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A B S T R A C T

Understanding the gas movement phenomenon within the deep geological repository is essential for assessing
the disposal system’s long-term stability. The primary gas transport mechanism through the bentonite is
dilatancy-controlled flow, which differs from gas flow in general porous media. This flow is characterized
by gas movement through microcracks created under relatively high gas pressure conditions, and the intrinsic
permeability, air-entry pressure, and mechanical strength of the medium change due to the generation and
propagation of these microcracks. Therefore, dilatancy-controlled flow cannot be simulated using the classical
two-phase flow modeling technique. This study constructed the H2MD (two-phase hydraulic-mechanical-
damage) numerical model by combining a damage model to simulate material degradation and the resulting
change in intrinsic permeability with a classical two-phase flow model. In addition, the numerical model was
tested against a 1D laboratory gas injection test investing gas flow mechanisms in the buffer, and a sensitivity
analysis was performed on tensile strength, a key factor in the damage model for gas movement phenomenon.
In the validation study, the proposed model successfully simulated the key features observed in the test: rapid
stress and pressure increase trends, changes in intrinsic permeability due to damage, and the resulting flow
rate. In addition, the effect of heterogeneity on the strength characteristics of each material and interfaces
between materials was analyzed through field-scale test simulations, and the applicability of the model to
upscaling analysis was examined. The study of heterogeneity effects confirmed that incorporating the strength
characteristics of interfaces accurately simulates the gas flow path observed in actual tests. However, the model
overestimated the gas flow before the gas breakthrough and underestimated the evolution of the damaged area
within the buffer. Therefore, additional research on relative permeability and mechanical constitutive models
is needed to improve the reliability of the current model.
1. Introduction

A deep geological repository (DGR) is considered one of the most
promising methods for isolating high-level radioactive waste from hu-
man habitation.1–4 The repository comprises a multi-barrier system of
the engineered barrier system (EBS) and the natural barrier system
(NBS). In particular, EBS consists of a disposal canister, buffers, and
backfill materials. The buffer plays a vital role in isolating the disposal
canister from the surroundings and delaying the movement of radionu-
clides into the environment if leakage occurs. Bentonite is the most
promising material for buffers due to its low permeability and diffusion
coefficients, swelling characteristics, and high sorption capacity.5–9

In a high-temperature and high-pressure disposal environment,
gases (such as H2, Rn, CO2, and CH4) may be generated due to
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anaerobic corrosion of the canister, water radiolysis, and microbial
degradation.1,7,10 Thus, understanding the flow of these gases among
EBS components is essential for assessing the long-term stability of the
repository. Marschall et al11 defined four types of gas flow mechanism:
(1) advective–diffusive transport of dissolved gas, (2) visco-capillary
two-phase flow, (3) dilatancy-controlled gas flow and (4) gas transport
along macro-fractures. These gas transfer mechanisms depend on the
rate of gas generation. When the gas generation rate is lower than
the diffusion rate, most gases dissolve into the water and transfer with
diffusion or advective flow.12 However, when the gas generation rate
exceeds the diffusion rate, gas can be trapped in the pores, increasing
its gas pressure. If the increased gas pressure reaches the air-entry
pressure of the bentonite, visco-capillary two-phase flow may occur.1
However, in low permeability materials, such as a bentonite-based EBS,
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the air entry pressure can be very high, limiting gas flow through
visco-capillary flow. When the gas pressure reaches a critical pressure,
causing physical damage to the bentonite, microcracks develop inside
the EBS, forming a preferential path and causing dilatancy-controlled
gas flow. These microcracks can develop into macro-fractures.13–15

Marschall et al11 described the dilatancy-controlled flow as the
dominant gas transport mechanism through bentonite, wherein gas
flow is facilitated by microcracks formed under specific stress condi-
tions. The gas migration through the microcracks leads to alterations in
the pore structure and an increase in pore space, which subsequently
increases the intrinsic permeability of the buffer and changes the
capillary pressure and water retention relationship, contributing to the
formation of preferential pathways. This feature of dilatancy-controlled
flow has also been observed and proven through experimental studies.
Various laboratory-scale gas injection tests have been conducted, and
the following features have been observed from tests: (1) increasing gas
pressure at the injection filter during the constant gas inflow phase, (2)
observation of rapid increases in stress and pressure appearing above a
certain gas pressure, and (3) rapid increases in inflow and outflow gas
rates. These characteristics are evidence of a breakthrough, rapid gas
movement due to the formation of a preferential path after the creation
of microcracks due to high gas pressure.14,16,17 Additionally, similar
features were observed in the field-scale gas injection test (Lasgit)
performed by Cuss et al.18,19

However, the formation of these pathways and the resulting gas
movement through them have a very complex mechanism. Hence, on-
going research is being conducted to identify its key features. In many
studies, an approach to simulate the preferential pathway was used by
applying a model that considers mechanical effects on intrinsic perme-
ability, directly affecting gas flow and pressure evolution. These models
include a gas pressure-based model derived from the experimental
observations,20,21 a porosity-based model that considers the effect of
pore volume changes,22,23 a strain-based model that considers the
impact of pore structure changes,24 and a damage model that considers
both changes in mechanical and hydraulic properties.25,26 In particu-
lar, DECOVALEX, an international joint research project that develops
and verifies numerical models to identify phenomena related to such
multiphysics complex behavior, has conducted research to identify gas
movement phenomena in the buffer in two stages (DECOVALEX-2019
Task A, DECOVALEX-2023 Task B). Participants developed and verified
their models using laboratory- and field-scale test data provided by the
task lead.23,27

In particular, the hydraulic-mechanical-damage coupled modeling
technique, which applies a damage model that considers both mechan-
ical deterioration and hydraulic characteristics of the medium, is being
used by many researchers as well as within DECOVALEX-2019 Task A
and DECOVEALEX-2023 Task B to simulate dilatancy-controlled flow
in bentonite. Fall et al25 introduced a hydraulic-mechanical-damage
modeling technique using Tang’s damage model. Xue et al28 studied the
effect of the lateral pressure coefficient on the evolution of the damaged
area. Dagher et al29 analyzed the impact of modeling the damaged
zone propagation and the resulting gas migration phenomenon ac-
cording to various stress–strain constitutive models (i.e., linear elastic,
elastoplastic, and non-local elastoplastic). In these comparisons, for
one-dimensional laboratory gas injection test simulations, the linear
elastic medium assumption combined with the damage model best
matched experimental data. Yang and Fall30 proposed the damage
model simulating micro to macroscopic cracks and analyzed the dam-
age area evolution according to initial damage, microstructure size,
and strain rate. The literature review indicates that the damage model
based on elastic behavior is straightforward yet effectively simulates
dilatancy-controlled flow in bentonite. Consequently, this study aims
to model dilatancy-controlled flow by applying a damage model rooted
in the elastic behavior of bentonite. Despite the reliance of the dam-
age model on the strength characteristics of the buffer, there is a
notable paucity of studies examining its impact on these characteristics.
2 
Fig. 1. Test apparatus for 1D gas injection test.
Source: Modified from Daniels and Harrington.31

Moreover, the damage model encompasses several uncertain variables,
including residual tensile strength and ultimate tensile strain.15

In this study, a H2MD coupled numerical model to simulate
dilatancy-controlled gas flow in bentonite is developed based on the
linear elastic constitutive relation with the damage model. A modified
damage model, which reduces uncertain variables such as residual
tensile strength and ultimate tensile strain, has been proposed, and
the numerical model is tested against laboratory-scale gas injection test
results. In this process, a sensitivity analysis is performed on the tensile
strength of bentonite to analyze the impact of strength characteristics
on damage zone propagation, stress and pressure response, and flow
rate simulation. In addition, the strategy is tested against field scale
test data to analyze the effect on gas movement when tensile strength
is applied as material (component) heterogeneity. The applicability of
upscaling techniques is also examined.

2. One-dimensional gas injection test

In this section, we concisely describe the one-dimensional (1D) gas
injection test, a validation test for the numerical model developed
in this study. The 1D gas injection test, conducted by Daniels and
Harrington,31 used a rigid cell designed to maintain a constant volume
even under high pressure. The cell was equipped with five load cells
and five pressure gauges strategically positioned to capture stress and
pressure variations at different locations within the sample, as depicted
in Fig. 1 (Note: In Fig. 1, the legends of the stress and pressure sensors
utilized to indicate the results of the numerical model are highlighted
in green). The dimension and physical properties of the pre-compacted
Mx80 bentonite block used in this study are summarized in Table 1.

The test is divided into three phases: (1) a hydration phase, (2) a
gas injection phase, and (3) a ceasing gas injection phase. This section
describes some features that can be observed at each phase based on the
test data provided by the Task lead. Comprehensive details on the test
equipment and methodologies are described in previous studies.16,31

In the hydration phase, the sample is saturated by injecting water
using a syringe pump through stainless steel filters (including injec-
tion, backpressure, and radial surface filters depicted in Fig. 1). This
phase corresponds to the time interval from the start of the test to
approximately 40 days, see Fig. 2. Of paramount importance during this
phase is the observation of stress distribution. As illustrated in Fig. 2(a),
stress levels exhibit an initial increase upon commencement of water
injection, followed by convergence to a stable state. This means that
the bentonite block is fully saturated, and also swelling is complete. The
hydration phase ends when the stress convergence is being observed.
The converged stress value is generally considered to be the swelling
pressure of compacted bentonite.23,31

Then, the gas injection phase takes place. A noteworthy feature of
this phase is the abrupt increases in stress and pressure, evident in
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Table 1
Material properties for one-dimensional gas injection test31.
Sample Length [mm] Diameter [mm] Water content [–] Dry density [kg/m3] Porosity [–] Saturation [–]

Mx80 119.90 59.69 0.266 1.579 0.430 97.8
Fig. 2. Test data for 1D gas injection test offered by Task lead.
both Figs. 2(a) and 2(b). Initially, the stress and pressure variations
are not observed even through the gas injection (40–63 days in Fig. 2).
However, approximately 63.8 days from the beginning of the test, rapid
increases in stress and pressure are observed. This phenomenon aligns
with the characteristic manifestation of gas breakthrough. The sudden
surge in gas outflow rate indicated the formation of a preferential
pathway within the bentonite block, facilitating rapid gas migration
(Fig. 2(a)).

The final step is when gas ceases. In this test, gas injection was
stopped after a steady-state flow between gas inflow and outflow
was observed following the gas breakthrough phenomenon, which
occurred at approximately 71 days. Upon cessation of gas injection,
both stress and pressure gradually declined and showed a tendency
towards convergence. The pressure value at which this convergence
occurs, referred to as the shut-in pressure (apparent matric suction in
Fig. 2(b)), represents the minimum pressure at which gas pathways
remain open. This shut-in pressure is significant as it can be used
to define the air-entry value for the sample in subsequent numerical
analyses.32

3. H𝟐MD coupled modeling approach

This section describes the approach for mathematically modeling
the gas injection test previously described. The dominant physical phe-
nomenon in this test is the dilatancy-controlled gas flow. We first need
to model the two-phase flow within a porous medium to simulate this
phenomenon. This flow can be numerically modeled based on mass and
momentum conservation laws, given that the test is conducted under
isothermal conditions, excluding energy conservation. We incorporated
constitutive relations, such as Darcy’s law, the water retention curve,
and the damage model, to simulate key observations from the test,
including gas breakthrough and the formation of preferential pathways.

3.1. Governing equations

3.1.1. Conservation of mass
In this study, we considered saturated bentonite as a porous medium

with a single pore structure. As aforementioned, the mechanisms for
gas transport in saturated bentonite include diffusion/advection of dis-
solved gases, viscous capillary two-phase flow, and transport through
3 
preferential pathways. Olivella and Alonso33 proposed mass balance
equations that account for gas transport mechanisms in all cases. But
Nagra (National Cooperative for the Disposal of Radioactive Waste)
reported that dissolved gases’ diffusion/advection rate is negligible
compared to gas migration by the other two mechanisms.34 In addi-
tion, in the one-dimensional gas injection experiment results presented
in Section 2, a substantial amount of gas was injected (inflow rate,
Fig. 2(a)) before the occurrence of gas breakthrough ( 63 days), yet
no outflow was detected during this period. However, a significant
outflow (outflow rate, Fig. 2(a)) was clearly observed following the
gas breakthrough. Thus, this study applied the following simplified
mass balance equation for each component, 𝛼 (Eq. (1)), which does
not consider the diffusion/advection of dissolved gas as used in the
previous study.15

𝜌𝛼𝜙
(

𝑆𝛼
𝐾𝛼

−
𝜕 𝑆𝑒
𝜕 𝑝𝑐

)

𝜕 𝑝𝛼
𝜕 𝑡 + 𝛁 ⋅ (𝜌𝛼𝐪𝛼) = −𝜙𝜌𝛼

𝜕 𝑆𝑒
𝜕 𝑝𝑐

𝜕 𝑝𝛼′
𝜕 𝑡 − 𝑆𝛼𝜌𝛼

𝜖𝑣
𝜕 𝑡 (1)

where subscript, 𝛼 represents 𝑤 (water) and 𝑔 (generated gas, Helium
in this study), respectively. 𝜌𝛼 is the phase density [kg/m3], 𝜙 is the
porosity [–], 𝑆𝛼 is the phase saturation [–], 𝐾𝛼 is the bulk modulus
of fluid component 𝛼 [Pa], 𝑆𝑒 is the effective saturation [–], 𝑝𝑐 is
the capillary pressure [Pa], 𝐪𝜶 is the Darcy’s velocity of the fluid
component 𝛼 [m/s], 𝜖𝑣 is the volumetric strain [–], and 𝛼′ denotes the
fluid component other than component 𝛼.

3.1.2. Conservation of momentum
This study assumed that saturated bentonite is a mixture of solids

and fluids and behaves elastically. The stress–strain relationship of the
mixture porous medium conforms to Hooke’s Law. The mechanical
response was modeled by employing the classical equation of linear
momentum conservation, expressed as follows:

∇ ⋅ 𝝈 + 𝜌𝑚𝐠 = 0 (2)

where 𝝈 is the total stress tensor (positive for tension) [Pa], 𝜌𝑚 is the
density of the mixture [kg/m3] expressed as

𝜌𝑚 = (1 − 𝜙)𝜌𝑠 + 𝜙(𝑆𝑤𝜌𝑤 + 𝑆𝑔𝜌𝑔) (3)

where 𝜌𝑠, 𝜌𝑤, and 𝜌𝑔 are the density [kg/m3] of solid grain, water, and
gas, respectively. To consider hydraulic-mechanical coupling effects
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according to gas injection, the effective stress model (Eq. (4)) based
n Biot’s theory was substituted into Eq. (2).

𝝈 = 𝝈′ + 𝛼 𝑝𝑝𝐈 (4)

where 𝝈′ is the effective stress [Pa], 𝛼 is the Biot’s coefficient [–], 𝑝𝑝 is
the average pore pressure [Pa], and 𝐈 is the identity tensor. The average
pore pressure is defined as27:

𝑝𝑝 = 𝑚𝑎𝑥(𝑝𝑤, 𝑝𝑔) (5)

where 𝑝𝑤 and 𝑝𝑔 are water and gas pressure [Pa], respectively. This
approach can be intuitively applied to both single-phase and two-
phase flow analyses. It assumes that the larger partial pressure of
ach phase predominantly influences the mechanical behavior of the

particles surrounding the pores.35

3.2. Constitutive relations

3.2.1. Hydraulic behavior
The key phenomenon in modeling the gas injection test is the

ovement of water and gas. This study assumed that two-phase flow is
nly governed by the visco-capillary two-phase flow in porous media,
hich can be expressed by Dary’s law as follows:

𝐪𝜶 = −𝐤𝑖𝑛𝑡𝑘𝑟𝛼
𝜇𝛼

∇(𝑝𝛼 − 𝜌𝛼𝐠) (6)

where 𝐤𝑖𝑛𝑡 is the intrinsic permeability [m2], 𝑘𝑟𝛼 is the relative perme-
bility of the fluid component 𝛼, 𝜇𝛼 is the dynamic viscosity [Pa s],

𝑝𝛼 is the pore pressure of each fluid component [Pa], 𝜌𝛼 is the phase
density [kg/m3], and 𝐠 is the gravitational vector [m2/s].

In the unsaturated porous media, the phase flow is governed by
he intrinsic and relative permeability. The intrinsic permeability is

a material property, and the relative permeability is a state property.
The relative permeability is governed by the effective saturation. The
ffective saturation varies with the capillary pressure, and the relation
etween effective saturation and capillary pressure can be expressed by
he van Genuchten model36:

𝑆𝑒 =
[

1 +
(

𝑝𝑐
𝑝𝑒𝑛𝑡𝑟𝑦

)𝑛]−𝑚

(7)

where 𝑆𝑒 is the effective saturation of the water phase [–], 𝑝𝑐 is the
capillary pressure [Pa], 𝑝𝑒𝑛𝑡𝑟𝑦 is the air-entry pressure [Pa], 𝑚 and 𝑛 are
shape parameters, and 𝑛 = 1∕(1 − 𝑚).

The air-entry pressure is an important factor in the gas flow phe-
omenon in porous media. This depends on the pore distribution of the
orous medium and is characterized by a very high value in media with
ery small pores, such as pre-compacted bentonite. In the gas injection
est, the pore structure changes depending on the gas injection; this
ffect was considered by the following relationship33:

𝑝𝑒𝑛𝑡𝑟𝑦 = 𝑝𝑒𝑛𝑡𝑟𝑦,𝑖

(𝑘𝑖𝑛𝑡,𝑖
𝑘𝑖𝑛𝑡

)1∕3
(8)

where 𝑝𝑒𝑛𝑡𝑟𝑦,𝑖 is the initial air-entry pressure [Pa], 𝑘𝑖𝑛𝑡,𝑖 and 𝑘𝑖𝑛𝑡 are the
initial intrinsic permeability and intrinsic permeability corresponding
to the current-time step [m2], respectively. The intrinsic permeability
corresponding to the current-time step is described in the damage
model section in detail.

The capillary pressure can be defined by

𝑝𝑐 = 𝑝𝑔 − 𝑝𝑤 (9)

This study used the primary variable for the numerical model as the
water and gas pressure, 𝑝𝑤 and 𝑝𝑔 . Therefore, the saturation of each
hase (i.e., 𝑆𝑤, 𝑆𝑔) at each time step can be calculated by the following
elations:

𝑆𝑒 =
𝑆𝑤 − 𝑆𝑟𝑤
1 − 𝑆𝑟𝑤

(10)
𝑆𝑤 = 𝑆𝑒(1 − 𝑆𝑟𝑤) + 𝑆𝑟𝑤 (11)

4 
𝑆𝑔 = 1 − 𝑆𝑤 (12)

where 𝑆𝑟𝑤 is the residual water saturation [–].
This study used the power law model (PLM) proposed by Mualem37

for the relative permeability model. The model assumed that water is
continuously distributed throughout the porous medium, whereas gas
exists only inside the pore. Due to these assumptions, the relative per-
meability of gas, a non-wetting fluid, is derived to be smaller than the
relative permeability of water in the relatively high effective saturation
range.15 However, in our model, when the PLM was applied as is, the
gas relative permeability derived excessively small, and a numerical
convergence problem occurred. Therefore, we used a modified equation
for gas relative permeability as follows:

𝑘𝑟𝛼 =

{

𝑘𝑟𝑤(𝑆𝑒) = 𝑆
𝜆𝑐 𝑎𝑝
𝑒 , for water phase

𝑘𝑟𝑔(𝑆𝑒) = 1 − 𝑆
𝜆𝑐 𝑎𝑝
𝑒 = 1 − 𝑘𝑟𝑤, for gas phase

(13)

where 𝜆𝑐 𝑎𝑝 is a parameter depending on the soil type.

3.2.2. Damage behavior
The most characteristic feature observed in gas injection tests is gas

reakthrough, which is a phenomenon related to the rapid migration of
as. Previous studies revealed that micro-fractures within the bentonite
lock occurred when the gas pressure reaches the sum of the total stress
the minimum principal total stress) and tensile strength. These micro-
ractures deteriorate the mechanical strength and form a preferential
athway.1,17 To consider the deterioration of the mechanical strength,

the damage model proposed by Tang et al38 was applied in various
studies.23,25,26 This model derives the damage factor based on the strain
rate, and Young’s Modulus can be expressed as a function of the damage
factor as follows:

𝐸(𝐷) = (1 −𝐷)𝐸𝑖 (14)

where 𝐷 is the damage factor [–] and 𝐸𝑖 is the initial Young’s modulus
[Pa]. The following relationship for the damage factor is here used:

𝐷 =

⎧

⎪

⎨

⎪

⎩

0, for 𝜖3 < 𝜖𝑡0
1 − 𝑓𝑡𝑟

𝐸0𝜖3
, for 𝜖𝑡0 ≤ 𝜖3 < 𝜖𝑡𝑢

1, for 𝜖𝑡𝑢 ≤ 𝜖3

(15)

where 𝑓𝑡𝑟 is the residual tensile strength [Pa], 𝜖3 is the minimum
principal strain [m/m], 𝜖𝑡0 is the tensile strain when the stress tensor
reaches to the tensile strength, 𝑓𝑡, and 𝜖𝑡𝑢 is the tensile strain corre-
sponding to a complete tensile failure. These variables can be obtained
through uniaxial tensile tests conducted on samples such as rock or
oncrete.38–40

Guo and Fall15 stated that Tang’s model may have two discontinuity
points in the damage factor depending on the strain value, and the
esidual strength of the model is a specific property of the rock, so it is

not suitable for application to bentonite. Based on this, the residual
strength term was removed in this study. In addition, when using
the original model, 𝜖𝑡𝑢 must be assumed, which creates additional
uncertainty. Therefore, this study applied a modified damage model,
which was also used in the previous study.23

𝐷 =

{

0, for 𝜖3 < 𝜖𝑡0
1, for 𝜖𝑡0 ≤ 𝜖3

(16)

where 𝜖𝑡0 can be estimated by 𝑓𝑡∕𝐸0. Thus, the tensile strength (𝑓𝑡)
significantly affects the evolution of the damage field.

3.2.3. Hydraulic-mechanical-damage coupled effect
Gas migration in pre-compacted bentonite is a complex HM-coupled

behavior. In HM-coupled numerical modeling, intrinsic permeability
ith mechanical variables are applied to Darcy’s law to reflect the cou-

pling effect.15 In gas injection experiments, the mechanical behavior
affecting intrinsic permeability can be divided as follows: (1) change in
pore structure due to gas injection and (2) formation of micro-fracture.
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The former does not cause damage to the medium, but the latter does.
Thus, this study used an intrinsic permeability model, expressed as a
combination of the intrinsic permeability of undamaged and damaged
zones proposed by Meschke and Grasberger41 :

𝑘𝑖𝑛𝑡 = 𝑘𝑢𝑑 + 𝑘𝑑 (17)

where 𝑘𝑢𝑑 is the intrinsic permeability for the undamaged zone [m2],
and 𝑘𝑑 is the intrinsic permeability for the damaged zone [m2]. For
the undamaged intrinsic permeability, a function of the porosity is
assumed25:

𝑘𝑢𝑑 = 𝑘𝑖𝑛𝑡,𝑖𝑒𝑥𝑝[𝐴(
𝜙𝑡
𝜙𝑖

− 1)] (18)

where 𝑘𝑖𝑛𝑡,𝑖 is the initial intrinsic permeability [m2], A is an empirical
(calibration) factor [–], 𝜙𝑡 is the current porosity [–], and 𝜙𝑖 is the
initial porosity. The model25,26 derived from experimental data linking
changes in permeability with mechanical damage was used for the
damaged zone:

𝑘𝑑 = 𝐷
𝐷𝑘𝑚𝑎𝑥

(𝑘𝑚𝑎𝑥 − 𝑘𝑢𝑑 ) (19)

where 𝐷𝑘𝑚𝑎𝑥 is the rock damage value that corresponds to 𝑘𝑚𝑎𝑥, 𝑘𝑚𝑎𝑥
is the maximum permeability of the damaged sedimentary rock [m2],
which should be determined experimentally for the specimen.

4. Numerical modeling

4.1. Numerical simulator

This study simulated the 1D gas injection test of Section 2 using
COMSOL Multiphysics software based on the finite element method
(FEM). A numerical model was developed to simulate H2M coupled pro-
cesses by combining a general form partial differential equation (PDE)
module with a solid mechanics module. The two-phase flow was mod-
eled using the general form PDE module to enforce mass conservation
laws, considering the pore pressures of gas and water as the dependent
variables for each phase. Furthermore, the mechanical behavior of the
medium was modeled using the solid mechanics module, which solves
the momentum balance equation with the displacement field as the
dependent variable. The compacted bentonite block was assumed to
behave as a linear elastic material. A time-dependent analysis was
performed, with the primary variables (𝑝𝑔 , 𝑝𝑤, and 𝐮) for each time
step computed using the Pardiso direct solver within a fully coupled
scheme.

4.2. Validation study: Laboratory-scale modeling (1D gas injection test)

4.2.1. Geometry and boundary conditions
A three-dimensional cylinder with a diameter of 59.69 mm and a

length of 119.50 mm was modeled, as shown in Fig. 3. The domain
consists of two filter domains and a bentonite domain, discretized into
3,355 tetrahedra elements. We separated the domain into two parts to
facilitate the simulation of the compressive behavior of the bentonite
near the injection filter. Instead, the filter domain was conducted
only for mechanical analysis, not hydraulic analysis. Injected gas was
simulated by a Dirichlet boundary condition with the time-dependent
pressure data at the injection filter (𝑝𝑔 ,𝑖𝑛𝑗 (𝑡)). The pressure evolution
with time was briefly modified and applied to improve analysis stabil-
ity, as shown in Fig. 4. All boundary conditions shown in Fig. 3 are
summarized in Table 2.
5 
Fig. 3. Geometry and boundary conditions for 1D gas injection modeling.

Fig. 4. Time-dependent pressure data used for gas injection modeling.

4.2.2. Material properties and calibration parameters
This section deals with input parameters and initial conditions. The

material properties of bentonite were prescribed to the values provided
by the task lead. In addition, the dynamic viscosity of water and gas
that changes depending on temperature was assumed to be 293.15 K
in the laboratory, and helium gas was assumed to follow the ideal gas
equation. The hydraulic properties were prescribed by referring to the
literature.23 We needed to assume the parameters that are applied to
the damage model. However, there are limitations in using all factors as
calibration parameters, so literature values were used for some factors.
This study selected the tensile strength, a key variable in the damage
model, as a calibration parameter and conducted sensitivity analysis
using it. The initial conditions were estimated and applied according to
the assumptions regarding the definition of the average pore pressure of
the model based on the experimental conditions. The input parameters
used in this study are summarized in Table 3.

4.2.3. Modeling results
This section summarizes the sensitivity analysis results with tensile

strength specified as the calibration parameter. Tensile strength was
selected from 0.4 MPa to 1.4 MPa, as shown in Table 3, based on
the literature value of 1 MPa.29 Fig. 5 depicts the stress evolution of
each case at the gas injection filter. The tendency for stress to increase
varies depending on tensile strength. However, there was no significant
difference in maximum stress in all cases. Except for the case where
the tensile strength was 0.4 MPa, the stress increased linearly after the
gas injection stage (40 days after the start of the test). Afterward, a
rapid stress increase was confirmed at a specific point in each case.
This is consistent with the stress behavior at the breakthrough moment
shown in the test. The case that predicted the breakthrough timing most
similar to the validation test was the case where the tensile strength was
1.2 MPa. For all cases, the developed model successfully simulated the
overall trend of rapid stress changes and the maximum stress observed
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Table 2
Boundary conditions for the 1D gas injection test.
Boundary No. Adjacent domain Physics BCs for mass conservation BCs for momentum

conservation

1 Injection filter Mechanical – Fixed
2 Injection filter, Bentonite Hydraulic Dirichlet BC: 𝑝𝑔 = 𝑝𝑔 ,𝑖𝑛𝑗 (𝑡), 𝑝𝑤 = 𝑝𝑤,𝑖 –
3 Bentonite Hydraulic & Mechanical Zero flux Roller
4 Outlet filter, Bentonite Hydraulic Dirichlet BC: 𝑝𝑔 = 𝑝𝑔 ,𝑖, 𝑝𝑤 = 𝑝𝑤,𝑖 –
5 Outlet filter Mechanical – Fixed
Table 3
Material properties used in sensitivity analysis.

Meaning Symbol Unit Value Notes

Bentonite Filter

Mechanical Dry density of solid grain 𝜌𝑔 kg/m3 2700 –
Initial porosity 𝜙𝑖 – 0.44 Fixed23

Initial Young’s modulus 𝐸𝑖 Pa 3.07 ⋅ 108 2.00 ⋅ 1011 Fixed for Bentonite23

Fixed for stainless filter (typical value)
Biot’s coefficient 𝛼 – 0.65 –
Average density of porous
media

𝜌 kg/m3 Variable derived from Eq. (3) 8000

Water density 𝜌𝑤 kg/m3 1000 –
Gas density (Helium) 𝜌𝑔 kg/m3 1.70 –
Bulk modulus of water 𝐾𝑤 Pa 2.20 ⋅ 109 –
Bulk modulus of gas (Helium) 𝐾𝑔 Pa 𝑝𝑔 –
Dynamic viscosity of water 𝜇𝑤 Pa s 1.32 ⋅ 10−3 – 𝐾𝑔 = 𝑝𝑔
Dynamic viscosity of gas
(Helium)

𝜇𝑔 Pa s 1.76 ⋅ 10−5 –

Hydraulic Initial intrinsic permeability 𝐤𝐢𝐧𝐭,𝐢 m2 3.40 ⋅ 10−21 – Fixed23

van Genuchten model
parameter

m – 0.50 – Fixed42

Residual water saturation 𝑆𝑟𝑤 – 0.01 –
Initial air-entry pressure 𝑝𝑒𝑛𝑡𝑟𝑦,𝑖 Pa 8.30 ⋅ 106 – Fixed (apparent matric suction in Fig. 2(b))

Damage model Tensile strength 𝑓𝑡 Pa (0.4, 0.8, 1.0, 1.2, 1.4) ⋅ 106 – Calibration parameter
Empirical (calibration) factor
for undamaged zone
permeability

A – 22.2 – Fixed43,44

Rock damage value 𝐷𝑚𝑎𝑥 – 1.0 – Fixed43,44

Maximum permeability
of the damaged sedimentary
rock

𝑘𝑚𝑎𝑥 m2 1.0 ⋅ 10−19 – Fixed23

Initial value Initial pore water pressure 𝑝𝑤,𝑖 Pa −6.94 ⋅ 105 −6.94 ⋅ 105 𝑃𝑤,𝑖 , 𝑃𝑔 ,𝑖 are incorporated in the M analysis,
despite the absence of H analysis in the filterInitial pore gas pressure 𝑝𝑔 ,𝑖 Pa 1.0 ⋅ 106 1.0 ⋅ 106
during the gas breakthrough phenomenon. However, the numerical
model indicated that the stress decreases at the gas injection cessation
stage, following the gas breakthrough, occurred somewhat more slowly
than the actual experimental results.

Fig. 6 compares the measured values of stress and pressure sensors
embedded at each location on the test apparatus and the predicted
values of the numerical model. In the case of stress, Sr1 and Sr2 sensors
showed overestimated values in all cases, and Sr3 showed underesti-
mated values compared to the test value (Fig. 6(a)). In addition, the
test results showed a rapid increase in stress after the breakthrough in
all stress sensors. In contrast, the numerical results showed a relatively
gradual increase from the gas injection stage. On the other hand, in
the case of pressure, the predicted values of sensors (Pr1, Pr2, Pr3) at
each location were underestimated in all cases (Fig. 6(b)). In addition,
similar to the tendency of stress, there was a gradual upward trend
compared to the test results. Since the numerical model in this study
utilizes an effective stress model based on Biot’s theory, it inferred that
the trends of pressure and stress are derived similarly.

The pressure and stress trends over time predicted by the numerical
model appear similar. However, the stress was relatively overestimated
compared to the test data, and the pressure was relatively underesti-
mated. It is related to the location of the stress and pressure sensors.
The pressure sensors (Pr1, Pr2, Pr3) are located at the center of the
cell compared to the stress sensors (Sr1, Sr2, Sr3), as shown in the
upper right corner in Fig. 7. Fig. 7 shows the pressure distribution
along the length of the cell. The pressure distributions predicted by the
numerical model are shown as a solid line, and the pressures observed
6 
Fig. 5. Total stress evolution at the gas injection filter.

in the test are shown as marks. The predicted values result from the
case where the tensile strength is 1.2 MPa. In Fig. 7, the predicted
values are higher for the pressure at the points located at Pr1 to Pr3
before the breakthrough rather than the test-measured values, but the
test-measured values are higher than the predicted values after the
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Fig. 6. Comparisons between numerical modeling and experimental data.
Fig. 7. Pressure evolution comparisons between numerical and test results.

breakthrough. This is because of whether pressure propagates or not
before the breakthrough. In the numerical model, gradual propagation
of gas pressure occurred even before the breakthrough occurred. In con-
trast, the pressures were maintained at a low-pressure level measured
in the test before the breakthrough (shown as section A in Fig. 7), and
then a rapid increase in pressure was observed after the breakthrough
(shown as section B in Fig. 7).

The difference in pressure distribution can be interpreted in two
ways. The first is due to the relative permeability model (Eq. (13)),
modified due to analysis convergence issues. The modified model tends
to overestimate the relative gas permeability compared to the model
presented by Mualem.37 This difference induced our model to simulate
excessive propagation of gas pressure into the compacted bentonite
from the beginning of gas injection. The second is the effect of the
damaged area. Fig. 8 shows the breakthrough timing according to
tensile strength and the volumetric strain at the breakthrough moment.
It also shows the normalized maximum damage area regarding the 0.4
MPa case where the maximum damage area occurred. It shows that as
the tensile strength increases, the bentonite can withstand failure even
at a significant strain rate, and the point at which breakthrough occurs
is also delayed.

Fig. 9 shows the maximum damaged area in each case (the time
of maximum damage is different for all). The maximum damaged
area depends on the tensile strength. In the case where the tensile
strength is 1.2 MPa in Fig. 9, even when maximum damage occurred,
7 
Fig. 8. Breakthrough timing and damaged area with tensile strength.

no damage occurred to the area where the pressure sensors Pr1 to
Pr3 are located. Thus, the numerical results did not predict a rapid
increase in pressure due to the breakthrough (Fig. 7). However, the
70-day and 75-day pressure prediction trends demonstrate that the
numerical model accurately simulates the rapid pressure increase and
propagation resulting from the breakthrough event, effectively captur-
ing the maximum damage extent of approximately 10 mm from the
injection point, as depicted in Fig. 9. However, in actual experiments,
pressure propagation is transmitted rapidly to the outlet within a short
time frame, and when a crack occurs across the entire buffer, the
pressure dissipates quickly. This discrepancy in the speed of pressure
propagation is reflected in the differences in the stress trends observed
between the experimental values after gas breakthrough and the stress
predictions made by the numerical model, as illustrated in Fig. 5. In the
case of the numerical model, since crack propagation did not extend
to the outlet, the pressure dissipation following gas breakthrough was
predicted to occur more slowly than observed experimentally.

Similarly, the variance between the measured stress and pressure
sensor values distributed throughout the sample and the numerical
predictions shown in Fig. 6 can also be elucidated by this phenomenon.
The more rapid decrease in measured stress during the experimental
phase after gas breakthrough, compared to the numerical model, is
attributed to the rapid pressure dissipation resulting from the formation
of cracks across the entire buffer. The similarity in the trends of
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Fig. 9. The maximum damaged area with tensile strength (even though we used a modified damage model, Eq. (16), the legend appears as continuous numbers rather than 0 or
1 due to the display setting).
pressure and stress changes can be attributed to the fact that, according
to Biot’s theory, stress is a variable induced by pressure.

Regarding the pressure change trend, pressure at the injection filter
was linearly transmitted across the sample even prior to gas break-
through, influenced by the relative permeability model employed in
the numerical simulation. Consequently, pressure reached the locations
where sensors Pr1 and Pr3 are situated, but did not reflect the maxi-
mum pressure at the time of gas breakthrough. Thus, it is concluded
that the numerical model predicts a pressure value post-gas break-
through that is somewhat lower than the experimental measurement.
Furthermore, the relatively smooth decrease in stress and pressure pre-
dicted by the numerical model, in contrast to the fluctuations observed
in experimental measurements due to sample heterogeneity and the
dynamic behavior of cracks, can be attributed to the maintained con-
stant pressure boundary condition at the outlet, which led to pressure
dissipation being predicted according to Darcy’s law.

The damaged area due to the breakthrough also affects the pre-
diction of gas inflow and outflow. Fig. 10(a) shows the gas inflow
rate into compacted bentonite. In all cases (except for the extreme
cases of 0.4 and 1.4 MPa), a rapid increase in inflow was predicted at
the breakthrough moment. This results from reflecting the increased
permeability of the damaged area due to the breakthrough through
Eq. (19). In addition, the amount of gas inflow is greatly affected by
the pressure gradient based on Darcy’s law. In the case of 0.4 MPa,
a breakthrough occurred under relatively low gas injection pressure
conditions, and the gas inflow rate was predicted to be low because the
pressure gradient was negligible at this time. In the case of 1.4 MPa,
the damage area was tiny, so the inflow rate was low. As with the point
of occurrence of breakthrough, the inflow rate was derived to be the
most similar in the case of 1.2 MPa. However, the gas inflow amount
before the breakthrough derived from the test could not be simulated
in all cases. This is believed to be the result of the gas inflow before
the breakthrough occurring not being reflected in the accumulated
volume inside the inflow filter and at the bentonite interface. This effect
leads to the difference between the predicted cumulative gas injection
volume and the volume injected in the test, as shown in Fig. 10(b).
Also, as shown in Fig. 10(c), the outflow gas rate was underestimated
compared to the outflow rate observed in the test, and the total
outflow gas volume (Fig. 10(d)) was accordingly underestimated in
all cases. This underestimation is because the damaged area caused
by the breakthrough did not spread to the outflow area, as shown in
Fig. 9. This study’s findings align with those reported by Dagher et al29

The damaged zone cannot spread to the outlet because the medium
is assumed to be a completely elastic body without any permanent
plastic deformation. It is inferred that during gas breakthrough within
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a confined volume, pressure propagation leads to localized volume
expansion in some regions, while compression inevitably occurs in
others. This effect likely contributed to the overestimation of self-
healing in the elastic media and the underestimation of the damaged
area in the model predictions. It is judged that this will lead to a
reduction and self-healing effect of the damaged zone. Further research
is required to accurately simulate the cracks throughout the medium
observed in laboratory tests. This requires modeling localized damaged
zones by accounting for the heterogeneity in the material properties of
bentonite.

Based on the results of the validation study, we confirmed that it
effectively captures the following features observed in the test: (1) for-
mation of a preferential path upon breakthrough due to gas injection,
(2) increased permeability in the damaged area, and (3) a rapid in-
crease in both stress and pressure. Furthermore, the sensitivity analysis
of calibration parameters confirmed the influence of tensile strength
within a single material on gas movement phenomena. However, this
model is limited in predicting a continuous damaged area rather than
a narrow, discontinuous one. To overcome these limitations, applying
a constitutive model that reflects the plastic behavior of compressed
bentonite or improving the model by considering the recovery effect
on the hydraulic-mechanical properties of bentonite after self-healing
is necessary.

4.3. Application study: Field-scale modeling (LASGIT test)

In the previous section, a laboratory-scale gas injection test was
modeled to validate the applicability of the developed model for ad-
vective gas flow. Additionally, the effect of tensile strength on gas
migration within homogeneous compacted bentonite was evaluated. As
a result, it was confirmed that the timing of the breakthrough and the
damaged area vary depending on the tensile strength. DECOVALEX-
2023 Task B aimed to address several concerns that were not resolved
in advective gas flow modeling in the previous phase, DECOVALEX-
2019 Task A. In particular, DECOVALEX-2023 Task B aimed to evaluate
the developed model’s applicability for upscaling to a field-scale gas
injection test.27 Unlike laboratory-scale tests, field-scale test involves
various components, including buffers, pellets, rocks, and the interfaces
between these materials.

This section aims to evaluate the impact of applying material
strength properties derived from laboratory-scale tests to different
field-scale components on gas transfer phenomena. Specifically, the
focus was on assessing the effect of considering or not considering
the strength properties of the material interfaces on gas flow path-
ways. Additionally, we compared the actual measurements with the
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Fig. 10. Gas flow rate estimation.
numerical model predictions to evaluate the model’s applicability for
upscaling analysis. Despite identifying several technical limitations in
the laboratory-scale simulations, the field-scale analysis was conducted
to further assess the limitations of the proposed model and to inform
potential improvements for future studies.

4.3.1. Brief description of field-scale test
The field-scale test presented in DECOVALEX-2023 Task B is Lasgit

(LArge Scale Gas Injection Test), which is a gas injection test conducted
by British geological survey (BGS) at a depth of 420 m in the Äspö
Hard Rock Laboratory (Fig. 11). In the test, gas was injected into an
engineered barrier system (EBS) consisting of multi-components such as
canister, void, bentonite, pellet, and rock based on the KBS-3 concept.
A field-scale EBS has been placed into a deposition hole with a length
of 8.5 m and a diameter of 1.75 m. The test was conducted over
approximately 15 years, starting from 2003, and involved four different
gas injection tests.18

This study focused on the gas flow paths observed in four experi-
ments. In all cases, gas flowed through the interface of each component
(Fig. 12). Therefore, this study aimed to simulate the gas flow observed
in tests by considering a multi-component system, reflecting the het-
erogeneity of the material. In particular, we aimed to model the fourth
gas injection test, and for the efficiency of analysis, the modeling target
area was selected, as shown in Fig. 12. The detailed test setup, method,
and results of Lasgit are described by Cuss et al.18
9 
Fig. 11. A panoramic view of Lasgit test site form Cuss et al.19

4.3.2. Geometry and boundary condition
For Lasgit modeling, a three-dimensional quarter cylinder geometry

consisting of 9,635 elements (hexahedral and quads) was constructed
(Fig. 13(a)). The model consists of a total of four material compo-
nents: bentonite (C1, R1–R4 in Fig. 13(b)), interface, pellet, and rock
(Fig. 13(b)). This study assumed that two interface types (i.e., the in-
terface between canister-bentonite and the interface between bentonite-
bentonite) had the same material properties since the simulation started
when both saturation and swelling phases were completed.

For mechanical analysis, a roller boundary was applied to all bound-
aries except the bottom boundary, where displacements were assumed
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Fig. 12. Gas flow path at each test.
Source: Modified from Cuss et al.19

to be restrained. For hydraulic analysis, a Dirichlet boundary using
the initial pore water pressure and time-dependent gas pressure data
measured in the test was applied to the injection filter, and the Dirichlet
boundary was applied to the initial gas and water pressures on the outer
surface (Fig. 13(b)). The injection filter was modeled as a surface with
an area of 0.003 m2, shown in Fig. 13(a). Finally, the measurement val-
ues used for the comparison between the actual test and the numerical
model were obtained from sensors located at four points, including two
points in the R3 bentonite (PR909, UR909), where the injection filter is
situated, and two points in the R1 bentonite (PR905, UR905), as shown
in Fig. 13. In this context, ‘PR’ denotes the stress sensors, while ‘UR’
refers to the pore water pressure gauges.

4.3.3. Case identification and material properties
The application study aimed to simulate gas flow through the

interface, as observed in the Lasgit. It was determined that this gas
flow occurred because the interface’s hydraulic properties differed from
those of compacted bentonite. However, Villar et al45 reported that the
intrinsic permeability of the interface is not significantly different from
that of intact compacted bentonite under fully saturated conditions.
Based on this, we hypothesized that variations in breakthrough condi-
tions for each component and alterations in hydraulic characteristics
due to breakthrough would influence the gas flow path. To model
this hypothesis, tensile strength, used as a calibration parameter in
the validation study, was applied to each component to have different
breakthrough conditions. Additionally, two analysis cases were selected
to validate the hypothesis: one without considering interface charac-
teristics and one with interface characteristics considered. The tensile
strength assumed that the interface’s tensile strength was half that of
intact bentonite. Porosity and Young’s modulus were estimated based
on average density, and intrinsic permeability was estimated based on
bentonite’s average density and intrinsic permeability (provided by the
task lead).46 The input properties are summarized in Table 4.

4.3.4. Modeling results
Fig. 14 shows the propagation of the damaged zone over time for the

two analysis cases (as explained in Fig. 9, the display settings result in
the legend as a continuous damage factor from 0 to 1.). The occurrence
and propagation of a damaged zone mean that the permeability at that
location increases, which means there is a high possibility that gas
will flow along this area. Analysis results considering interface char-
acteristics show that the breakthrough occurs relatively early during
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gas injection. Additionally, it was confirmed that the damaged area
propagated along the interface between the canister and the bentonite.
This result is similar to the gas flow path observed in the Lasgit.

On the other hand, when the interface characteristics were not con-
sidered, the breakthrough occurred relatively late. And the damaged
zone spreads into the buffer rather than the interfaces. After 3200
days, the damaged zone is predicted to propagate into the bentonite
even when considering the interface characteristics because the pore
pressure at that point in both cases is large enough to induce the
breakthrough.

Rapid changes in pressure and gas saturation can be indicators of
gas flow more directly than the occurrence of a damaged zone. Fig. 15
shows changes in pressure (Fig. 15(a)) and gas saturation (Fig. 15(b))
over time for the observation points (A–D) shown in Fig. 14. Here, the
solid line represents an analysis that considers the interface characteris-
tic, and the dotted line represents an analysis that does not consider the
interface characteristic. The two analyses similarly predicted pressure
and gas saturation for observation point A, located close to the injection
filter. This is because time-dependent pressure data, a test measure-
ment value, was applied as a Dirichlet boundary condition where the
injection filter is located. On the other hand, observation points B and
C change only when gas moves along the interface. At observation
point D, rapid changes in pressure and saturation are observed when
a breakthrough penetrating the bentonite occurs. The gradual pressure
increase observed at all locations results from over-predicted pressure
propagation by the modified relative permeability model (Eq. (13)), as
in the results of the previous validation study.

In the case of observation points B and C, the analysis considering
the interface characteristics predicted a rapid increase in pressure and
gas saturation because a breakthrough occurred along the boundary
from the beginning of gas injection. In contrast, the analysis that
did not consider the interface characteristics predicted only a gradual
increase during the early stage. On the other hand, around day 3200,
when breakthroughs began to occur inside the bentonite, both analyses
showed a rapid rise in pressure and gas saturation at all locations,
including observation point D. In particular, the rapid pressure increase
due to the breakthrough was well simulated at the observation point D,
as observed in the validation study.

This study confirmed that the change in gas saturation due to
gas breakthrough at all observation points, excluding the injection
section, was insignificant, ranging from an initial saturation of 0.02
to a maximum of 0.069. Despite the small variation in gas saturation,
the developed model well simulated the rapid change in gas saturation
when the gas pressure rises rapidly (Fig. 15(b)).

Fig. 16 presents a comparison between the measured pore water
pressure (Fig. 16(a)) and stress (Fig. 16(b)) data from LASGIT (provided
by the task lead) and the numerical modeling results. The measured
data showed initial value discrepancies at different depths due to distur-
bances caused during the excavation and backfilling for the installation
of the test device. Therefore, for an accurate comparison, the study
focused on the relative changes in values from their respective initial
values over time. The numerical modeling results predicted significant
changes in both stress and pore water pressure at the observation point
inside the R3 bentonite, where the injection filter was located. This is
attributed to the rapid pressure transmission from the injection filter,
as shown in Fig. 15(a). Notably, the model predicted a rapid increase in
pressure around 3,200 days, corresponding to damage initiation within
the R3 bentonite. At this time, the maximum pressure change predicted
by the model that did not consider the interface characteristics was
larger because it predicted a wider damage zone than the model that
considered the interface characteristics, as shown in Fig. 14

In contrast to the pressure data, when considering interface char-
acteristics, the predicted stress exhibited a more pronounced change
compared to the case where the interface was not considered. This
discrepancy arises because the stress sensor was positioned at the
boundary of the modeled geometry (Fig. 13(a)). With the consideration
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Fig. 13. Model configuration.
Table 4
Material properties used in field-scale modeling.

Meaning Symbol Unit Value for each component Notes

Bentonite Interfacea Pellet Rock

Mechanical Average density of porous media 𝜌 kg/m3 1650 1650 1230 2600 Fixed for Bentonite (from Task lead)
Initial porosity 𝜙𝑖 – 0.40 0.40 0.56 0.10 Estimated based on 𝜌
Initial Young’s modulus 𝐸𝑖 MPa 307 307 226 700 ⋅ 102 Estimated based on 𝜌
Biot’s coefficient 𝛼 – 0.80 0.80 0.80 0.80 Calibrated

Hydraulic Initial intrinsic permeability 𝐤𝐢𝐧𝐭,𝐢 m2 3.40 ⋅ 10−21 3.40 ⋅ 10−21 4.23 ⋅ 10−20 3.73 ⋅ 10−24 Estimated based on 𝜌46

van Genuchten parameter m – 0.45 0.45 0.45 0.45 Calibrated
Damage model Tensile strength 𝑓𝑡 MPa 1.20 0.60 1.20 10.0 Calibration parameter
Initial value Initial pore gas pressure 𝑝𝑔 ,𝑖 MPa 1.87 1.87 1.87 1.87

Initial pore water pressure 𝑝𝑤,𝑖 MPa 0.31 0.31 0.31 0.31

a In a case that does not consider the interface, the properties of bentonite were applied to the interface.
Fig. 14. Comparisons of the damaged zone propagation.
of interface characteristics, pressure transmission along the interfaces
(observation points B and C in Fig. 14) occurred more rapidly than
through the buffer region (observation point D in Fig. 14), leading to
higher stress predictions relative to the case without interface consid-
eration. In contrast, the actual measured data showed minimal changes
at all locations compared to the modeling results. This suggests that the
injected gas did not significantly reach the interface with the rock and
the bentonite blocks where the sensors were placed, instead flowing
predominantly interface between the canister and the buffer.
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Through this comparison, it was confirmed that the analysis method
incorporating interface strength characteristics effectively simulates gas
flow along the interfaces. However, the study demonstrated a limitation
in predicting damage initiation within the buffer, as it could not
adequately manage the phenomenon of excessive pressure transmission
into the buffer. This limitation is likely due to the influence of the
relative permeability model, which yielded an excessively high gas
permeability coefficient, and the insufficient consideration of changes
in the water retention curve of the medium, which has vastly different
pore structures before and after crack formation. Therefore, future
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Fig. 15. Pressure and gas saturation at observation points.
Fig. 16. Comparisons between measured field test data and numerical modeling.
studies should focus on refining the relative permeability model to
better capture the impact of changes in the water retention curve on
pore pressure transmission following crack formation in the buffer.

5. Conclusions

This study summarizes the research conducted while participating
in DECOVALEX-2023 Task B. This study aimed to develop a numerical
model for understanding gas migration phenomena in pre-compacted
bentonite and test it against a 1D laboratory-scale and a field-scale
experiment. Furthermore, modeling of a field-scale test was conducted
to investigate the influence of heterogeneity in material properties and
the applicability of the developed model to upscaling analysis. The
main research contents and results of this study are as follows:

• H2MD numerical model was developed by combining classical
two-phase flow modeling techniques and a damage model. Espe-
cially, the damage model was used for simulating a rapid gas flow
through the preferential pathway. A damage model was modified
to minimize the calibration factor in the original damage model,
and we defined the material’s tensile strength as the primary
damage variable.

• We performed a sensitivity analysis on tensile strength and
demonstrated that bentonite’s tensile strength directly affects the
timing of breakthrough and damage zone propagation.
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• A numerical model was tested against a 1D gas injection test
simulation. As a result, the main features observed in the gas
injection test, (1) rapid changes in stress and pressure due to
the breakthrough and (2) an increase in gas flow rate into the
bentonite due to the formation of the preferential pathway, were
well simulated.

• Additionally, the impact of material property heterogeneity on
gas flow pathways was analyzed through field-scale modeling of
the Lasgit. The Lasgit analysis encompassed multiple domains,
including the interface, bentonite, pellets, and rock, with material
heterogeneity incorporated by varying the tensile strength of each
material. Consequently, the model that accounted for this hetero-
geneity accurately simulated the gas flow pathways observed in
the actual test.

• Laboratory and field-scale analyses demonstrated that differences
in model scale significantly influence the accuracy of damage
zone predictions. The laboratory experiment, constrained by lim-
ited volume deformation and uniform material properties, under-
estimated the damaged area due to excessive self-healing within
the confined space. In contrast, the field-scale analysis, which in-
corporated various materials, yielded predictions more consistent
with actual test results. These findings confirm the applicability
of upscaling approaches that account for material heterogeneity
and interface strength characteristics.
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The developed model well-captured the gas movement phenomenon
in the bentonite. However, the model also has the following limitations:

• Due to the modified relative permeability model, the model over-
estimates gas movement prior to breakthrough. Additionally, it
inadequately accounts for the changes in the damaged area’s
water retention curves in field-scale tests, resulting in an overes-
timation of pore pressure transmission. Consequently, this leads
to an excessive prediction of the damaged area within the buffer
material.

• The damage model employed in this study, which does not ac-
count for compressive failure, predicted a broad, rather than a
discontinuous and narrow, damaged area and overestimated that
the damaged area would recover completely after self-healing.

These findings provide valuable insights into the impact of ben-
tonite’s tensile strength and the interactions between components of
he disposal system on gas migration pathways within the repository.
onsequently, the results of this study are expected to inform the
evelopment of numerical models for the design and long-term stability
nalysis of deep geological repositories.
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