part of the GAST experiment. However, they provide an 
indicative understanding of the THM-G behaviour of the 
S/B mixture at a small scale under heterogeneous conditions 
and a process sequence similar to that of the GAST experi-
ment (saturation followed by gas injection).

In the small-scale representative model configuration 
presented in Sect. Assessment of the Model Parameters, 
predefined permeability-enhanced zones provide a generic 
representation of potential gas migration regions within 
the continuum framework. In contrast, the full-scale GAST 
experiment includes multiple piezometers and total pres-
sure cells distributed throughout the S/B mixture, enabling 
localisation of gas breakthrough and identification of domi-
nant gas migration regions from measured pore pressure 
evolution. Consequently, in the actual GAST application, 
the spatial distribution of permeability-enhanced zones can 
be constrained and refined using experimental observations 
once the GAST data become publicly available.

Impact of Heterogeneity in a Representative 
Model Configuration for GAST

A representative model configuration (Fig.  9) was devel-
oped for the GAST experiment to incorporate process-
driven heterogeneity and fully coupled HM-G behaviour. 

Fig. 9  A representative model 
configuration illustrating initial 
porosity distribution and the 
zonation of model parameters
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within a complete 3D model domain to adequately capture 
the effects of process-driven heterogeneity. In other words, 
a 3D half-geometry may not adequately reflect the spatial 
variability of the system.

Although the models developed in this study incorpo-
rate calibrated HM-G parameters based on back-calcula-
tions and modelling of laboratory-scale tests, the cubic 
law for fluid permeability parameters discussed in (Sect. 
Gas Flow Mechanism and Gas Transport Model Param-
eters) are test-specific. In future gas injection experiments 
involving S/B mixtures, the orientation and magnitude of 
micro-apertures observed experimentally may vary. Con-
sequently, the parameters of the cubic-law-based intrinsic 
permeability formulation should be recalibrated through 
test-specific back-analysis. As experimental data from 
ongoing or future tests are not yet publicly available, 
the present model adopts an assumed spatial distribution 
of effective gas permeability to represent heterogeneity 
within the continuum framework.

In Sect. Assessment of the Model Parameters, a 3D 
model configuration of a small-scale sand–bentonite (S/B) 
mixture under GAST-like conditions was presented, and 
the overall THM-G response was discussed. The feasi-
bility and performance of the model parameters were 
demonstrated in Fig.  8. In this section, the small-scale 
configuration is upscaled to represent conditions closer to 
those of the GAST experiment.

One of the key differences is that changes in porosity 
within the small-scale configuration were limited by the 
constant-volume boundary conditions. In contrast, in the 
GAST setup, due to the larger volume of the S/B mixture 
and its interaction with the surrounding granular bentonite, 
the influence of porosity variations is expected to be more 
significant. Furthermore, the GAST experiment includes 
multiple hydration and gas injection stages, which collec-
tively influence the overall response, whereas the small-
scale configuration considered only a single hydration and 
gas injection cycle.

The zoning quantification was performed to establish 
a representative model configuration that captures the 
minimum level of heterogeneity required to reproduce 
the expected hydro-mechanical–gas (HM-G) behaviour. 
In principle, the configuration could include more than 12 
zones; however, increasing the number of zones would 
substantially increase model complexity and the number of 
calibrated parameters, particularly through the introduction 
of additional permeability-enhanced zones governed by dis-
tinct cubic-law parameter sets. The configuration presented 
here therefore reflects the minimum zoning considered 
necessary within the adopted modelling framework, but it 

distribution owing to the absence of publicly available 
experimental localisation data. Their spatial definition can 
be refined and explicitly incorporated into the model geom-
etry once the GAST test results become available.

During the hydration stages, the WRC follows a poros-
ity-dependent formulation, as no gas-induced dilation is 
activated under fully saturated conditions. Upon gas injec-
tion in the experiment, changes in stress and saturation may 
lead to local permeability enhancement. In the numerical 
model, this behaviour is represented through a strain-depen-
dent intrinsic permeability within predefined permeability-
enhanced zones. Accordingly, once gas injection is initiated 
in the simulation, the WRC transitions to the strain-depen-
dent formulation given by Eq. (18), reflecting the coupling 
between intrinsic permeability and air-entry pressure. 
As intrinsic permeability increases locally due to strain 
accumulation, the reference air-entry pressure decreases 
(Fig. 6b), facilitating gas accumulation within these regions 
of enhanced permeability in the S/B mixture.

The gas breakthrough (BT) pressure is significantly influ-
enced by the swelling behavior of the aggregates. Varia-
tions in dry density, induced by dynamic compaction, lead 
to differences in pre-consolidation pressure ( p∗

0), which in 
turn result in variable swelling pressures. Consequently, the 
swelling pressure variation must be considered not only 
for hydro-mechanical (HM) coupling but also for hydro-
mechanical-gas (HM-G) processes.

Simultaneously, gas breakthrough pressure varies across 
different porosity zones, resulting in spatially heterogeneous 
gas migration behaviour. This response reflects the influence 
of heterogeneity in intrinsic permeability and breakthrough 
pressure, leading to localised gas advection within desig-
nated permeability-enhanced regions of the model.

The porosity zones depicted in Fig. 9 represent the initial 
conditions of the S/B mixture. However, due to hydration 
stages preceding the final gas injection, different sections 
of the S/B mixture will experience swelling or compres-
sion, leading to porosity variations. Consequently, gas 
breakthrough pressures will be determined by the final dry 
density prior to gas injection, rather than the initial dry 
density. Therefore, the hydration stages preceding the final 
gas injection must be modelled to accurately reproduce the 
overall response of the test.

A summary of the influence of system heterogeneity on 
the modelling design of GAST is provided in Table 4. The 
simulation of swelling behavior in the S/B mixture during 
hydration requires the application of an appropriate mechan-
ical model, likely either double structure model (BExM) 
or BBM extended to account for dry density dependency 
of swelling pressure. This modelling should be conducted 
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Conclusions

This study aimed to develop a framework and methodol-
ogy for defining the HM-G properties of S/B mixture (80% 
sand and 20% bentonite) through back-calculations and 
simulations of laboratory-scale tests. In addition, it sought 
to configure a representative process-driven heterogeneity 
model structure for the GAST experiment, incorporating 
variations in intrinsic and effective water and gas permea-
bility, air entry pressure, gas breakthrough pressure, swell-
ing pressure, and porosity. This heterogeneous structure 
was implemented within three-dimensional continuum 
model domain to support future full-scale simulations.

does not represent a unique solution. Alternative approaches 
could, for example, assign initial porosity using a vario-
gram-based spatial distribution. In such cases, however, 
the definition and calibration of permeability-enhanced 
zones within that heterogeneous field would become more 
challenging. Different modelling teams, using alternative 
numerical codes and assumptions, may adopt other strate-
gies depending on their methodological capabilities and 
objectives. The configuration proposed in this study should 
therefore be interpreted as a structured and computationally 
efficient continuum-scale representation of process-driven 
heterogeneity for the GAST experiment, rather than the 
only possible modelling approach.

Concept Parameter Remark
Thermal Porosity and 

temperature 
dependent vapour 
diffusion

Temperature serves as an input parameter in both the diffusion 
coefficient ((Eq. (9)) and the psychrometric law (Eq. (10)). As 
temperature variation at the experimental site is limited, thermo-
mechanical coupling remains weak, with only minor local variations in 
suction and stress.

Hydraulic Porosity-depen-
dent permeability

Water intrinsic permeability (Eq. (5)) is porosity-dependent (Fig. 3a), 
and the initial porosity varies across the model domain (Fig. 1c). 
Additionally, porosity is not constant throughout the experiment due 
to the influence of hydration stages. When employing the BExM (from 
Eq. (32) to (40)), permeability depends on macro-porosity and tends to 
decrease during hydration (Fig. 7c).

Relative water 
permeability

Relative water permeability (Eq. (6)) depends on degree of water 
saturation. S/B mixture was initially unsaturated. The saturation was not 
homogenous due to porosity-dependent permeability function.

Porosity-depen-
dent WRC

A porosity dependent WRC (Eqs. (2) and (3)) is necessary to account 
for the initial heterogeneous distribution of dry density. The reference 
pressure for air entry (Fig. 2b) is variable and porosity dependent.

Mechanic Swelling pressure Dynamic compaction of S/B mixture leads to variations in swelling 
pressure magnitudes, resulting from differences in initial dry density 
(from Eq. (28) to (31)) and compaction-induced heterogeneity 
(Eq. (25)). During gas injection, mean stress decreases as a result of 
de-saturation, in accordance with Eq. (26).

Gas Porosity-depen-
dent permeability

One component of the intrinsic gas permeability (Eqs. (5) and (13)) is 
porosity dependent (Fig. 5a).

Relative gas 
permeability

Relative gas permeability (Eq. (16)) depends on degree of gas saturation. 
During gas injection, desaturation is expected to occur in zones near the 
injection point, leading to spatial variations in relative gas permeability.

Strain-dependent 
permeability

One component of the intrinsic gas permeability (Eq. (14)), is governed 
by the parameters controlling the strain-dependent intrinsic permeability 
formulation (Fig. 5a).

Strain-dependent 
WRC

Air entry pressure is strain-dependent (Eq. (18)) during the advection 
of gas in free state. Since aperture magnitudes observed in gas injection 
experiments are not uniform (Fig. 6), at least two sets of kCubic 
parameters are required.

Gas diffusion Diffusive fluxes (Eq. (8)) are porosity dependent, with higher porosity 
zones exhibiting enhanced diffusion activity until gas breakthrough 
occurs.

Gas breakthrough 
pressure

The magnitude of gas breakthrough (BT) pressure is linked to the 
swelling pressure. Variability in swelling pressure (from Eq. (28) to 
(31)), driven by initial conditions, leads to corresponding variations in 
gas breakthrough pressure.

Table 4  Summary of Impact of 
heterogeneity in the represen-
tative model configuration of 
GAST
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Material model calibration  Material properties—including 
a WRC dependent on porosity and strain, an effective water 
permeability dependent on porosity and degree of saturation, 
and an intrinsic gas permeability dependent on strain—were 
calibrated through experimental simulations and inverse 
modelling. Furthermore, mechanical model parameters 
accounting for double-structure interactions (i.e., micro- and 
macro-porosity) were calibrated accordingly. This study eval-
uates the capabilities and limitations of the adopted coupled 
formulations in representing the HM-G behaviour of the S/B 
mixture within the defined modelling scope.

Gas-S/B mixture interactions  The configuration developed 
in this study considers that gas flow behavior in S/B mix-
tures is sensitive to the specific conditions of the investi-
gated system. Interactions between gas and the S/B mixture 
under repository-relevant conditions can be represented 
within a calibrated continuum-scale numerical framework.

Future Applications  The process-driven heterogeneity con-
figuration developed in this study serves as a foundational 
basis for full-scale HM-G modelling of the GAST experi-
ment. Once the experimental data become available, the 
assumed distribution of intrinsic gas permeability zones can 
be refined and localized using measured responses. Similarly, 
further calibration of liquid and gas permeability, as well as 
mechanical model parameters, can be performed to enhance 
the model’s engineering-scale applicability. The proposed 
methodology provides a structured continuum-scale frame-
work applicable to other field-scale investigations within 
the context of HM-G design for nuclear waste repositories, 
where accounting for process-driven heterogeneity is critical 
to model accuracy within the stated modelling assumptions.

Calibration through oedometer, gas permeability and 
water retention curve tests enabled consistent estimation of 
swelling pressure, permeability, and gas transport proper-
ties within the adopted modelling framework. The subse-
quent implementation of these parameters in a small-scale 
3D configuration allowed for the evaluation of their perfor-
mance under sequential hydration and gas injection stages 
representative of GAST conditions.

Key findings  Dynamic compaction during the emplace-
ment of the S/B mixture leads to heterogeneous dry den-
sity distribution, resulting in initial porosity variability. 
Since hydro-mechanical and gas transport properties are 
largely governed by dry density, this initial heterogeneity 
should be incorporated into continuum-scale HM-G mod-
elling of GAST.

Laboratory gas injection tests indicate spatially localised 
gas flow behaviour in sand–bentonite mixtures. In the pres-
ent study, this behaviour is represented through predefined 
permeability-enhanced zones within a continuum formula-
tion. These zones capture strain-induced intrinsic perme-
ability enhancement associated with gas injection.

The initial heterogeneous porosity distribution was inte-
grated with representative effective gas permeability zones 
in the GAST configuration, taking into account anisotropy 
in intrinsic permeability. Varying levels of swelling pres-
sure, strain- and/or porosity-dependent water retention 
curves (WRCs), as well as strain- and/or porosity-dependent 
intrinsic water and gas permeability functions were consid-
ered. This representative configuration is intended to serve 
as a key component of the three-dimensional continuum 
modelling strategy proposed for GAST simulations.
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Appendix

Notation list
Equation Parameter Unit Symbol
Water retention curve Degree of liquid and gas saturation - Sl, Sg

Gas pressure MPa Pg

Liquid pressure MPa Pl

Shape parameter - y

Porosity dependent shape parameter y (ϕ)
Reference pressure (measured P  at certain temperature) MPa P0  
Porosity dependent reference pressure MPa P0 (ϕ)
Strain dependent reference pressure MPa P0 (e)
Porosity - ϕ

Parameter in P0 (ϕ) - C

Parameter in λ (ϕ) D

Permeability Intrinsic permeability of gas m2 kint

Porosity dependent permeability m2 kKozeny

Relative permeability in phase α (l:liquid, g:gas) - krl, krg ,kra

Relative permeability constant - A
Relative permeability power - Ω
Effective permeability of gas and liquid phase m2 keffl, keffg

Cubic law for fluid permeability Strain dependent gas permeability m2 kCubic

Initial aperture m b0

Spacing of the fractures m a

Reference strain to calculate aperture variations - e0

Maximum aperture m bmax

Fick’s law Non-advective mass flux of species  in phase α (air or water 
vapour)

kgs−1m− 2
iia

Phase density kgm− 3 ρα

Tortuosity coefficient - τ

Diffusion coefficient of the phase α m2s− 1
Di

a

Mass fraction of species  in phase α - ωi
a

Longitudinal dispersivity m dl

Transversal dispersivity m dt

Hydrodynamic dispersion coefficient m2s− 1
D′

a

Psychrometric law and Henry’s 
law

Vapour density at null suction kg/m3 (
ρw

g

)0

Temperature ℃ T
Molecular mass of water kg/mol Mw
Universal gas constant J·mol/K R
Molecular mass of air kg/mol Ma
Henry’s constant Pa H

Darcy Advective flux in phase α ms− 1 qa

Intrinsic permeability of the phase α m2 k
Dynamic viscosity Pa s µa

Gravitational constant ms− 2 g

Equation Parameter Unit Symbol
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Notation list
Equation Parameter Unit Symbol
Mechanical model - BBM Elastic and plastic volumetric deformation - εe

v ,εp
v

Volumetric stiffness parameter under changes of mean stress - κi

Volumetric stiffness parameter under changes of suction - κs

Coupling parameter for κs - αss

Coupling parameter for κs - αsp

Coupling parameter for κs - pref

Suction MPa s

Void ratio - e

Pre-consolidation stress for saturated conditions MPa p∗
0

Pre-consolidation stress MPa p0

Mean effective stress MPa p′
Mean net stress MPa p

Slope of void ratio – mean stress curve at zero suction - λ (0)
Effective stress MPa σ′
Deviatoric stress MPa q

Non-associativity parameter - α

Tensile strength in saturated conditions MPa ps

Critical state line parameter - M

Plastic potential - G

Parameter defining the maximum soil stiffness - r

Parameter controlling the rate of increase of the soil stiffness 
with suction

MPa− 1 β

Suction component of αss in dry density dependent swelling 
pressure function

- fs (s)

Pressure component of αss in dry density dependent swelling 
pressure function

- fp (p)

Model parameters in dry density dependent swelling pressure 
function

- c0, c1, c2

Mechanical model - BExM
(Double structure model)

Elastic strains of micro-voids - εe
m

Elastic strains of macro-voids - εe
M

Parameter micro-macro coupling functions when SD (suction 
decrease) is activated.

- fsdO

- nsd

Parameter micro-macro coupling functions when SI (suction 
increase) is activated.

- fsi

- nsi
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