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There is nowadays a consensus among many countries that geological disposal is a favourable solution for the
long-term management. Although different host formations and different barrier systems are under consideration
around the world, clay-based materials form an important component for waste isolation in most national
programmes. Hence, a good comprehension of the effect of gas flow on the hydro-mechanical behaviour of clay-
based soils is essential, both at laboratory and field scale. Task B under the international cooperative project
DECOVALEX-2023 has recently shown that, after some enhancement, models can be employed to reproduce
laboratory scale tests, even with different sample geometries®’. However, further work is required to understand
whether they can be applied to simulate a large-scale experiment. Up-scaling of models for the advective
transport of gas through clay-based low permeable material presents a number of problems related to the dif-
ficulty in obtaining consistent hydrogeological parameters and constitutive relationships at both laboratory and
field scale. Based on a unique dataset from a large-scale gas injection test (Lasgit) performed at the Aspé Hard
Rock Laboratory (Sweden), Task B within DECOVALEX-2023 has explored the refinement of these numerical
strategies applied to the simulation of gas flow. Work performed within the task reveals that codes do not need to
be substantially modified from the laboratory models to reproduce full-scale tests: indeed, model parameters
calibrated and validated at laboratory scale have been applied to predict field scale gas flow at Lasgit, including
peak gas pressure and injected cumulative gas volume. By means of (1) the introduction of interfaces between
blocks to reflect the experimental configuration and the (2) adjustment of some parameters (e.g., higher
permeability), the updated models are able to represent most of the key features observed in the experimental
data, even at a large scale.

1. Introduction

There is nowadays consensus among many countries that geological
disposal is a favourable solution for the long-term management of in-
termediate- and high-level radioactive waste®?. Although, worldwide,
different host formations and different barrier systems are being
considered, clay-based materials are of interest in most national
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programmes”’. Their properties (e.g., low permeability, strong
contaminant retention and self-sealing capacity) make them excellent
candidates as potential host formations and/or as parts of an engineered
barrier system. Thus, a solid understanding of the long-term perfor-
mance of clay-based materials is needed.

A key issue in the advancement of clay-based materials’ under-
standing concerns a good comprehension of their mechanical and
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hydraulic response in the presence of free gas. Indeed, radioactive waste
hosted in very low permeability formations can generate a significant
amount of gas as a result of the corrosion of metallic materials under
anoxic conditions, the radioactive decay of waste and the radiolysis of
water. If the gas production rate exceeds the diffusive capacity of the
clay, a discrete gas phase will form, which continues to accumulate until
its pressure becomes large enough to exceed the entry pressure of the
surrounding material. At this point, advective flow of gas is expected to
occur. There is now a substantial body of evidence, spanning multiple
decades, indicating that in these materials, gas migration occurs through
the creation of dilatant pathways rather than by moving within the
original porosity of the clay as conceptualised in Darcy’s law (see for
instance'>'®1%® and’). Hence, the complex hydro-mechanical
coupling'™'%** introduced by the interaction of these pathways with
the surrounding clay needs to be fully understood.

To this end, in recent years, a substantial amount of both experi-
mental and modelling work has been performed as part of numerous
international projects'®'®. The DECOVALEX (DEvelopment of COupled
Models and VALidation against EXperiments) Project is one of these
international research collaboration exercises that has recently focused
on the description and further understanding of the highly non-linear
gas migration process observed in very low permeability formations.
In its last phase (Task A within DECOVALEX-2019, see®), participating
teams developed advanced modelling approaches using different nu-
merical methods and computer codes to model the movement of gas in a
number of controlled laboratory experiments'"°. These enhanced ap-
proaches appeared capable of reproducing some of the observed
experimental behaviours (e.g., experimental stress and pore pressure
measurement results). However, they remained unable to describe the
full complexity of the physical processes observed in water-saturated
experiments (e.g., creation of discrete dilatant pathways). To this end,
several concerns were raised in Task A DECOVALEX-2019 reflecting the
fact some key features in the modelling of advective gas (e.g., parameter
calibration and model constraints, heterogeneity, stochasticity and
upscaling) were still unclear. Hence, the primary focus of Task B within
the current phase of the project (DECOVALEX-2023) has been on the
further refinement and enhancement of these numerical strategies.

Task B under DECOVALEX-2023 has shown that, after enhancement,
models that were used can simulate multiple laboratory scale experi-
ments, even with different sample geometries®®. The study has also
shown that (i) these numerical approaches can successfully represent
some of the main deterministic experimental features typically observed
in dilatancy-controlled gas flow (e.g., initial and peak stress values) and
that (ii) some other features (e.g., rapid transition phase seen at break-
through) are still not correctly captured, at least at the laboratory scale.
Further work is therefore required to understand whether a similar
behaviour is observed when applying the numerical approaches from
the laboratory study to simulate a large-scale experiment. Indeed,
modelling advective transport of gas through a very low permeable
material at the field scale presents a number of problems because of the
difficulty of obtaining consistent hydrogeological parameters and
constitutive relationships at the appropriate scale. The applicability of
upscaling conventional continuum models which do not explicitly
represent the physics controlling gas flow in compact saturated
bentonite from the micro to macro scale may be also questionable.
Hence, work is needed to address these issues, in conjunction with the
consideration of gas-water interactions. Task B, within
DECOVALEX-2023, has further explored the refinement of these nu-
merical strategies to the simulation of a large-scale gas injection test
(Lasgit) performed at the Aspé Hard Rock Laboratory (Sweden). This
was a highly instrumented test based on a mockup full scale canister,
encapsulated in pre-compacted bentonite rings/pellets, and placed
within a 2 m diameter deposition hole of 9 m depth.

The objective of Task B was to explore whether enhanced numerical
approaches developed for laboratory scale experiments could also be
employed to simulate a full-scale test. For this purpose, the Lasgit
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experiment (Section 2) was modelled by means of four enhanced nu-
merical approaches (Section 3). Three of these approaches had been
previously employed to describe different well-constrained laboratory
experiments>°, Special emphasis has been placed on the modifications
that had to be made when simulating the full-scale test. Numerical ca-
pabilities are then assessed, and their performance is analysed in Section
4. Finally, a discussion of main findings and key conclusions are pro-
vided in Sections 5 and 6 respectively.

2. Experimental data: the large-scale gas injection test (Lasgit)

Models and codes developed to simulate laboratory scale experi-
ments have been employed to numerically reproduce one of the gas
injection experiments (gas injection test 4) performed as a part of the
Lasgit project (LArge-Scale Gas Injection Test), see Fig. 1. Lasgit was a
full-scale demonstration experiment operated by The Swedish Nuclear
Fuel and Waste Management Company (SKB) at the Aspd Hard Rock
Laboratory at a depth of 420 m, with the two main objectives of
providing quantitative data to improve process understanding and
validating numerical approaches used in safety assessment, see Cuss
et al.” for a detailed description of this 17-year project. The experiment
started (Day 0) on 1st February 2005 with the closure of the deposition
hole and the start of the hydration stage.

2.1. Experimental setup

The Lasgit experiment was commissioned in a deposition hole
(DA3147G01) with a length of ~8.5 m and diameter of ~1.75 m. A full-
scale KBS-3 copper canister with iron insert was modified with thirteen
circular filters of varying dimensions located on its surface in three
separate arrays (see Fig. 2), to provide point sources for gas injection
simulating potential canister defects. These filters could also be used to
inject water during the hydration stages to help locally saturate the
buffer around each test filter. Filter mats were placed in strategic posi-
tions both within the buffer and on the rock-wall to aid hydration. The
canister was surrounded by specially manufactured pre-compacted
bentonite blocks (~ 25 tonnes total), with initial water saturations
>95 %. In the engineering void between the pre-compacted bentonite
rings and the rock-wall, bentonite pellets were used. As the bentonite
system began to saturate these swelled to fill the construction gaps and
formed a seal around the canister. The emplacement hole was capped by
a conical concrete plug retained by a reinforced SS2172 carbon steel lid
capable of withstanding over 5000 kN force.

The deposition hole, buffer, and canister were equipped with
instrumentation to measure the total stress (PR, PB, PC), pore-water
pressure (UR, UB), and relative humidity (WR) in 32, 26 and 7 posi-
tions respectively (see Fig. 2 for sensor locations). Additional instru-
mentation continually monitored variations in temperature, relative
displacement of the lid and canister, and the restraining forces on the
rock anchors. The experiment was monitored and controlled from a
temperature-controlled gas laboratory that allowed remote control and
monitoring of the test. A full description of the experimental setup is
given in Cuss et al.”.

The boundary conditions of the experiment were those dictated by
the pressures and stresses built up within the bentonite buffer during re-
hydration. The canister lid had been pre-stressed to 1300 kN to impose a
similar force comparable with that which would be generated by the
back-fill placed within the gallery above each deposition hole in a
geological disposal facility. The experiment was conducted at ambient
temperatures.

2.2. Test history
Gas injection test 4 started on day 2726.08 (20th July 2012) and was

completed at day 3283.06 (26th January 2014), lasting for a total stage
time of 556.98 days. It was the third gas injection test conducted in filter
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Fig. 1. A panoramic view of the Large-scale gas injection test (Lasgit) 420 m below ground at the Aspé Hard Rock Laboratory in Sweden (from”). The blue container
on the left housed the artificial hydration and gas injection systems which were connected into the borehole along channels cut into the gallery floor. The lid and rock

anchors of the deposition hole can be seen into the centre right.
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Fig. 2. Map of the deposition hole wall showing the location of all sensors. Note: FCT = full canister test filter; PC = total stress sensor on canister surface; PR = total
stress sensor at rock wall; PB = total stress sensor within the buffer; UR = pore water pressure at the rock wall; UB = pore water pressure within the buffer; WR =
relative humidity; FB = filter mat between bentonite segments; FR = filter mat at the rock wall; Can = position of the canister. See Cuss et al.” for detailed map of

sensor locations.

FL903, located on the lower array of filters on the canister surface. Filter
FL903 was 50 mm diameter, made of sintered bronze with an average
pore size of 4-8 pm. The test comprised two stages: (1) a two-stage
hydraulic test to determine the hydraulic properties of the bentonite
at filter FL903 lasting approximately 60 days and (2) a gas injection test,

where gas pressure was raised from background levels up to gas peak
pressure using a four-stage ramp, being held at constant pressure in
between, which is the focus of the modelling exercise.

Fig. 3 shows a simplified schematic of the gas test setup. Approxi-
mately 3750 ml of helium was added to a stainless steel interface vessel,
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Fig. 3. Simplified schematic of the gas injection system.

located within the Lasgit gas laboratory (Fig. 1) at a starting pressure of
1868 kPa. The injection filter was thoroughly flushed of water using
pressurised helium and the drain from filter FL903. Once flushed, it was
common for flow to take a few days to stabilise as gas went into solution
and any remaining water within the filter was expelled into the
bentonite. The first pressure ramp was started at day 2988.07 (8th April
2013) by the injection of water into the base of the interface vessel at a
rate of 2.45 ml h™!. This raised pressure from 1868 to 2867 kPa in 23.9
days, as shown in Fig. 4, when pressure control was switched to constant
pressure from day 3011.99 for 26.0 days. Injection of water into the
interface vessel is required to maintain constant gas pressure as gas
moves into solution or through diffusive processes. The second pressure
ramp was started at day 3038.04 on (28th May 2013) by the injection of
water into the base of the interface vessel at a rate of 1.2 ml h™. This
raised pressure from 2868 to 3856 kPa in 23.1 days, after which pressure
was held constant from day 3061.17 for 26.1 days. The third pressure
ramp was started at day 3087.24 (16th July 2013) by the injection of
water into the base of the interface vessel at a rate of 0.725 ml h™L. This
raised pressure from 3867 to 4852 kPa in 23.2 days, after which pressure
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was held constant from day 3110.48 for 52.6 days. The fourth, and final,
pressure ramp was started at day 3163.04 (30th September 2013) by the
injection of water into the base of the interface vessel at a rate of
0.35 ml h™. This raised pressure from 4854.01 to a gas peak pressure of
6174 kPa at day 3205.31, 42 days after the start of the fourth pressure
ramp. The injection of water into the base of the interface vessel
continued at 0.35 ml h™!, until day 3235.13 when flow was reduced to
0.175mlh™!, and day 3256.19 when it was reduced further to
0.088 ml h™!. Injection was stopped at day 3283.02 (28th January
2014) and in total, 2910.5 ml of water was injected into the base of the
interface vessel. For a detailed description of each gas ramp, the authors
refer to the Lasgit final report by Cuss et al.”.(Table 1)

2.3. Results

Fig. 4 shows the calculated flow of gas into the system and into the
clay at STP. Flow into the system at STP is calculated from the flowrate
of water into the interface vessel, while flow into the clay is derived from
the difference in observed gas pressure to the predicted gas pressure
assuming the ideal gas law. The STP flow rate into the system reduced
between each successive gas ramp. Flow into the clay was seen in each
ramp, with little flow observed during periods of constant pressure.
Table 2 summarises all the flow data from the four pressure ramps,
detailing the range of STP flow and quantity of gas entering the buffer
seen during the pressure ramp, and the pressure of the constant pressure
step and the resultant STP flow into the clay. For gas ramp 4 the latter
shows the peak gas pressure and the peak in flow into the buffer.

During gas ramp 4, significant gas entry was seen to begin at day

Table 1
Initial conditions prescribed for the simulation of the hydration phase.

Pressure Pressure ramp Pressure hold
ramp STP flow Gas Pressure hold/ STP flow
into clay entering peak pressure into clay
clay
x107° m® mol kPa x1071' m?
st st
1 12.5-14.8 0.10 2867 5.75
2 9.3-12.4 0.12 3860 13.7
3 7.51-9.41 0.13 4853 25.9
4 4.52-5.71 0.21 6174 3270 (peak)
’
/ 6300
5800
5300
4800 &
X
@
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<
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%)
©
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2800
2300
1800

3180 3230 3280

Elapsed time (days)

Fig. 4. Recorded and predicted gas pressure, and flow of gas into the system and the clay during Gas Test 4 (from”).
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Table 2
Initial conditions prescribed for the simulation of the hydration phase.
Bentonite (pre-compacted Injection Rock and
blocks, swollen bentonite filter copper canister
and interfaces) wall
Capillary 3-0.4 MPa 3-0.4MPa 3 MPa
pressure
Effective Oyx = 3.23 MPa Oyx = Oyx = 4.23 MPa
stresses Gyy = 3.23 MPa 0 MPa Gyy = 4.23 MPa
6,, = 3.73 MPa Gyy = 6,, = 4.73 MPa
0 MPa
6,, = 0 MPa
Gas 2.4 MPa 1.85 MPa 2.4 MPa
pressure

3203.73, as seen by an increase in flow rate into the clay. This resulted in
a single peak in flow of 3.27x1078 m® s™! at day 3205.72. The peak in
flow was short-lived with flow into the clay matching flow into the
system within four days. From then afterwards the flow into the clay was
slightly greater than the flow into the system, giving a slow reduction in
gas pressure. As gas pressure reduction appeared steady, the flow rate of
the injection pump was lowered in two steps, approximately halving
flow at each step. As before, flow into the clay approximated flow into
the system, with slightly higher flow into the clay resulting in the
continued reduction in gas pressure. However, in the final stage the flow
into the clay reduced, resulting in an increase in gas pressure. Following
gas entry, a total of 1.13 mol entered the clay.

As also seen in the laboratory-scale test (see%), there exists a pro-
nounced coupling between pore water pressures at the rock wall and gas
entry (see Fig. 5). Indeed, at day 3203.73 (when flow accelerated), an
event was seen in UR905 and UR908; pore pressure at the rock wall. This
occurred at a gas pressure of 6141 kPa. At day 3204.66, pore pressure at
UR908 showed a stepped increase of around 12 kPa and radial stress at
the rock wall at PR907 and PR908 started to increase, as did flow into
the clay. At day 3205.31, peak gas pressure occurred (at a pressure of
6174 kPa) resulting in a single peak in flow of 3.27x1078 m3~! at day
3205.72. This peak in flow was short-lived with flow into the clay
matching flow into the system within four days. From then onwards the
flow into the clay was slightly greater than the flow into the system,
giving a slow reduction in gas pressure. Soon after the peak event, at day
3205.88, pore pressure at UR905, UR907, and UR908 peaked. At day
3206.40, radial stress at PR905, PR906, and PR907 increased by 8.6,
28.6, and 9.6 kPa respectively, while PR909 decreased by 7.1 kPa. Stress
at PR908 increased from day 3204.66 onwards and coincident with the
changes seen in the other sensors reduced by ~5 kPa, before quickly
recovering with a peak in stress ~15 kPa higher than the starting
magnitude. Then, pore pressure remained relatively static, until day
3217.11, when some sensors (UR905, UR908, UR916 and UR919)

eV

Adjusted pore pressure (kPa)

17!

(i
\lLI Mw\""'fl’“v' "u‘.' JM

3230

3200 3205 3210 3215 320 325 3235 Events.
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showed small, short lived, reductions in pore pressure of ~4-10 kPa thus
suggesting that gas flow was pulsed, see Cuss et al.” for a detailed
description of these events. At day 3235.11, a decrease was seen in pore
pressure at UR919, with disturbances in UR905, UR908, and UR916.
Then, at day 3238.16, a 10 kPa step reduction in UR908 was followed by
irregular pore pressure.

3. Modelling approaches

Four different numerical approaches have been adopted by BGR/
UFZ (Federal Institute for Geosciences and Natural Resources and the
Helmholtz Centre for Environmental Research), LBNL (Lawrence Ber-
keley National Laboratory), CIMNE-UPC/Andra (Universitat Politecnica
de Catalunya funded by I’Agence nationale pour la gestion des des
déchets radioactifs) and KAERI (Korea Atomic Energy Research Insti-
tute), see Appendix A for details about their key similarities and
differences.

These four approaches are based on the general theory of multi-
phase flow modelling and are combined with additional features to
describe some of the key aspects observed in both laboratory and field
tests. The first three strategies had been previously employed to simulate
laboratory scale tests and thus, their detailed description is not the aim
of the present work, see the comparison paper by Tamayo-Mas et al.>®
for detailed features. Hence, in this study, a summary description is only
given and emphasis is placed on the main conceptual modifications
performed by the teams when upscaling. In contrast, a more detailed
description of KAERI's approach is given.

3.1. Model developed by BGR/UFZ

3.1.1. Conceptual model

3.1.1.1. Mathematical model derived for the laboratory scale test. The gas-
transport modelling approach selected by BGR/UFZ for the Lasgit test
expands upon their previous work performed to simulate volumetrically
constrained laboratory scale experiments. Indeed, BGR/UFZ developed
a fully-coupled hydro-mechanical model based on multi-phase fluid flow
theory (see’”) to describe some of the key aspects observed in
gas-laboratory tests. Their main features are:

e Constitutive relations for the hydraulic and gas behaviour: the
Mualem model is adopted for the description of the relative perme-
abilities of gas and water whereas the relationship between water
saturation and capillary pressure is based on the van Genuchten
formulation®”.

o Constitutive relations for the mechanical behaviour: bentonite is
assumed to behave as an elasto-plastic porous medium. Hooke’s law

Events

3205 3210 3215 3220 325 3230 3235

Elapsed time (days)

Fig. 5. Example of sensor response around the time of gas entry during Gas Injection Test 4. All parameters have had vertical shift to emphasise subtle detail. a) Pore

pressure at the deposition wall; b) Radial stress on the deposition wall.
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is assumed to describe the stress-strain relationship in the elastic
regime of the material whereas the Drucker-Prager failure criterion is
assumed to describe the plastic deformation (perfect plasticity with
non-associated flow). This is enhanced with a tension cut-off
parameter to limit the load carrying capacity of the model near the
tensile region.

Hydro-mechanical coupling: Biot’s theory” is assumed to describe
the hydro-mechanical coupling and hence, the effective stress tensor
¢’ (Pa) is calculated from the pore pressure p and the total stress
tensor ¢ as

¢ =6-ap (€)]

(where a (-) is the Biot’s coefficient) and used to define the linear
momentum balance equation of the porous medium

V[o"fa(pgfswpc)l] +pg=0 2

being p, (Pa) the gas pressure, S,, (-) the water saturation, p. (Pa) the
capillary pressure, I the identity tensor, p (kg/m?>) the total density and g
(m/s?) the gravitational acceleration. The typical sign convention of
rock mechanics is used for stresses, where a positive sign stands for
compression and a negative sign for extension.

To allow localisation of gas flow, this continuous model is combined
with an empirical strain-dependent permeability approach®’ that is
extended with spatially distributed heterogeneous material properties,
namely the Young’s modulus and gas entry pressure.

3.1.1.2. Main conceptual modifications: from the laboratory to the field
scale model. No significant conceptual changes have been made to the
previous model to simulate the full-scale test. The main theoretical
adjustment concerns the technique used to incorporate heterogeneity
into the model. Although in the Lasgit modelling exercise, the formation
of preferential pathways is less affected by the heterogeneous spatial
distributions, the technique to derive heterogeneous Young’s modulus
values has been modified in order to represent micro-structures. Indeed,
when simulating the laboratory scale test, a Gaussian normal distribu-
tion was assumed to derive the spatial distributions. Instead, in the full-
scale modelling exercise, a pore-size-dependent (PSD) stochastic
approach of the gas entry pressure has been derived from Mercury
Intrusion Porosimetry. The PSD functions of comparable materials (MX-
80 bentonite) have been used to identify the dominant pore modes and
to analyse the porosity and void ratio in the structure®’. This has been

Geomechanics for Energy and the Environment 42 (2025) 100654

done using the Young-Laplace equation'’, which allows the description
of the capillary pressure as a function of the pore throat width/radius via
the relationship
2Tcos(0
Pc = s ( ) (3)
a
where T; (=0.072 N/m) is the surface tension of the wetting fluid, @ is
the angle between the wetting fluid and the solid phase and a is the
radius of the pore throat. Assuming a constant state of quasi-full satu-

ration (0 =0°% p. = %) and taking into account that the gas entry

pressure corresponds to the gas pressure that must be applied for the gas
phase to enter the pore space (Pentry = Pgas), Eq. (3) leads to

2T,
Dentry = Pgas = Pc +Ppw = Ts + Dw (4)

Thus, in this model, the gas entry pressure is assumed to depend on
the radius of the pore throat and the water pressure. Note that pathways
are thought to be circular. This is an assumption, as pathways can be
planar, thus impacting the description of the gas movement. Then, using
the PSD of the fully saturated compacted bentonite (Fig. 6A), relative
proportions of pore sizes can be estimated and the probability density of
gas entry pressure (Fig. 6B) and hence, Young’s modulus, can be
derived.

3.1.2. Model geometry and numerical software

A 3D finite element model has been developed to represent experi-
mental results of the gas injection test conducted in 2012. The open-
source software OpenGeoSys (OGS - version 5.8) has been used, see
Kolditz et al.'”.

To simulate the test, a hexahedral mesh of one quarter of the
bentonite hollow cylinder has been employed, Fig. 7A. A height of 1.5 m
has been considered and seven different material groups have been
assumed, see Fig. 7B. Three of them have been used to describe the
bentonite:

1. Three layers of pre-compacted MX-80 bentonite (named bentonite
blocks in Fig. 7A).

2. The swollen bentonite (named swollen bentonite in Fig. 7A). These
selected areas have been filled with bentonite pellets or have been
left open before the hydration. For this group of materials, similar
values were chosen as for the pre-compacted bentonite, but with
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Pentry (Pa)

Fig. 6. [A] Pore size density in relation to different pore size diameters for three states: compacted but dry (A) with equal amounts of micropores and macropores,
compacted and partially saturated (B) with twice as many of micropores than macropores, and compacted and fully saturated state (C) with mainly micropores
(edited after Seiphoori®') and [B] Probability density of gas entry pressure in the bentonite materials.
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Fig. 7. [A] Mesh (with 21840 hexahedron elements and 24354 nodes) used by BGR/UFZ to simulate the Lasgit test and [B] geometry with the seven material

groups considered.

some changes due to the reduction of the dry density as a result of the
swelling.

3. An interface (named bentonite interfaces in Fig. 7A) between the
bentonite blocks with the same properties as the bentonite blocks,
but zero tensile strength.

Four other materials (with a high Young’s modulus of E =
1000 GPa) have been considered to describe

4. The solid rock (named rock in Fig. 7A), with a very low permeability
(k = 1x107% m?) and high mechanical strength.

5. The fractured rock on the outside of the model, withk = 1x10" ¥ m2.

6. The injection filter, with a permeability of k = 1x107'® m? and an
initial gas volume of 2036 ml.

7. The copper wall.

3.1.3. Initial and boundary conditions

Prior to the gas injection test, the hydration phase (over the period
from day 2100 to day 3100) has been simulated, with initial conditions
of Table 2. Indeed, the swelling of the bentonite pellets and blocks has
been modelled with respect to the change in stress and pressure. To
account for swelling pressure in the bentonite, the linear swelling model
proposed by Rutqvist et al.”® has been assumed

AGsw = Gsw,maxASwL vSw S [SreSaSmax] (5)

where 64y max (Pa) is the maximum swelling pressure, Sres (-) is the re-
sidual degree of saturation and Spax (-) is the maximum degree of
saturation. This is considered to increase non-linearly with an increase
of dry density. In particular, the empirical relationship for MX-80
bentonite

Gswmax = 0.01€>5%¢ (6)

(established by®!) has been employed.

During the hydration phase, the capillary pressure has been reduced
from an initial value of 3 MPa to 0.4 MPa and the mean water saturation
has been increased from S,, = 0.9 to S,, = 0.998. Subsequently, the gas
injection has been applied with a Neumann boundary condition. The
following boundary conditions have been assumed (see Fig. 8):

e Mechanical BC: u, = 0 at top and bottom, uy = O at the left and at
inner and outer boundaries and uy = 0 at the right and at inner and
outer boundaries.

e Hydraulic BC: gas pressure has been prescribed at the bottom and at
the outer boundaries (p; = 2 MPa) and capillary pressure is pre-
scribed at the outer boundaries (p. = 0.4 MPa).

Top
Outer
Inner
4 { Bottom

o

«

Fig. 8. Boundaries for the Lasgit modelling exercise.

3.2. Model developed by LBNL
3.2.1. Conceptual model

3.2.1.1. Mathematical model derived for the laboratory scale test. This
full-scale approach builds upon LBNL’s previous experience gained
during the modelling of volumetrically constrained laboratory scale
experiments°°, Indeed, LBNL has developed an enhanced homogeneous
continuum approach, which is based on the linking of the multiphase
fluid flow simulator TOUGH2 with the commercial FLAC®® geo-
mechanical code thus enabling the simulation of processes characterised
by strongly-coupled flow and geomechanics. The key features are:*

e Constitutive relations for the hydraulic and gas behaviour: as
done by BGR/UFZ, the van Genuchten formulation is used to define
the water retention curve. Relevant capillary pressure parameters for
the bentonite are adopted from Senger and Marschall®®. In this
model, the modified Brooks-Corey relationships implemented in
TOUGH2 relationships are adopted for the description of the relative
permeabilities of gas and water. Following the approach by Senger
and Marschall®®, an effective gas entry pressure was modeled
through the application of a residual gas saturation considering the
Brooks-Corey relative gas permeability.
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¢ Constitutive relations for the mechanical behaviour: bentonite is
assumed to behave as a linear elastic porous medium, with a volu-
metric swelling and a swelling stress that depends on the changes in
water saturation AS; according to

A6, = KASB,, 7

where 6, (Pa) is the swelling stress (with compression being positive),
K (Pa) is the bulk modulus, S; (-) is the liquid saturation and S, [-] is a
calibrated moisture swelling coefficient (f;, = 0.015), see Rutqvist
et al.?? for more details.

e Hydro-mechanical coupling: in this model, the effective stress
tensor ¢ (Pa) responds to the maximum phase pressure p? in the
pore, that can be either gas pressure (if gas partially saturated) or
liquid pressure (if fully water saturated):

¢ =6-p’l (8)

where again, ¢ and ¢ are the effective and total stress tensors respec-
tively (with compression being positive), I is the identity tensor and the
pore pressure p? is defined as

p’ = max(pi,p;) ©)

with p; and p, liquid and gas phase pressures respectively.

To allow localisation of gas flow, this model assumes a fracture-like
behaviour of the flow path. Hence, a pressure dependent permeability
function

pe
k= kmatrix + ﬁ (10

is considered, where a [m] is the element width or spacing between
dilatant flow paths, and b, [m] is a non-linear function of the effective
minimum compressive stress that reads

by —— D0 an

1+9 (;’—‘f)
with bpy (m) being the (calibrated) maximum aperture for permeability,
on (Pa) the total stress normal to the fracture and oy, ,f (Pa) the reference
stress normal to the fracture (calibrated from the laboratory experi-
ments). The aperture versus pressure relationship of Eq. (11) corre-
sponds to the Bandis et al.' model and its parameters need to be
calibrated by matching pressure and outflow responses observed in the
experiments. To be able to simulate the abrupt gas breakthrough

response, the concept of a constant effective gas entry pressure was
adopted by LBNL?®,

3.2.1.2. Main conceptual modifications: from the laboratory to the field
scale model. As in the case of BGR/UFZ, no major conceptual changes
have been made compared to the previous LBNL model when simulating
the full-scale test. Interfaces were included into the model and simulated
using same conceptual model as for bentonite block, but with some
adjustments to the material properties. Indeed, interfaces are repre-
sented with a lower gas entry pressure (simulated with the residual gas
saturation, Sgr) and a higher permeability value. Another conceptual
adjustment concerns the technique used to describe the post-peak
pressure behaviour. Here, assuming that dilatant flow paths can be
represented as fracture-like elements, the capillary pressure of these
elements has been scaled according to Olivella and Alonso®” by the
function of permeability as

ko) V3
Py =Py % 12)

where Py is the initial van-Genuchten capillary pressure, P, is the
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corrected capillary pressure, k is the permeability and ko is the initial
permeability.

3.2.2. Model geometry and numerical software

A 3D symmetric model has been developed to represent Lasgit
experimental results’®. The simulator employed in this study was
TOUGH-FLAC code®®?”-*, that combined the TOUGH2 multiphase flow
simulator’* with the commercial geomechanics code FLAC3D'°.
TOUGH2 enables the simulation of multiphase fluid flow and heat
transport based on the integral finite difference method whereas
FLAC3D is a finite-difference code that allows the representation of
geomechanical features. Similar to other TOUGH-based geomechanical
simulators, the two codes are sequentially coupled: in particular, fluid
flow variables (such as pore pressure and saturation) calculated by
TOUGH2 are transferred to FLAC3D, which then computes effective
stresses and associated deformations, returning updated values for the
stress-dependent permeability. The selection of small time-steps is
important to find stable solutions of the hydraulic and mechanical
response: a maximum time step of 1 day was prescribed while smaller
time-steps (e.g., 100 seconds) were automatically calculated by
TOUGH2 for convergence in the multiphase flow calculations around
the gas breakthrough.

To simulate the gas injection test, the LBNL model assumed in-
terfaces between (1) bentonite blocks, (2) the canister and the bentonite
and (3) the rock and the bentonite, see Fig. 9.

3.2.3. Initial and boundary conditions

The system has initially been assumed to be fully saturated with
bentonite and rock having a constant and uniform initial porewater
pressure of 0.8 MPa. The initial stress conditions have been considered
as 5 MPa in the radial and tangential directions and 6 MPa in the vertical
direction. This initial stress reflects the initial stress in the bentonite
caused by swelling after the saturation of the buffer. However, the same
amount of initial stress is applied in the rock for this model simulation.
Initial temperature is taken to be 15 °C and the initial pressure of the
injector is 1868 kPa.

Regarding the boundary conditions, displacements normal to
boundaries have been fixed to zero and gas injection has only been
applied in one element of the canister mesh, which is connected to the
bentonite. Water has been then injected into the gas filled injection
element to compress the gas and raise the pressure according to the steps
shown in the field. Due to the fact that only one half of the 3D geometry
has been modelled, only one half of the injection filter and the injection
rate has been simulated. The volume of the element has been calibrated
in order to achieve a good match with the field data. The calibrated

2
g
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Fig. 9. Half-symmetric 3D model used to describe the Lasgit experiment. The
model has 37,107 elements®®.
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volume has been 2000 ml, thus meaning that the total injector volume
(for the whole 3D specimen) has been calibrated to be 4000 ml, a
slightly larger value than the quoted 3750 ml gas injection volume re-
ported from the field. Thus, the volume was increased by 6 %, which was
necessary to accurately match the stepwise injector pressure increase
before gas breakthrough. The slightly higher gas volume can also have a
slight impact on the gas pressure evolution after gas breakthrough.

3.3. Model developed by CIMNE-UPC/Andra
3.3.1. Conceptual model

3.3.1.1. Mathematical model derived for the laboratory scale test. The
field scale technique is built on the work carried out by CIMNE-UPC/
Andra when modelling laboratory scale experiments. CIMNE-UPC/
Andra developed a coupled hydro-gas-mechanical 3D numerical model
(see®), assuming a heterogeneous initial permeability field and
embedded fractures??. This approach is characterised by the following
key features:

e Constitutive relations for the hydraulic and gas behaviour: in
the model developed by CIMNE-UPC/Andra, the retention curve is
defined by the van Genuchten model. In this case, the retention curve
may change with the opening of the embedded fractures as pore size
controls the gas entry values, and fractures may represent large pores
leading to a reduction of the gas entry value. Relative permeabilities
are also assumed to be fracture-dependent to account for preferential
paths. This is achieved by assuming that the relative permeability,
which is a function of the effective degree of saturation, is decom-
posed into matrix and fracture terms, as discussed in the following
paragraph.

Constitutive relations for the mechanical behaviour: deforma-
tion is modelled assuming elasticity with net stress (fluid pressure as
the maximum between gas and liquid). A dilatancy term (y angle) is
added in the deviatoric component of the volumetric strains

_Ap Aq
Ae, = X 3Gtany/ (13)
Aq
Agg =2 14
£ =750 a4

where p’ and q correspond to the net mean stress and deviatoric stress
invariants, and K and G to the bulk and shear modulus, respectively
(compression positive). As done by LBNL, net mean stress is defined as
total stress minus Biot’s coefficient multiplied by fluid pressure
(maximum difference between gas and liquid pressures).

e Hydro-mechanical coupling: in the proposed approach, it is
assumed that the mechanical constitutive model and the perme-
ability model are coupled but independent. That is, the mechanical
behaviour is coupled to the hydraulic/gas pressure because the
volumetric strains cause changes in permeability, through changes in
aperture.

To account for the preferential paths, a constitutive model based on
an integrated embedded permeability is employed. The strategy is based
on the decomposition of the intrinsic permeability into a matrix and a
fracture intrinsic permeability

kint = kmatrix + kfracture (15)
which undergo respective variation with porosity and aperture and read

ko(1—¢0)°  ¢°

16
o (1-¢) (o)

kmatrix =
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b3
kfracture = ﬁ (17)

where ko (m?) is the initial permeability (randomly distributed along
the material); ¢, (=0.44) is the initial porosity; ¢ (-) is the current
porosity value, changing in space and time during the test; a (m) refers to
the associated width for each fracture (which is equivalent to the
assumed spacing between fractures) and b (m) is the aperture of the
fractures. This value depends on the change in strains and is computed
as

b= bO + <€_€0>a < bmax (18)

with ¢ (-) being the strain level, & (-) being the initial strain, by (m) being
the initial aperture of the fractures and bpay (m), being its maximum
aperture. Liquid- and gas-phase permeabilities are also decomposed into
matrix and discontinuity or fracture terms. These read

kliquid = (Seff. liquid)"“q“id (kmatrix + kfractures) (19)

matrix
Mgas

kgas = (Seff. gas) ¢

nﬁ::sclul'l:s
kmatrix + (Seff, gas) & kfractures (20)
respectively, with Sef 1iquid/gas (-) being the saturation degree for liquid

nmatrix /fractures
liquid/gas

gas state, and for matrix or fractures media). As previously stated, liquid
and gas relative permeabilities are defined by the effective saturation
degree of liquid and gas respectively. Hence,

or gas and (-) a power for each case state (i.e., for liquid or

Sy idgas — Smin Mliquid/gas

Tliquid/ 1quid/gas liquid/gas

kr,liquid/gas = (Seff. liquid/gas) e = omax  omin (21)
liquid/gas — “liquid/gas

3.3.1.2. Main conceptual modifications: from the laboratory to the field
scale model. As in the case of the previous teams, no conceptual changes
were added to the laboratory scale model when simulating the full-scale
test. Minor modifications concern the use of interfaces (see Section
3.3.2) and the adjustment of some parameters such as (1) the volume
factor of the injection system, (2) the description of the heterogeneity
and (3) the sensitivity of Biot’s coefficient, with values of 0.5 and 1.0.
For a comprehensive discussion of the conceptual model and sensitivity
analyzsis, including detailed results of this study, please see Noghretab
et al.?!.

3.3.2. Model geometry and numerical software

Numerical simulations were conducted using the computer software
CODE_BRIGHT?®. CODE_BRIGHT is a simulation program based on the
finite element method that has been developed collaboratively by the
Universitat Politecnica de Catalunya-BarcelonaTech (DECA-UPC) and
the International Centre for Numerical Methods in Engineering
(CIMNE).

To simulate the Lasgit experiment, a three-dimensional model has
been developed. Initially, a complete model setup was generated, but
only a quarter of the model was finally employed for the hydro-gas
calculations and calibrations, Fig. 10. The finite element mesh consists
of 66948 elements, comprising 62794 tetrahedra for the volumes and
4154 triangles for the surfaces. The mesh encompasses a total of 13170
nodes, resulting in 26340 degrees of freedom. The model’s geometry
encompasses various components, including the coping (consisting of a
concrete plug and steel lid), the canister (comprising inner and outer
copper walls), bentonite rings and cylinders, pellets and rock (Fig. 11) to
depict the entire system’s dimensions accurately.

At the injection section, the mesh has been generated with 4538
elements (4380 tetrahedra for the volumes and 158 triangles for sur-
faces), with a total of 1078 nodes. The model geometry dimensions,
including the canister, bentonite rings cylinders, pellets, and filter ar-
rays, have been made in agreement with the test specifications provided
by the British Geological Survey (Fig. 11).
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10.57 m
11.13 m

’Ktl" Som

(a) (b)

Fig. 10. The % model geometry used by CIMNE-UPC/Andra to simulate the full-scale test: (a) shows a general view of the model and (b) shows the mesh (with 66948
tetrahedra and triangle elements with 13170 total nodes), from Noghretab et al.”’.

<€ 1
Hydraulic surfaces

W

Host Rock

FL903: injection point

(a) (b)

Fig. 11. Model geometry and 3D FE models for (a) the 1/4 full-setup and (b) the injection section model (from").
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The model includes additional hydraulic surfaces, which have been
modelled at the bentonite block contacts (i.e., horizontal interface sur-
faces) and at the bentonite/pellets and pellets/rock contacts (i.e., ver-
tical interface surfaces), as shown in Fig. 12. Although these interfaces
exhibited similar properties to the bentonite material, they have been
considered as separate materials with distinct permeabilities to poten-
tially serve as pathways for gas migration through the buffer. A sensi-
tivity analysis on hydraulic transmissivity was conducted by varying the
intrinsic permeability values in both horizontal and vertical directions to
assess their impact on system behavior. Four cases were considered:
horizontal sensitivity, vertical sensitivity, combined horizontal and
vertical sensitivity, and a base case, with permeability values ranging
from 1.0x107'7 m2 to 1.0x10~2° m? (for more detail please see’D).

Filter arrays have also been included, represented by external sur-
faces with a thickness of 1 mm, complemented by a triangular mesh
(Fig. 13). Flow rates and pressures have been prescribed at the outer
nodes of these surfaces, and each surface has been connected to a single
node located on the outer surface of the canister’s copper wall, specif-
ically at the Filter Array position. These external surfaces (see Fig. 13)
have proven to effectively capture the system volumes associated with
pipework, the injection vessel pump, and any additional devices present
in the gas injection system before the gas enters the sample. The rep-
resentation of these components in the model has been achieved through
the application of an equivalent injection volume factor (a calibrated
parameter) to these injection filter surfaces, as similarly done in other
approaches (e.g., LBNL model).

A heterogeneous medium has been considered for the full-scale test
(Fig. 14). In this study, the geometrical domain of the bentonite (rings
and cylinders), pellets and gap (that is expected to be filled by the sur-
rounding bentonite after swelling) has been divided into small sub-zones
to which different initial properties have been assigned, as seen in
Fig. 14. In particular, three different permeability distributions have
been assumed. They follow a probabilistic model, incorporating a layer-
by-layer random permeability distribution in three different zones. As a
base case scenario, the permeabilities in these zones have been arbi-
trarily weighted with 2/3, 1/6, and 1/6 with values of 1x107% m?,
1x1072° m?2, and 1x107'° m? respectively. A sensitivity analysis has
also been performed to better understand the impact of the different
proportions of the heterogeneity distribution on the calculated gas
pressure. From a practical point of view, the impact of this sensitivity on
the calculated results was found to be small.

In the gap layer, intrinsic permeability values varied according to

FL903

(a)
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three different states of the gap closure (Fig. 15), see Table 3. It is
important to note that changes in porosity do not affect the model’s
predictive capability. Thus, for simplicity, a constant porosity has been
assumed for the bentonite and pellet materials. Results are presented in
Noghretab et al.?'.

3.3.3. Initial and boundary conditions

The system is initially assumed to be water-saturated with a constant
pore pressure of 0.1 MPa (atmospheric pressure has been assumed).
Furthermore, the gas pressure and liquid pressure at the external sur-
faces, which simulate the injected gas volume, are set equal to 0.1 MPa.
The initial stress conditions at the rock are considered as 10.5 MPa in the
horizontal directions (x and y) and 5.25 MPa in the vertical direction.
The initial stresses on the bentonite cylinders are both (axial and radial)
considered as —6 MPa. The boundary conditions have been carefully
selected to align with the specified Lasgit set-up, specifically through the
use of the Filter array FL903. These assumptions and boundary condi-
tions are crucial in accurately capturing the behaviour of the gas test and
ensuring the model’s alignment with the experimental setup.

3.4. Model developed by KAERI

3.4.1. Conceptual model

This model is built on the work carried out by KAERI within the
previous phase of the DECOVALEX project, see Lee et al. (2019, 2020),
in which the team developed a hydro-mechanical model for the migra-
tion of gas through a low-permeable material that included a damage
model to account for the deterioration of the rock after gas break-
through. Indeed, for the current phase of DECOVALEX-2023, KAERI
developed a hydro-mechanical model based on standard multi-phase
flow theory, whose key features are:

o Constitutive relations for the hydraulic and gas behaviour: the
classical multi-phase Darcy law is solved with a mass balance
equation for each component (water and gas phases), assuming
constant temperature.

Constitutive relations for the mechanical behaviour: the classical
two-phase flow model is coupled to an elastic damage model pro-
posed by Tang et al.>®. According to this model, the host rock is
assumed to be brittle-elastic. That is, the stress-strain relationship is
divided into an elastic phase (where no damage or irreversible
damages occur) and a damage phase, that accounts for the

Fig. 12. Model geometry of horizontal and vertical interfaces and their position to the injection point (FL903): (a) 1/4 full set-up, (b) injection section model.
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Fig. 13. Injection filter details (FL903 filter array location): external volumes to prescribe given injection gas volume-into-system flow rates (external volume
equivalent to the system volume). An initial total injector volume of 2.0 cm® has been prescribed (from>').

Beonite Iocks |

|

Fig. 14. Heterogeneity on permeability randomly distributed to the bentonite blocks (cylinders and rings), pellets, and gap (1/4 full-setup) (from”).

deterioration of the rock (decrease of strength, rigidity and tough-
ness, for instance). The effective stress tensor ¢ (Pa) is thus defined

degrades as damage grows. In fact, only damage under tensile stress
was considered and hence, damage induced by the compressive

as stress was not included into the model. Hence, when the tensile stress
in an element reaches its tensile strength, the damage variable
Before gas breakthrough (elastic model): ¢ = GC:¢ & &
After gas breakthrough (damage model) : 6 = (1-D)C:e¢ 0 e<e,
(22) 1.
D=<S1-=" g <e<g, (23
where ¢ (-) is the infinitesimal strain tensor, C (Pa) is the fourth- 1 &, <e

order stiffness tensor, D (-) is the damage parameter and: is the

double tensor contraction.
As seen in Eq. 22, the elastic modulus of the rock progressively

12

is used, where f; (Pa) stands for the residual tensile strength, E, (Pa)
is the initial (or undamaged) elastic modulus, ¢ (-) is the principal
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a) open gap

b) gap closure
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Host Rock

c) closed gap

Fig. 15. Model geometry: gap closure scenarios: (a) open gap/initial state, (b) transitional gap-closure, and (c) closed gap/homogenized states. (Measurements in

mm, from?").

Table 3
Heterogeneity on permeability random distribution.
Materials  Distribution Intrinsic permeability Porosity
(weighting) strategy
Bentonite  1/6 =16.7 % 1.0x107"° m?*1.0x10" % 0.366
Pellets 1/6 =16.7 % m?1.0x10" 2! m? 0.706
2/3 =66.7 %
Gap 1/6 =16.7 % Variable Intrinsic permeability and
1/6 =16.7 % porosity(According to Gap closure states:
2/3 =66.7 % open - transitional — closed scenarios)

strain and ¢, (-), &, (-) are tensile strain limits.
e Hydro-mechanical coupling: standard Biot’s theory is assumed to
describe the hydro-mechanical coupling with

¢ =6 —apl (24)
and
p= Sng +SuPw (25)

This is used to define the linear momentum balance equation of the
porous medium

V(6 —apl)+pg=0 (26)

Dilatant pathways are modelled by including a damaged-dependent
intrinsic permeability field, where

Kint = Kint,und d + Kint.d 4 @7
and

. (%71)
kint,undamaged = kint,Oe (28)
kint,damaged = (kmax - kint,undamaged) (29)

kaax

being kineo (m?) the initial intrinsic permeability, A (-) an empirical
factor calibrated from the experimental tests, kpax (m?) the experimental
maximum permeability of the damaged bentonite and Dyy.x (-) the
experimental rock damage value that corresponds to Kpax.

The two main modifications with respect to the approach employed
in the DECOVALEX-2019 phase are (1) the inclusion of the interface
between the void and the buffer material and (2) the designation of
different material properties for each of the different elements that
compose the domain under consideration (e.g., void, bentonite, pellets
and rock).

13

3.4.2. Model geometry and numerical software

To simulate the full-scale model, the COMSOL Multiphysics® (see*)
software was used. Consistent with BGR/UFZ and CIMNE-UPC/Andra,
only one quarter of the bentonite cylinder was considered, Fig. 16.

3.4.3. Initial and boundary conditions

The initial gas pressure was prescribed at 1868 kPa, and the initial
water saturation was 0.99. The capillary pressure was calculated using
the van Genuchten model and then, the initial water pressure was
calculated from the initial gas pressure and capillary pressure.
Regarding the mechanical model, the initial total stress tensor was
assumed to be diagonal with oy, = 6xx = —5 MPaandos,, = — 6 MPa,
where the sign minus means compression. Temperature is supposed to
be prescribed at 20 °C.

The initial gas pressure was assigned to the outer boundary of the
rock components and the injection pressure data over time was applied
to the injection area as a Dirichlet boundary condition. Regarding the
mechanical model, a fixed constraint boundary was applied to the bot-
tom surface, and a roller boundary was applied to all boundaries except
at the bottom surface.

4. Results

The capabilities of four numerical models (BGR/UFZ, LBNL, CIMNE-
UPC/Andra and KAERI) were assessed by comparing the simulated re-
sults against the experimental data obtained from the Lasgit experiment
performed at the Aspo Hard Rock Laboratory. Teams were asked to
provide scientific evidence that the developed models are able to cap-
ture the main key aspects of the experimental time series data rather
than the exact details of the test stage. This is due to the fact that, as
already seen when modelling laboratory-scale experiments (see’®),
experimental data exhibits a combination of deterministic and sto-
chastic behaviours and thus, models need to account only for the key
experimental features reproducible across all experiments.

In particular, teams were asked to prove that their models are able to
capture the following seven features:

1. As gas is being injected into the system (evolution of the injection
pressure), a

. rapid gas breakthrough is observed.

. This occurs at a particular breakthrough time and at a

. very low gas saturation, which then leads to a

. gas peak value, which is then followed by a

. decay to steady state (and subsequent decays as inflow rate is
reduced).

These key features are observed together with

U WN
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Fig. 16. As done by other teams, [a] only a quarter of the bentonite cylinder was considered. [b] A mesh with 9635 elements (hexahedral and tetrahedral for the
cylindrical shapes) and 11067 nodes was used by KAERI, with [c] showing the different materials considered in the model. As described above, KAERI's model
applied gas injection as a Dirichlet boundary condition using existing experimental data. Therefore, the injector volume was not modeled separately, although the

Dirichlet boundary area for gas injection simulation is about 0.03 m2.

7. small variations in pore pressures and stresses.

Here, for the sake of comparison, final numerical outcomes (obtained
after different sensitivity analyses) are employed. For a detailed over-
view of the development process and the sensitivity analysis performed
within the DECOVALEX-2023 phase, we refer to the individual contri-
butions of the modelling participants (see for instance contributions
by25 and”").

In order to assess key features 1, 2, 3, 5 and 6, the evolution of the
injection pressure is shown in Fig. 17. As observed, only three models
can actually be assessed, as the KAERI model uses the injection pressure
as input data (Dirichlet boundary condition). As seen, the three nu-
merical approaches are able to predict the overall experimental response
during the first three gas ramps. However,

7000
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e Atday 3163.04, when the fourth and final pressure ramp was started,
differences are observed in the response predicted by the model
developed by CIMNE-UPC/Andra. Indeed, a slower pressurisation
response is observed as compared to the experimental behaviour,
leading to a later gas peak pressure (at day 3250, that is 44 days later
than in the field). This relates to the way in which gas pressure is
coupled to gas permeability within the model. This coupling also
results in inflow of gas from the beginning of the test (see Fig. 18).
The gas peak pressure value is well predicted (with less than a 2 %
error) and the characteristic decay of pressure is also well captured.
At day 3197.9, an initial gas peak pressure of 5.92 MPa is predicted
by the BGR/UFZ model indicating that a first small gas entry occurs.
The cause for this initial peak pressure is unclear, but after it, the
model predicts a rapid response. This is followed by a second pres-
surisation phase leading to a peak gas pressure of 6.01 MPa (less than
a 3 % error with respect to the experimental value) at day 3205.5.
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Fig. 17. The filter pressure of FL903 during Gas Injection Test 4. [A] Evolution of both the experimental and numerical outputs and [B] detail around the peak
pressure time. Black dashed line in this figure and in subsequent figures indicates peak pressure.
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Fig. 18. Cumulative injection mass predicted by different teams. As KAERI
model uses the injection pressure as input data (Dirichlet boundary condition),
it has not been shown here.

Following breakthrough, inflow to the clay spontaneously decreases
until day 3207, when gas pressure begins to slowly increase. During
this time gas flow into the bentonite continued at a slower rate,
Fig. 18, while gas pressure slowly increased, peaking at 6.06 MPa at
day 3228.18 (i.e., 28 days later than in the field). Thereafter gas
pressure exhibited the characteristic negative pressure transient
closely matching the data.

e The LBNL model can correctly capture the evolution of the injection
pressure. Indeed, a gas peak pressure of 6.15 MPa (with less than a
0.4 % error with respect to the experimental value) is captured at day
3207.7 (only two days later than experimental response). However,
around day 3246, the post-peak gas pressure shows a positive trend
in contrast to the data which shows a sharp decay in pressure after its
peak. A smother pressure and flow response in the LBNL model might
be related to averaging fluid storage over continuum elements
compared to the pore-volume available for gas flow dilatant chan-
nels.(Fig. 19)

The fourth key feature (very low gas saturation) is assessed by means
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Fig. 19. Average gas saturation profiles (y-axis in logarithmic scale). Note that
a straight comparison is not easy, as average values depend on the density of
the mesh within each model and the technique for averaging that each team
has used.
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of different outputs. First, the average gas saturation profile is analysed.
As seen from the gas saturation time-series data (Fig. 20), all models
capture gas flow with very low gas saturation. The BGR/UFZ and KAERI
models predict small changes in saturation (a difference of 3.4 x10~4
was observed between maximum and minimum for the BGR/UFZ model,
and a difference of 1.2 x10~2 was observed for the KAERI model). Gas
saturation values at three different timings (at initial time of the simu-
lation, at the time where the model predicts the gas pressure peak and at
final day 3283) and at three different distances from the centre of the
canister (at 575 mm, at 725 mm and at 850 mm) at the level of the in-
jection filter, see the scheme in Fig. 20, are shown in Table 4. As re-
ported, saturation values lie between 0 and 0.127. In particular, gas
saturation predicted by BGR/UFZ far away from the centre of the
canister (i.e., at 725 and 850 mm) is constant during all the simulation
(i.e. 0.003) whereas small variations of gas saturation (from 0.001 to
0.004) are predicted near the centre of the canister (at 575 mm). A
similar behaviour is observed by LBNL’s model, as gas saturation far
away from the centre of the canister vanishes during all the simulation
whereas gas saturation at 575 mm from the centre of the canister rea-
ches a final value of 0.054. KAERI’s model predict tiny variations during
all the simulation everywhere, as gas saturation values lie between
0.010 and 0.014. CIMNE-UPC/Andra also captures small gas variations
away from the canister (from 0.002 to 0.090). However, higher gas
saturation values are predicted near the centre of the canister once the
breakthrough is reached (around 0.12). In general, all models predict
that gas flow is very localised within the swollen bentonite and the
bentonite interfaces, as expected, see Fig. 21. However, in the concep-
tual model of dilatant gas flow, gas saturation at specific points within
the model should be either zero or 100 % (i.e., outside or inside a
dilatant gas pathway respectively). Thus, the presence of low gas satu-
rations likely reflects the averaging of saturation values across the plane
of reference, which could be either a 2D surface or a 3D volume. It is also
likely to stem from the mismatch in physics between the conceptual
model of dilatant pathway creation and the continuous models used by
the teams. In the latter, all models link gas pressure to permeability
which, through retention functions, result in the displacement of water
and gas penetration of the surrounding clay. However, this mode of
desaturation was not observed in the post mortem data from Lasgit’ or in
the laboratory data used in previous phases of the project®>°, all of
which resulted in post-test water saturations of ~100 %.

To assess the seventh key feature, a visual inspection of the stress and
pore pressure data is required. As shown in Fig. 22A, all the models but
KAERI are able to predict radial stresses within the experimental
bounds. While BGR/UFZ, LBNL and KAERI models can simulate the
experimentally-observed small variations, see Fig. 22B, CIMNE-UPC/
Andra values present higher variations. In particular, CIMNE-UPC/
Andra’s stress values present a piecewise-linear function with a clear
turning point at day 3250 (when breakthrough is predicted by their
model). This is due to the fact that, as radial stress responds to pore
pressure and effective stress cannot change significantly due to the
absence of total volume changes, pore pressure and total stress change
jointly. As shown in Fig. 22C, average numerical pore pressures obtained
with different models present significant differences. BGR/UFZ and
LBNL are able to capture very small variations in terms of pore pressures
(in Fig. 22C, some model results seem constant due to the scale).
However, BGR/UFZ results are higher than expected and do not lie
within the experimental bounds. CIME-UPC/Andra outputs are charac-
terised by small variations until the experimental breakthrough occurs.
Beyond this point, the model predicts an increment of pressures reaching
a maximum value at day 3280. Finally, as KAERI's pore pressure is fully
coupled to the injection pressure a direct correlation is observed (see

1 A mass balance between inflow and outflow could have been conducted to
calculate saturation profiles; however, the teams were not required to provide
this data during the study.
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Fig. 20. Schematic drawing of the locations where gas saturation is being assessed: (a) side and (b) plan views.

Table 4
Gas saturation values predicted by the teams at different locations and at
different timings.

Initial Time where gas At day

time peak is reached 3283

At 575 mm from the BGR/UF 0.001 0.004 0.004

centre of the LBNL 0.000 0.042 0.054

canister CIMNE- 0.019 0.115 0.127
UPC/Andra

KAERI 0.010 0.014 0.013

At 725 mm from the BGR/UF 0.003 0.003 0.003

centre of the LBNL 0.000 0.000 0.000

canister CIMNE- 0.002 0.012 0.019
UPC/Andra

KAERI 0.010 0.014 0.014

At 850 mm from the BGR/UF 0.003 0.003 0.003

centre of the LBNL 0.000 0.000 0.000

canister CIMNE- 0.090 0.088 0.087
UPC/Andra

KAERI 0.010 0.012 0.012

Fig. 22). As such, the experimentally-observed small variations are not
reproduced and hence, the complexity of the process is not fully
described.

5. Discussion

This paper presents a summary of work performed in Task B of the
current phase of DECOVALEX (DECOVALEX-2023) in which four teams
have developed hydro-mechanical approaches for the modelling and
representation of dilatant-controlled advective gas flow through very
low-permeability materials. This study has allowed teams (BGR/UFZ,
LBNL, CIMNE-UPC/Andra and KAERI) to test their enriched multi-phase
flow models and codes and enhance them in order to include the main
deterministic features observed in a field scale gas injection test.

BGR/UFZ employed a fully coupled hydro-mechanical approach
which combined two-phase flow with an elasto-plastic model. To
generate dilatancy-induced areas, this approach combined an empirical
strain-dependent permeability approach with a dual heterogeneous
distribution of Young’s modulus and gas entry pressure. The model is
able to predict the experimentally-observed rapid response. It captures a
first small gas entry, possibly triggered by a lower value of the gas entry
pressure or Young’s modulus near the injector, which enabled the
release of some gas into parts of the bentonite. However, due to the
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applied inhomogeneity, the affected area might be spatially limited.
After that, the model predicts the peak gas pressure with less than a 3 %
error with respect to the experimental value. Following breakthrough,
the decay in inflow is correctly modelled until day 3207, when gas
pressure slowly increases peaking at 6.06 MPa at day 3228.18 (i.e., 28
days later than in the field). It is assumed that this behaviour is due to
the following correlation: The gas inflow into the injector continues, but
the gas pressure is reduced to a small extent due to the increased gas
outflow in the vicinity of the injector and the increased available
gaseous pore-space. As a result, the increase in permeability in the
bentonite and the local displacement of the water is reduced for a short
time. This behaviour is caused by the relation between deformation and
permeability, but cannot fully reproduce the typical dilatancy-
controlled gas flow in bentonite in which often one major gas break-
through is observed.

LBNL used a sequentially coupled approach that assumed clay be-
haves as a linear elastic medium (with swelling stress) and that
permeability depends on the gas pressure and the effective minimum
compressive stress. To allow localisation of gas flow, this model assumed
a fracture-like behaviour of the flow path. This model is able to correctly
capture the evolution of the injection pressure. Indeed, a gas peak
pressure of 6.15 MPa (with less than a 0.4 % error with respect to the
experimental value) is captured at day 3207.7 (only two days later than
experimental response). However, around day 3246, the post-peak gas
pressure also shows a positive trend in contrast to the data. In general,
the LBNL model shows a smother response in gas flow and pressure
around the peak pressure compared to that of the experiments, both for
the laboratory and field experiments. This might be related to averaging
fluid storage over continuum elements compared to the pore-volume
available for gas flow dilatant channels. A potential remedy could be
to consider dual-porosity medium and/or model parameters of more
rapid changes in permeability when gas pressure reaches confining
stress.

CIMNE-UPC/Andra developed a coupled hydro-mechanical model
assuming a heterogeneous initial permeability field with embedded
fractures. To account for the development of preferential paths, a
constitutive model based on an integrated embedded permeability was
employed. In this model dilatant pathways were modelled by decom-
posing the intrinsic permeability into a matrix and a fracture intrinsic
permeability. The model predicts a slower pressurisation response as
compared to the experimental behaviour, leading to a later gas peak
pressure (at day 3250, that is 44 days later than in the field). This relates
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Fig. 21. Average gas saturation contour plots (across a two-dimensional surface tangential to filter FL903) predicted by the teams (BGR/UFZ in column 1, CIMNE-
UPC/Andra in column 2, LBNL in column 3 and KAERI in column 4). Each row corresponds to a different time of the simulation (at initial time of the simulation, at

the time where the model predicts the gas pressure peak and at day 3283).
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Fig. 22. Average (a) radial stresses and (c) pore pressures obtained with the four numerical models plotted against the maximum and minimum experimentally-
obtained values. (b) shows normalised radial stresses (note that UPC results have not been included since variations can already be seen in (a).

to the way in which gas pressure is coupled to gas permeability within
the model. However, the gas peak pressure value is well predicted (with
less than a 2 % error) and the characteristic decay of pressure is also well
captured.

KAERI developed a hydro-mechanical model based on standard
multi-phase flow theory and an elastic damage model. Dilatant path-
ways are modelled by including (1) a damaged-dependent intrinsic
permeability field, (2) interfaces between the void and the buffer ma-
terial and (3) different material properties for each of the different el-
ements that compose the domain under consideration. Although the
model cannot be assessed using most of the validation features (as it uses
the injection pressure as input data), the model is found to correctly
capture the experimentally-observed small variations, although radial
stresses do not lie within the experimental bounds.

In summary, this study illustrates that the models used, which were
originally developed and calibrated against laboratory scale tests, did
not need substantial modification to simulate the full-scale experiment.
Indeed, model parameters calibrated and validated at laboratory-scale
have been applied to predict field-scale gas flow at Lasgit, including
peak gas pressure and injected cumulative gas volume. The only
exception was the introduction of interfaces between blocks to reflect
the experimental configuration. Inclusion of these features within the
codes necessitated changing of some parameters (e.g., assuming higher
permeability). These adjusted models were then able to represent most
of the key features observed in the experimental data. Small differences
between the model predictions and the experimental data, such as the
timing and stress changes during the transitional phase during gas entry,
the evolution in gas flow following breakthrough or the post peak
negative transient phase, all stem from the fundamental differences
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between the modelling approaches (based on the physics of visco
capillary flow) and that of the data (based on dilatant pathway flow).
However, there are still some numerical features (e.g., positive trends in
pressure, earlier/later peak pressure predictions) that are not fully
represented, since the discrepancy between the physics of the models
and that of the process governing gas flow remains a significant
challenge.

6. Conclusions

Four different numerical representations for the quantitative
description of advective gas flow in clay-based repository systems have
been developed and applied to a unique dataset from a large-scale gas
injection test (Lasgit) performed at the Aspd Hard Rock Laboratory
(Sweden) working towards development and validation of different
numerical approaches.

Task B within DECOVALEX-2023 has explored the refinement of
these numerical strategies applied to the simulation of gas flow at a field
scale. In particular:

1. BGR/UFZ approach combines a two-phase flow with an elasto-plastic
model, which was able to predict the experimentally-observed rapid
response. This model exemplifies how spatial variability of individ-
ual material properties can influence gas pressure development in a
large model: indeed, spatial heterogeneities play a less significant
role than interfaces and continuum-scale inhomogeneity based on
different incorporated materials.

. LBNL’s approach is a continuum model with the key feature that
permeability is directly related to the least compressive effective
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stress. Thus, permeability changes caused by other processes such as
elasto-plastic shear damage could not be captured. The model
applied in this study is able to correctly capture the timing of gas
breakthrough, the peak pressure at gas breakthrough as well as the
cumulative gas flow was well captured. However, it tends to produce
a smother continuum response not capturing sharp spikes in gas flow
rates at gas entry. This indicates that the sharp short spikes in gas
flow rate involve a relatively small gas volume that have a small
impact on the cumulative gas flow entering the system.

3. UPC’s model performs gas injection into a system defined by material
heterogeneity and hydraulic interfaces between blocks and system
components (bentonite-pellets-rock). Gap closure assumptions were
incorporated by introducing three materials for a certain thickness of
the bentonite, providing insights into various mechanical gap closure
scenarios due to bentonite swelling for the hydraulic model
approach. The model demonstrated that embedded fractures and
dilatancy significantly influence gas pathways, affecting fracture
aperture and entry gas pressure. The model presented in this study
approached the maximum gas pressure despite predicting a
smoother gas breakthrough response which was delayed when
compared to the actual data. Parameter tweaking, such as the vol-
ume factor of the injection, was necessary to reflect real-world im-
pacts of gas injection volumes and ensure system sustainability.
Future model developments could incorporate constitutive laws for
double porosity structures, viscoelasticity, and temperature coupling
for THM modeling in case of heating canister tests.

4. KAERI's model combines classical two-phase flow modelling tech-
niques and an elastic behaviour-based damage model and can
simulate the formation of a preferential pathway due to break-
through and the resulting rapid gas movement. Introduction of voids
and interfaces between components allowed the correct capture of
breakthrough timing. However, the model could not reproduce gas
saturation changes, as gas pressure and saturation are considered
primary variables. To overcome this limitation, the model could be
modified to allow variable gas and water pressures. In addition, the
model could be modified so that gas injection could be simulated
using the source term.

Work performed within the task reveals that codes do not need to be

Appendix A

Model comparison
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substantially modified to reproduce full-scale tests: models developed
and validated against laboratory scale tests have been slightly modified
with the introduction of interfaces between bentonite blocks and by
means of (1) the introduction of interfaces between blocks to reflect the
experimental configuration and the (2) adjustment of some parameters
(e.g., higher permeability). As seen, the updated models are able to
represent most of the key features observed in the experimental data,
even at a large scale. However, it is noteworthy that the need for an
initial calibration of the models against laboratory or field data may
limit their use in a predictive manner. Indeed, the complexity of the
physical processes combined with a need for detailed calibration,
currently limit their use in the quantitative prediction of gas flow. In
such circumstance, models should be used with caution. Additional
quantitative data, in which the processes governing gas flow are suitably
quantified, is required to support continued model development.
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Differences between the proposed numerical strategies lie in conceptual features, the software used by the teams, the assumed geometry to
represent the saturated bentonite, the initial/boundary conditions prescribed for the test and in the material parameters. Here, these differences are

reported.

Conceptual differences

Table 5

Brief description of the four numerical models developed by the participating teams

CIMNE-UPC/Andra

KAERI

BGR/UFZ LBNL

Hydro- Fully coupled (via the Biot’s Sequentially coupled (via the Biot’s
mechanical effective stress) effective stress)
(HM) coupling

Key hydraulic Van Genuchten- Mualem model Van Genuchten- Corey model
features

Mechanical Elasto-plasticity (Drucker-Prager Linear elasticity (with swelling
deformation with a tension cut-off parameter) stress)

Dilatant pathways
description

Strain-dependent intrinsic
permeability triggered by a
heterogeneous Young’s modulus

Permeability is assumed to depend
on pressure and the effective
minimum compressive stress

Fully coupled (via the Biot’s effective
stress)

Fracture-dependent van Genuchten
model/relative permeabilities
Elasticity (with a dilatancy term in the
deviatoric component of the
volumetric strains)

Intrinsic and relative permeabilities
are assumed to be decomposed into
matrix and fracture terms

Fully coupled (via the Biot’s effective
stress)

Van Genuchten- Mualem model

Elasto-damage model (damage factor
from the minimum principal strain,
only tension considered)

Intrinsic permeability is decomposed
into undamaged and damaged terms
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Codes

Table 6
Software employed by the participating teams

Geomechanics for Energy and the Environment 42 (2025) 100654

BGR/UFZ LBNL CIMNE-UPC/Andra KAERI
Software OpenGeoSys TOUGH2 + FLAC3D CODE _BRIGHT COMSOL Multiphysics®
Version 5.8 TOUGH2 V2.1 8.6 5.4
FLAC3D V5
Reference Kolditz et al.'” Pruess et al.>* + Itasca'® Olivella et al.>* Comsol”

Test geometries

Table 7
Test geometries employed by the teams

LBNL

CIMNE-UPC/Andra

KAERI

BGR/UFZ
Discretisation Finite element
method
Geometry 3D hexahedral mesh
(1/4 model)
Number of 21840
elements
Number of 24354
nodes

Material groups 7
(bentonite blocks, swollen bentonite,
bentonite interfaces, injection filter, rock,
copper wall, cylinder and fractured rock)

Integral finite difference

3D quadrilateral mesh
(1/2 model)
37107

Not provided

7

(bentonite blocks, interfaces,
pellets, injection filter, rock,
canister, concrete plug)

Finite element

3D hexahedral mesh
(1/4 model)

66948

13170

7

(bentonite blocks, pellets, interfaces,
gap bentonite-copper, injection filter,
host rock and copper cylinder)

Finite element

3D hexahedral mesh
(1/4 model)
9635

Not provided by the software

5

(bentonite blocks, bentonite-
bentonite interfaces, canister-
bentonite interface(void), rock,
pellet)

Prescribed initial conditions

Models differ on the assumed material groups considered and thus, we refer to conditions specified in specific subsections (in Section 3).

Prescribed boundary conditions

Models differ on the assumed material groups considered and thus, we refer to conditions specified in specific subsections (in Section 3).

Parameter values

Basic parameters used for the bentonite blocks are the same as the ones used in the modelling of the laboratory scale experiment (see>®). Main
differences are thus in parameters used to describe the interfaces.

Parameters employed by BGR/UFZ

Table 8

Parameters employed by BGR/UFZ (coloured in red those assumed or fitted parameters)

Parameter Symbol Pre-compacted bentonite Swelled bentonite
[units]

Value Reference Value Reference
Cohesive strength C [MPa] 0.05 Borgesson et al.’ 0.05 -
Dry density Ps [kg/m?] 1670 Cuss et al.” 1503 -
Friction angle P[] 10 Borgesson et al.’ 10 -
Initial saturation So [-] 0.92 Cuss et al.” 0.92 Cuss et al.”
Initial void ratio eo [-] 0.66 Cuss et al.” 0.8 -
Intrinsic permeability Kint [m?] 3.4x 1072 Tamayo-Mas et al.> 3.4 % 102! Tamayo-Mas et al.*
Maximum swelling pressure Oswmax [MPa] 6.2 Seiphoori151 6.2 Seiphoori31
Mean gas entry Dentry [MPa] 10.6 Seiphoori:” 4.8 Seiphoori31
Mean Young’s modulus E [MPa] 307 Tamayo-Mas et al.®® 276 -
Poisson ratio v[-] 0.4 Tamayo-Mas et al.®® 0.4 Tamayo-Mas et al.®®
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Table 8 (continued)
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Parameter Symbol Pre-compacted bentonite Swelled bentonite
[units]
Value Reference Value Reference
Porosity ¢ [-] 0.4 Tamayo-Mas et al.* 0.44 Tamayo-Mas et al.*”
Tensile strength fi [MPa] 1 - 0.001 -
Strain dependent permeability parameter by [-] 10000 - 10000 -
by [] 250 - 250 -
bs [-] 250 - 250 -
vG parameter m [-] 0.5 Villar* 0.5 Villar*®
vG parameter n[-] 2.0 Villar* 2.0 Villar*®
Parameters employed by LBNL
Table 9
Parameters employed by LBNL (coloured in red those assumed or fitted parameters)
Parameter Symbol [units] Value Reference
Bentonite blocks Interfaces
Elastic modulus E [MPa] 307 Tamayo-Mas et al.*”
Poisson’s ratio v[-] 0.4 Tamayo-Mas et al.>®
Porosity ¢ [-] 0.44 Tamayo-Mas et al.®®
Biot’s coefficient al-] 1 Fixed
Swelling coefficient Bsw [-] 0.015 Calibrated
Max aperture for stress-k bho [m] 4.9x107° Calibrated
Reference stress for stress-k On,ref [MPa] 0.1 Calibrated
Intrinsic permeability m?] 3.4x 1072 3.4x 1072 Tamayo-Mas et al.*” for blocks and calibrated for Interfaces
Capillary scaling (capillary pressure) Py [MPa] 18 Senger and Marschall®
Shape factor (capillary pressure) Al 0.45 Senger and Marschall®®
Residual liquid saturation Slr [-] 0.01 Senger and Marschall®®
Residual gas saturation Srg Sig [-] 0.13 0.05 Calibrated
(relative permeability)
Gas permeability enhancement (relative permeability) my [-] 3750 Calibrated

Parameters employed by CIMNE-UPC/Andra

Table 10
Parameters employed by CIMNE-UPC/Andra (coloured in red those assumed or fitted parameters)

Parameter Symbol [units] Value Reference
Rock Bentonite cylinders and Pellets  Gap
rings
Elastic E 69000 307 Tamayo-Mas
modulus [MPa] etal.®®
Poisson’s v [-] 0.25 0.4 Tamayo-Mas
ratio etal.®®
Initial ¢y [-1 0.003 0.366 0.706 variable Damians et al.*
porosity
Biot’s a [-] 0.0 0.5 Damians et al.®
coefficient
Dilatancy ¥ [ - 24 Damians et al.®
angle
Intrinsic reference permeability ko 1x107®  1x1071%/1x102%/1x1072! 1x1072° / 1x10721 / assumed
[m?] (random heterogeneity) 1x1022
1x10~% in the horizontal and vertical
contact interfaces
Capillary scaling (capillary pressure) Py 0.5 20 0.5 20 assumed
[MPa]
Shape factor (capillary pressure) A [-] 0.3 0.3 Damians et al.®
Liquid ny 3 3 Damians et al.®
(relative + intrinsic permeability) [-1
Max./min. liquid saturation (relative S 1.0/0.0 1.0/0.0 constant
permeability) [-]
Gas (relative permeability) ng 3 2 Damians et al.®
[-]
Max./min. gas saturation (relative permeability) ~ Sg 0.3/0.0 0.3/0.0 Damians et al.®
[-1
Max./min. gas saturation (intrinsic Sg 1.0/0.0 1.0/0.0 Damians et al.®
permeability) [-1

(continued on next page)
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Table 10 (continued)
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Parameter Symbol [units] Value Reference
Rock Bentonite cylinders and Pellets  Gap
rings
Tortuosity for dissolved gas (Fick’s law) 0.5 0.5 Damians et al.®
Dispersivity for dissolved gas 0.5 0.5 Damians et al.®
Longitudinal
(Fick’s law)
Dispersivity for dissolved gas 0.05 0.05 Damians et al.®
Transversal
(Fick’s law)
Specific heat Ca [Jokg’loK’l] 750 1091 variable Damians et al.®
Molar mass of helium M 0.004 constant
[kg/mol]
Henry’s constant H 1000 Damians et al.®
[MPa]
Parameters employed by KAERI
Table 11
Parameters employed by KAERI (coloured in red those assumed or fitted parameters)
Parameter Symbol Value Reference
[units]
Void Bentonite Interface Pellet Rock
Elastic modulus E [MPa] 184 307 246 229 60 [GPa] Bentonite: Tamayo-Mas
etal.®
Others: Calibrated
Density p [kg/m3] 990 1650 1320 1230 2600 Bentonite: Tamayo-Mas
etal.®®
Others: Calibrated
Poisson’s ratio v[-] 0.4 Tamayo-Mas et al.®®
Porosity ¢ [-] 0.64 0.40 0.52 0.55 0.10 Bentonite: Tamayo-Mas
etal.®
Others: Calibrated
Biot’s coefficient al-] 0.875 Calibrated
Pore compressibility Cpl1/Pa] 5.11x 494x107°  4.73x107° 477x 1.00 x Calibrated
10°° 10°° 101
Intrinsic permeability Kine [m?] 2.2x 34x1072  23x10°%  42x 3.7x1072*  Bentonite: Tamayo-Mas
1071 107 etal.®
Others: Calibrated
Capillary scaling (capillary pressure) Py [MPa] 0.70 17.51 3.50 2.25 1.80 x 10° Calibrated
Shape factor (capillary pressure) | 0.45 Fixed
Shape factor (capillary pressure) Met [-] 3.0 Fixed
Residual liquid saturation Slr [-] 0.01 Calibrated
Tensile strength fi [MPa] 0.001 1.0 0.8 0.001 25.0 Calibrated
Empirical factor A[-] 22.2 Calibrated
(Damage-based permeability)
Experimental rock damage value Dkmax [-] 1 Calibrated
Experimental maximum permeability of the damaged Kmax [m2] 1.0x10718 Calibrated
bentonite
Data availability 6. Cuss RJ, Harrington JF, Noy DJ, Graham CC, Sellin P. Evidence of localised gas

Data will be made available on request.
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