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ABSTRACT. During long-term storage of radioactive waste, steel con-
tainers will be corroded. This process leads to hydrogen production. A
boundary value problem has been proposed to study the numerical mod-
elling of the gas migration and its coupling with the mechanical strains
and stresses, under isothermal conditions. Biphasic fluid transfer model
(considering water, vapour, gaseous hydrogen and dissolved hydrogen) is
defined. A 2D axisymmetric case with simplified geometry close to waste
disposal in clay is modelled. Fluid transport problem is first resolved.
Then, coupled mechanics and fluid transfers are modelled to determine
the coupling effects.
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1. Introduction

In the frame of nuclear waste disposal, the numerical modelling of the
underground facilities construction is used to simulate the different physical
processes occurring during the live-time of the nuclear waste. The final ob-
jective of the design is the following: the host formation and the engineered
barrier systems must be as impervious as possible in order to preserve the
biosphere from the radionuclides migration. The Thermo-Hydro-Mechanical
modelling needs numerical codes able to tackle this highly coupled problem.
In most cases, these numerical computations are achieved under the assump-
tion of constant gas pressure. However, after the introduction of the waste
canisters, different potential gas sources exist in the storage gallery [1, 2]. The
main origin of the gas is the corrosion of canister steel component. In this lat-
ter case, hydrogen is mainly produced and it is thus important to study how
the gas will diffuse in the host formation. Indeed gas overpressure can maybe
have a negative impact on the design. The gas transfer has been studied ex-
perimentally [2, 3], exhibiting complex behaviour especially for initially water
saturated conditions. Tests showed that gas entry and breakthrough are often
accompanied by the development of preferential pathways, which propagate
through the sample. In this latter case, initial soil heterogeneity can provide
an explanation for the preferential flow [4]. However, preferential pathways
simulation is not under the scope of this paper. The idea is to study the gas-
mechanical coupling effect, using a mechanical model and a two-phase flow
model within a Biot theory framework. The boundary value problem mod-
elled in this paper comes from a benchmark exercise, which has been organised
with the following partners: University of Liege, Laboratory of Mechanics of
Lille, Ecole Nationale Supérieure de Géologie de Nancy and EDF. The objec-
tive of the benchmark is to check the ability of different finite element codes
to simulate the physical processes. The proposed exercise contents the major
features of a repository (storage gallery, bentonite plug, etc.) but the geometry
and the constitutive models are as simple as possible because the final goal of
the benchmark is the check of numerical codes and not to study in detail the
storage design. Each partner uses the same governing equations, but different
finite element codes. The numerical implementation is thus possibly different
(time integration, coupling terms, etc.). The objective of this paper is not to
evidence the different numerical strategy of each team (the numerical solutions
given by the partners are actually satisfactory similar). The purpose of the pa-
per focuses on the different physical processes to be modelled and the coupling
phenomena occurring within the considered simplified problem.
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In section 2, the boundary value problem of the benchmark is described.
A bi-dimensional axisymmetric modelling is proposed with some symmetry
assumptions in order to limit the dimensions of the problem. The two-phase
flow model and the mechanical model are defined, respectively, in section 3
and 4. In section 5, the results of the exercise are presented.

2. Boundary value problem

The geometry of the problem is based on a high-level and long-lived
radioactive waste repository in argillite [5, 6], limited to a storage gallery and
an access gallery (Fig. 1). Upper part of the domain is confined by argillite
layer. Symmetry revolution around the storage gallery axis is assumed (gravity
is not taken into account) and lateral boundaries are defined by the symmetry
axis of the repository.
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Fig. 1. Schematic view of disposal gallery for high-level and long-lived radioactive
waste (a) and geometry of the problem (b)

In this system, the bentonite and concrete plugs must restrict the trans-
fers from the storage towards the gallery. The steel containers are not simu-
lated and they are assumed rigid and impermeable. A gap existing between
the containers and the gallery wall is modelled by a highly deformable porous
medium.

Due to radioactive waste activity, heat is emitted over time and the
conditions around the canisters are not isothermal. However, temperature
variations are not taken into account for this modelling, because we focus
our analysis on the coupling between the gas migration and the mechanical
deformations. The introduction of thermal effects would affect the evolution of
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the fluid pressures mainly due to thermal dilation. This will generate additional
coupling effects, which will be studied in a future work.

2.1. Initial conditions

The initial conditions for the different materials are given in Table 1.
For sake of simplicity, the stress state is assumed isotropic.

Table 1. Initial conditions in the different materials

Argilite Bentonite Concrete Filling Gap
oo =123 MPa | 09 =0.1 MPa | 09 =0.1 MPa | 09 =0.1 MPa | g9 = 0.1 MPa
Pw = 5 MPa Srw =0.80 pw = 0.1 MPa | S, ., =0.80 Srw =0.10
pg = 0.1 MPa pg = 0.1 MPa | p; =0.1 MPa | p; = 0.1 MPa | p, = 0.1 MPa
T =303 °K T =303 °K T =303 °K T =303 °K T =303 °K

2.2. Boundary conditions

First the excavation of the storage and the access galleries is achieved
for three days. Pore pressures and radial stresses at the galleries wall are
decreased down to atmospheric pressure. Then a two-year rest period is im-
posed, during which water pressures are constant at the wall. During the
second step, the bentonite, the concrete plug and the gap are introduced. A
one-year resaturation phase of the plugs and the gap is then modelled, during
which impervious condition and 50% relative humidity are imposed, respec-
tively, along the containers and the access gallery wall. Radial displacements
are fixed at the storage gallery wall. During these two first steps, the gas flow
problem is not solved and gas pressure remains constant. Finally, during the
third step, a hydrogen flow (corresponding to gas production due to containers
corrosion) is injected in the radial direction from the steel containers into the
argillite or the bentonite plug. Water impervious condition and fixed radial
displacements are maintained at the storage gallery wall. At the access gallery
wall, 50% relative humidity is imposed for 100 years, up to the placement of
the filling in the access gallery. The total modelling time is 100 000 years and
the temporal evolution of hydrogen flow imposed at containers wall is given by
the following relationship:
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For 2 < t < 4500 years: V(t) = 9.969 101! kg.s~1.m~2,

For 4500 < t < 20000 years: V/(t) = 1.495 10~ kg.s~t.m~2,
For 20000 < ¢ < 50000 years: V(t) = 9.969 10713 kg.s~t.m~2,
For ¢ > 50000 years: V (t) = 0.

3. Biphasic flow model

To reproduce water and hydrogen flows in porous media, a biphasic
flow model is used. In this latter model, two fluid phases are considered: a
liquid and a gaseous one. The liquid phase is a mixture of liquid water and
dissolved hydrogen. The gaseous mixture components are the water vapour
and the gaseous hydrogen. Following the ideas of Panday [7] and Olivella [§],
the fluid mass balance equations are written for each chemical species (i.e.
water and hydrogen), and these read:

. . 0
(2) div (Pw'ﬂl + 2y + pv'ﬂg) + ot (Pw-®-Srw + pu-@- (1 = Spw)) — Qu =0,

(3) div (pH2 4,V imy t PH—d-q; ZHQ—d>

0
+ E(pHQfd-ﬁb-Sr,w + pHQ'(b' (1 - ST,w)) - QH2 =0,

where q, and q, are the advection flows of liquid and gas phases (Darcy’s
law); i,(= —ip9) is the diffusion mass flows of vapour in the gaseous mixture
and igy_4 is the diffusion mass flows of dissolved hydrogen in liquid phase
(Fick’s law); @, and Qg2 are the sink terms of the different species; ¢ is the
porosity; Sy, is the water relative saturation; p; is the volumetric mass of the
1 constituent.

The diffusion mass flows (for a binary mixture of @ and  components
in a phase k (gaseous or liquid)) present a common form:
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D’;_ 5 is the diffusion coeflicient of the component « in the phase k and py, the
volumetric mass of the phase. The expression of the diffusion coefficient is the
following [9]:

(5) Di_p = ~.Spp7pr-De_g,

where 7 is the tortuosity, S, is the relative saturation in the phase k and
Dgﬂ 518 the molecular diffusion coefficient of the component « in the phase k,
depending on temperature and gas pressure [10].

The quantity of dissolved hydrogen is proportional to the quantity of
gaseous hydrogen, due to Henri’s law [10].

The water and hydrogen properties used in the biphasic flow model are
given in Table 2.

Table 2. Water and hydrogen properties

e Water dynamic viscosity (Pa.s) 0.001
Puw Water volumetric mass (kg.m~3) 1000
1/Xw Water compressibility (Pa—1) 510710
#ngQ Hydrogen dynamic viscosity (Pa.s) 9106
o Water vapour dynamic viscosity (Pa.s) 107°
p%b Hydrogen volumetric mass (kg.m~3) 0.0794
Hy, Hydrogen Henri’s coefficient (—) 0.0193
Molecular diffusion coefficient of the mixture of gaseous
Df,?_H?O hydrogen and water vapour for 7' = 303 °K and 9.5107°
pg = 101 kPa (m?.s7!)
Molecular diffusion coefficient of dissolved hydrogen
DY w0 in liquid water for T = 303 °K and 4.76 107°
py = 101 kPa (m2.s7 1)

The parameters of the different materials used in the biphasic flow
model are given in Table 3.

The retention curve (Fig. 2) and the water and gas relative permeabil-
ity functions of the different materials are given by the following relationships
[12]. The gap relative permeability is considered constant and equal to one.

Smax - Sres

(3]

(6) Srw = Sres +

)
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Table 3. Hydraulic parameters for the different materials [6, 11]

Argillite Be;l‘;ggite Corﬁilgte Filling | Gap
k:at |Intrinsic permeability (m?) 2.751072°| 8 10721 | 10716 |6 10717/ 1071°
& |Porosity (—) 0.18 0.366 0.15 0.33 1
m | Van Genuchten coefficient () 0.3289 0.3789 | 0.3507 | 0.2987 |0.3333
n |Van Genuchten coefficient (—) 1.49 1.61 1.54 14203 | 1.5
P, |Van Genuchten parameter (MPa) 15 16 2 0.12 | 0.05
Smax|Maximal saturation (—) 1 1 1 1 1
Sres |Residual saturation () 0 0 0 0.1175| 0
7 | Tortuosity (-) 0.25 0.0494 0.25 1 1
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0.6 4
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0.4 —
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02 - + concrete plug
“-gap
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0 : : : : i 6
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Fig. 2. Retention curves for the different materials

() ke = /S [1= (1= 81) "] and by = T, [1- 5] ™

with p.(= py — pw) the capillary pressure, Smax the maximal saturation, Syes
the residual saturation, n and m the coefficients of van Genuchten’s law with
m =1—1/n and P, a parameter of Van Genuchten’s law.
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4. Mechanical behaviour

For the considered materials and stress levels, the solid grain deforma-
bility is no more negligible and the general Biot framework [13] is used to model
the hydromechanical coupled terms. Following the ideas of Biot, Coussy [14]
proposed a thermodynamical framework of the problem, which leads to the
expression of the porosity variation:

: Srw . 1=S8, . Q
(8) ¢ = (b—9). s -pw"i‘Ts-pg‘f‘ﬁ ;

where p,, is the pore water pressure, p, the gas pressure, b the Biot coeffi-
cient, /) = €y the skeleton volumetric deformation rate and kg is the grain
compressibility. The porosity variation is used in the fluid balance equations
(equations (2) and (3)) in the computation of the storage term. It introduces
a coupling term between the mechanical behaviour and the fluid transfers.

Mechanical behaviour of concrete, filling and gap is linear elastic. The
mechanical law for argillite is an associated elastoplastic perfectly plastic model,
defined by a Drucker-Prager yield surface. These constitutive models are writ-
ten in terms of the Bishop’s definition of effective stress [15]:

(9) 045 = Uzl‘j +b. (Sr,wpw + (1 - Sr,w)pg) 6ija

with ogj the effective stress, and d;; the Kronecker symbol. This introduces a
coupling term between the fluid transfers and the mechanical behaviour.

The generally observed behaviour of a compacted bentonite during wet-
ting path is a reversible swelling for low stress level and a permanent collapse
for high stress level [16]. The Barcelona Basic Model (BBM) [16] is a reference
constitutive law for such material and is expressed in terms of the net stress
and the suction. The bentonite considered for the disposal has a high value of
preconsolidation pressure [5] and will encounter mainly elastic swelling during
wetting paths. The model proposed for the bentonite is thus a simplified ver-
sion of the BBM, considering only the nonlinear elastic behaviour described by
the following relationship:

_ _ do ds
(10) deg = de; ™ + de;, 8:7m+Z’

where 7,,, is the mean net stress, s is the suction, K is the bulk modulus and
K is the bulk modulus related to suction changes.
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The expression of the latter moduli is the following:
1 s
(11) K(s) = Ko ((1 —r)exp(—p0s) +r) and K4(s) = K(S>2nﬁm exi)l(f 8‘; ) ’

where Ko(= Ep/3(1 — 21p)) is the bulk modulus in saturated conditions, r
(larger than unity), 3, 3, and n are material parameters.

The mechanical parameters for the different materials are presented in
Table 4.

Table 4. Mechanical parameters for the different materials [6, 11]

Argillite Ber;‘;ﬁglte Corﬁilgte Filling | Gap
Ey | Young modulus (MPa) 3271 150 30000 | 38.46 | 0.1
vo | Poisson coefficient (-) 0.12 0.3 0.25 0.2 0.1
¢ | Cohesion (MPa) 3 - - - -
¢ | Friction angle (°) 15 - - - -
r | Material parameter (—) - 1.6 - - -
B | Material parameter (MPa~1) - 200 - - -
n | Material parameter (MPa) - 7 -
Bm | Material parameter (MPa™?) - 0.0714 - - -
b | Biot coefficient (-) 0.6 1 0.8 1 1

5. Results

To highlight the potential effect of mechanical deformations on gas
transfers, two modelling cases are considered. In the first case only the fluid
transport problem is modelled and the medium is assumed infinitely stiff. In
the second step, the coupling between fluids transfer and the mechanical be-
haviour is taken into account. The results are presented in different sections
and also in terms of temporal evolutions in selected points (Fig. 3).

The numerical results are obtained with the LAGAMINE Finite Ele-
ment code, developed in the University of Liege since the eighties. The detailed
formulation of the THM coupled finite elements used for this modelling can be
found in [17].

5.1. Fluid transport problem
In the first simulation, only water and hydrogen transfers are taken into
account. The medium is infinitely stiff. First the results along the section C1
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Fig. 3. Sections and points definitions for the results

are analysed. It makes possible the analysis of water and hydrogen exchanges
in argillite and the influence of the gap. Then biphasic flows are analyzed in
the bentonite and concrete plugs and near to the access gallery based on the
results in the section C2.

In Figure 4, we present the gas and water pressures profiles along the
section C1l. Maximal gas pressure of about 7 MPa is reached at the wall and
at the end of the first hydrogen injection phase (corresponding to 4500 years).
When hydrogen injection decreases, gas pressure decreases also. At the end of
the simulation (100 000 years), gas pressures have not recovered their initial
values. The water pressures profiles show the argillite drainage during the
first two years. Then the presence of the desaturated gap is considered and
impervious condition is imposed at the wall. Water pressures increase at the
wall. After 4500 years, water pressures recover the initial values and no water
overpressure is observed in argillite. Considering the high permeability of the
gap, gas pressures in argillite are not influenced by the presence of this gap
and water and gas pressures are homogeneous in there.

Suction is maximum at the gallery wall and it is close to 2 MPa, which
corresponds to a low desaturation in argillite according to the retention curve of
this material. Figure 5(a) shows desaturation profiles in argillite (desaturation
of the gap is not represented). Maximal desaturation is observed at the wall
and it is about 1%. At the end of the first injection phase, the desaturation of
argillite extends to 15 m (about 40 times the internal radius of the gallery).

Figure 5(b) presents dissolved and gaseous hydrogen flows profiles in
comparison with saturation profiles along the section C1. In unsaturated zone,
gaseous hydrogen is the most important, whereas this is dissolved hydrogen
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Fig. 4. Gas (a) and water (b) pressures profiles — Section C1

which plays essential role in the saturated zone. Indeed, for large hydrogen produc-
tion, dissolved gas is not sufficient enough to transfer hydrogen (knowing that Henri’s
law limits dissolved hydrogen quantity) and a gaseous phase has thus to be created
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Fig. 5. Saturation profiles in argillite (a) and comparison between dissolved
hydrogen and gaseous hydrogen flows (b) — Section C1

to inject hydrogen in argillite. Considering the axisymmetric conditions, gaseous hy-
drogen fluxes decrease with the radial distance. At the transition form unsaturated to
saturated conditions, gaseous hydrogen has to be dissolved in the liquid phase. Maxi-
mum dissolved hydrogen fluxes are thus observed in the transition between saturated
and desaturated zones.
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Fig. 6. Temporal evolution of water and gas pressures at points 1 (a) and 2 (b) as
from 3 years

This analysis is confirmed by the temporal evolutions of water and gas pres-
sures at point 1, located at the interface between the gap and the argillite. Figure
6(a) shows that gas pressures follow water pressures in order to maintain a constant
suction (and thus a sufficient gas relative permeability) at the gallery wall. This suc-

tion comes as a result of the computation. It corresponds to gas saturation necessary
for the injection of hydrogen.
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Pressure profiles in the engineered barrier along the section C2 are presented
in Fig. 7. This section goes through the bentonite plug, the concrete plug and the
filling. Figure 7(a) presents gas pressures profiles along C2. Gas pressures at the
containers wall are influenced by water pressures in the way to maintain the suction
constant. In the concrete plug and the filling, gas pressures distribution is relatively
homogeneous, because of the high permeabilities of these two materials. Figure 6(b)
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presents the temporal evolution of pressures at point 2, located in the interface between
the containers and the bentonite. We observe a parallel evolution of water and gas
pressures. The same phenomenon as in argillite (Fig. 6(a)) is thus observed.

Initially the bentonite plug is desaturated (Sy ., = 0.80 — p,, = —13.85 MPa)
and water impervious condition is imposed at the bentonite — container contact. The
bentonite plug is first resaturated. After 3 years, before the beginning of hydrogen
injection, water pressures have not evolved significantly (Fig. 7(b)). When hydrogen
injection begins, water pressure at the wall increases within 15 years. But progres-
sively, the large drainage imposed at the access gallery wall (50% relative humidity
corresponding to p,, = —96 MPa) affects, through the concrete plug, the water pres-
sures in the bentonite plug. We observe thus a water pressure decrease first in the
concrete and then in the bentonite (Figs 6(b) and 7(b)). Finally, after 100 years,
filling is placed into the access gallery and drainage condition no longer holds. Water
pressures increase and stabilize close to the initial value.

5.2. Coupled problem

In this simulation, the coupled effects of water and gas transfers on the me-
chanical behaviour (and of mechanical deformations on fluids transfer) are taken into
account. The mechanical laws have been defined previously (section 4). After the
excavation of galleries, a zone of plastic deformation is developed (referred as an Ex-
cavated Damage Zone (EDZ)). The extent of the EDZ is limited to the third of the
internal radius. During hydrogen injection, the size of the EDZ does not evolve. Di-
latancy effects appear thus in the argillite at the end of the excavation and water
pressure profiles in there present thus negative values near to the gallery wall (Fig.
8(b)). Before 250 years, the increase of water pressures in argillite is delayed due to
the coupling effects (storage term). After 250 years, there is no difference anywhere in
terms of water pressures between the fluid transport and the coupled problems. As in
the fluid transport problem, the gas pressures follow again the evolution of the water
pressure. Before 250 years, the gas pressure profiles in the argillite are thus influenced
by the hydro-mechanical coupling. After 250 years, the results are the same in the
fluid transport and the coupled problems (Fig. 8(a)). The comparison between the
fluid transport problem solution and the coupled problem solution in the different
plugs along the section C2 shows also that the mechanical effects are limited on water
and gas distributions (Fig. 9).

The analysis of the stresses in the different materials is also important. In
particular temporal evolution of net stresses in the centre of the bentonite plug (point
3) is presented in Fig. 10(a). The evolution of net stresses has to be analyzed in
function of the water and gas pressures at the same point (Fig. 10(b)). After the
introduction of the bentonite plug, the resaturation is fast and a swelling pressure of 6
MPa is created. After 30 years, due to the hydrogen production, gas pressure increases
progressively and through 50 years, one observes a re-desaturation of the bentonite
due to gas production. The net stresses follow this evolution and decrease.

The effects of the mechanical behaviour on the gas transfer are thus lim-
ited. Plasticity in argillite or elastic nonlinear behaviour in bentonite do not influence
significantly the gas evolution. The study of other strong coupled effects (permeability
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Fig. 8. Comparisons of gas (a) and water (b) profiles between flow and coupled
simulations — Section C1

variation with damage, complex mechanical laws, retention curves evolution, etc.) can
be interesting in the future.

6. Conclusions

During long-term storage of radioactive waste, steel containers will be cor-
roded and this process will lead to hydrogen production. A boundary value problem
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Fig. 9. Comparisons of gas (a) and water (b) profiles between flow and coupled
simulations — Section C2

has been proposed to study the numerical modelling of the gas transfer and its coupling
with the mechanical behaviour. The modelling has been done considering isothermal
condition. Biphasic flow model (considering water, vapour, gaseous hydrogen and dis-
solved hydrogen) has been defined. A two dimensional axisymmetric case has been
numerically studied with simplified geometry close to that of the waste disposal sit-
uated in clay. Fluid transport problem has been first resolved. Then, the couplings
between fluid transfer and the mechanical behaviour have been modelled. Classical
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mechanical laws (linear elasticity, nonlinear elasticity, elastic perfectly plastic with
associated plasticity) have been used for the different materials.

The results show low desaturation of the argillite and of the bentonite plug.
For large hydrogen production, dissolved gas is not sufficient enough to transport
hydrogen (under Henri’s law assumption) and a gaseous phase is created. Gaseous
hydrogen flows are the most important in the unsaturated zone and the maxima of
dissolved hydrogen flows are observed in the transition between saturated and unsatu-
rated zones. Maximal gas pressures at the galleries wall are about 7 MPa, but they are
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strongly dependent on the retention curve of the material. The large drainage at the
access gallery wall affects the water pressures in both the concrete and the bentonite
plugs.

The comparison of the gas and water profiles in argillite or in the different
plugs shows that the mechanical deformations (with elastoplasticity in argillite or
nonlinear behaviour in the bentonite plug) are limited on water and gas distributions.
The influence of the fluid transfers on the mechanical behaviour is also limited. For
instance, swelling pressure in the bentonite plug follows the gas and water evolutions,
but it is not influenced significantly by the gas injection. Other strong coupling effects
(e.g. permeability variation with damage, complex mechanical laws or retention curves
evolution) can possibly influence gas transfers around the repository system and should
be studied in the future.
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